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VEGF-dependent Mechanisms Controlling Osteoblast Differentiation and Bone 

Formation during Bone Repair 

 

Abstract 

 

Osteoblast-derived vascular endothelial growth factor (VEGF) is important for 

bone development and postnatal bone homeostasis. Several studies have demonstrated 

that VEGF affects bone repair and regeneration; however, the cellular mechanisms by 

which it works are not fully understood. In this study, we investigated the functions of 

osteoblast-derived VEGF in healing of a cortical bone defect. In addition, how VEGF 

signaling modulates BMP2 functions during bone healing was also examined. 

To define the roles of osteoblast-derived VEGF in bone repair, a mouse tibial 

monocortical defect model was used. The effects of deleting Vegfa or Vefgr2 in 

osteoblast precursors and their descendants on the bone repair process were analyzed at 

various time points after surgery. To study how VEGF modulates the osteogenic activity 

of BMP2, BMP2, with or without the soluble VEGFR (sFlt1, VEGF decoy receptor), was 

delivered to the cortical defects in VE-cadherin-cre;tdTomato mice.  

The results indicate that osteoblast-derived VEGF is important at various stages 

during healing of the cortical defect. In the inflammation phase, osteoblast-derived VEGF 

controls neutrophil release into the circulation and macrophage-related angiogenic 

responses. VEGF is required, at optimal levels, for angiogenesis-osteogenesis coupling in 
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areas where repair occurs by intramembranous ossification (IO). In this role, VEGF likely 

functions as a paracrine factor since deletion of Vegfr2 in osteoblast precursors and their 

progeny enhances osteoblastic maturation and mineralization. Furthermore, osteoblast- 

and hypertrophic chondrocyte-derived VEGF stimulates recruitment of blood vessels and 

osteoclasts, and promotes cartilage resorption at the repair site during the periosteal 

endochondral ossification stage. Finally, osteoblast-derived VEGF stimulates osteoclast 

formation in the final remodeling phase of the repair process. Our data also indicate that 

skeletal stem cells at different locations respond differently to BMP2, and that the 

osteogenic activity of BMP2 is modulated by extracellular VEGF. In the cortical defect, 

delivery of recombinant BMP2 inhibits intramembranous bone formation in the 

intramedullary space while it enhances endochondral bone formation in the injured 

periosteum. Inhibition of extracellular VEGF by sFlt1 reverses the inhibitory effects of 

BMP2 on intramembranous ossification-mediated bone repair.  

These findings add to the understanding of VEGF functions and provide a basis 

for clinical strategies to improve bone regeneration and treat cases of compromised bone 

healing.   
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General Introduction 

  

 

 

 

 

 

 

 

 

 

 

 

 



 

Ͳ 2 Ͳ 
 

 

The role of vascular endothelial growth factor in bone repair and regeneration 

 

Unlike many other organs, human bones heal in response to injury or surgical 

treatments. Bone repair is a process that utilizes endogenous regenerative potential to 

restore original bone structure without increasing bone volume. Although sharing certain 

similarities with bone repair, bone regeneration is a complex, well-orchestrated 

regenerative process, usually involving external elements to promote formation of new 

mineralized tissues, and leads to an increase of bone volume (Ai-Aql et al., 2008). 

Generally, bone repair is a rapid and efficient process. However, the process is 

compromised in certain pathological situations. This is demonstrated by the delayed 

union or nonunion in about 10% patients with bone fracture, and unhealed large bone 

defects (Gomez-Barrena et al., 2015). Certain bone regeneration procedures, such as bone 

grafting, reconstruction of large bone defects in the craniofacial region and distraction 

osteogenesis, sometimes fail in patients. Possible causes of such failure include, but are 

not limited to, impaired blood supply, damage of periosteum, reduced number of 

osteoprogenitor cells with age or osteoporosis, inadequate immobilization, and infection 

of the injury site (Bishop et al., 2012). The cellular mechanisms of these defective repair 

and impaired regeneration processes are not fully understood, making improvement of 

current therapies difficult.  

Blood vessels and bone cells communicate closely to ensure that the cells 

maintain physical proximity and functional codependency (Clarkin and Gerstenfeld, 

2013).  As one of the most important regulators of vascular development and 
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angiogenesis (Coultas et al., 2005; Hoeben et al., 2004), VEGF also plays critical roles in 

skeletal development (Gerber et al., 1999; Maes et al., 2010; Zelzer et al., 2002). 

Postnatal bone repair and regeneration recapitulates some of these normal developmental 

process (Ai-Aql et al., 2008; Ferguson et al., 1999), including intramembranous and 

endochondral ossification, but they also exhibits additional features, such as recruitment 

of inflammatory cells and decreased numbers of stem cells (Bruder et al., 1994; Simon et 

al., 2002). VEGF has previously been reported to participate in several stages of bone 

repair and regeneration, however, most studies primarily examined the consequences for 

bone repair when VEGF levels were manipulated at local injury sites or systemically. 

Evidence related to the detailed mechanisms by which cells generate VEGF and how 

cells respond to VEGF is lacking. Here we review VEGF-based strategies for 

improvement of bone repair and regeneration. We summarize available data and 

speculate on the potential roles of VEGF. 

 

VEGF family, receptors and signaling 

VEGF belongs to a family of homodimeric proteins consisting of at least 6 

members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and PIGF (Cross et al., 

2003; Ferrara et al., 2003). VEGF-A, the most abundant form, plays important roles in 

proliferation, migration and activation of endothelial cells as well as in promotion of 

permeability and fenestration of blood vessels (Ferrara et al., 2003). VEGF-C and -D are 

important for lymphangiogenesis (Sleeman, 2006; Yonemura et al., 2005); VEGF-B has a 

role in embryonic angiogenesis (Claesson-Welsh, 2008) and PIGF is critical for 

pathological angiogenesis (Carmeliet et al., 2001).  
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VEGF-A was discovered first and is usually referred to as VEGF.  Depending on 

alternative splicing, VEGF mRNA is translated into four major isoforms in humans, 

including VEGF121, VEGF165, VEGF189 and VEGF206 (Conn et al., 1990; Pepper et 

al., 1994), and three isoforms in mice including VEGF120, VEGF164, and VEGF188 

(Ferrara and DavisSmyth, 1997). VEGF121/120 can diffuse freely, whereas 

VEGF189/188 and 206 are almost sequestered in the extracellular matrix (ECM). 

VEGF165/164, the most abundant VEGF isoform, is mostly bound to ECM (Phillips et 

al., 1994), and this isoform is usually used to explore VEGF functions in animal models 

of bone healing and in vitro experiments.  

VEGF receptors include VEGFR1, VEGFR2, VEGFR3, Neuropilin1 and 

Neuropilin 2 (Neufeld et al., 1999). Their ligand preferences and signaling pathways are 

illustrated in Figure 1. VEGFR2 is the main VEGF receptor and is mostly expressed in 

endothelial cells to mediate angiogenesis and vasculogenesis, as well as promotion of 

vessel permeability in response to VEGF (Ferrara et al., 2003). Although VEGFR1 was 

the firstly discovered VEGF receptor, its functions are still debated. In addition to 

binding to VEGF-A, VEGFR1 also binds to VEGF-B and PIGF, but not to VEGFR2 

(Olofsson et al., 1998; Park et al., 1994). In addition to endothelial cells, VEGFR1 is also 

found in other cell types (Hattori et al., 2002), adding complexity to VEGFR1-mediated 

signaling. VEGFR1 is expressed as both soluble and membrane-bound forms, depending 

on alternative splicing, but exhibits a minimal kinase activity. Decreased VEGFR1 

expression in infantile hemangioma leads to constitutive VEGFR2 activation and 

abnormal angiogenesis, indicating that membranous-bound and soluble form of VEGFR1 

function as decoy receptors of VEGF (Ferrara et al., 2003; Jinnin et al., 2008).  In 
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contrast, other studies showed that VEGFR1 is capable of transducing a mitogenic signal 

in a similar way as VEGFR2 in certain circumstances (Maru et al., 1998).  For example, 

monocyte migration in response to VEGF depends on the tyrosine kinase domain of 

VEGFR1 (Barleon et al., 1996). VEGFR3 mainly binds to VEGF-C and VEGF-D in 

lymphatic endothelial cells, and plays an important role in regulation of 

lymphangiogenesis (Joukov et al., 1996; Makinen et al., 2001). Upon binding to ligands, 

VEGF receptors undergo dimerization. This results in phosphorylation of certain tyrosine 

residues, and this mediates downstream mitogenic, chemotactic and pro-survival signals. 

The PLC-Ȗ-PKC-ERK1/2 pathway is responsible for the pro-proliferative effects 

(Takahashi et al., 1999). Cytoskeletal reorganization and cell migration is promoted 

through p38 in MAPK and FAK pathway (Abedi and Zachary, 1997; Lamalice et al., 

2004). In addition, activation of PI3K by VEGF leads to activation of Akt, induction of 

endothelial nitric oxide and small GTP-binding protein Rac, and this results in pro-

survival, vascular permeability and cell migration effects (Fulton et al., 1999; Olsson et 

al., 2006).  
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Figure 1 

 

Figure 1. VEGF receptors and their downstream pathways. The diffusible isoforms of 

VEGF, including VEGF121 and VEGF165, signal through VEGFR2, the major VEGF 

signaling receptor for angiogenesis. The binding of VEGF to VEGFR2 leads to a cascade 

of different signaling pathways. Binding of ligands causes dimerization of the receptor, 

followed by intracellular activation of the PLCȖ– PKC–Raf kinase–MEK–MAPK 

pathway and subsequent initiation of DNA synthesis and cell growth, whereas activation 

of PI3K–Akt pathway leads to increased endothelial-cell survival. Activation of Src can 

lead to actin cytoskeletal changes and induction of cell migration.  (Figure and illustration 

from Kerbel RS. N Engl J Med 2008; 358:2039-2049) 
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VEGF regulating factors and genes regulated by VEGF  

VEGF is regulated by many factors, including growth factors, hormones, 

transcription factors and mechanical stimuli. Hypoxia is considered a major driver of 

VEGF expression, especially in tumor tissues and bones (Krock et al., 2011; Wang et al., 

2007). The transcription factor, hypoxic inducing factor-1 (HIF-1Į), is greatly up-

regulated under low oxygen tension in tumor cells or osteoblasts, and this promotes 

transcriptions of various angiogenic factors, including VEGF (Spector et al., 2001; 

Steinbrech et al., 2000). Under normal aerobic conditions, HIF-1Į is hydroxylated and 

targeted for proteasomal degradation by the von Hippel-Lindau (VHL) tumor suppressor 

(Maxwell et al., 1999). Deletion of HIF-1Į in osteoblasts causes reduction of VEGF 

expression, leading to interruption of both angiogenesis and osteogenesis, while deletion 

of VHL in osteoblasts increases both expression of HIF-1Į and VEGF, leading to the 

promotion of bone formation and angiogenesis (Wang et al., 2007). In addition to HIF-

1Į, VEGF is also regulated by the transcription factor, osterix, expressed in osteoblastic 

lineage cells to regulate their differentiation (Tang et al., 2012). Certain hormones, 

including estrogen and parathyroid hormone, regulate VEGF levels as well. VEGF 

plasma levels are decreased in women after menopause (Senel et al., 2013), and animal 

experiments demonstrate decreased VEGF levels in ovariectomized mice (Ding et al., 

2011). Several growth factors that play critical roles in bone development and postnatal 

bone repair also regulate VEGF expression, particularly in osteoblastic cells. These 

factors include, but are not limited to, members of the TGF-ȕ superfamily, such as TGF-

ȕ1, TGF-ȕ2, BMP2, BMP4 and BMP7 (Deckers et al., 2000; Yeh and Lee, 1999), 

insulin-like growth factor (Goad et al., 1996) and FGF2 (Saadeh et al., 2000). 
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Inflammatory factors, such as prostaglandin E1 and E2, IL-1, IL-6 and IL-8, which are 

increased during the inflammation phase of bone repair, also induce VEGF expression 

(Harada et al., 1994; Jung et al., 2001; Tzeng et al., 2013). Mechanical strain is another 

regulator of VEGF expression. Under mechanical stress, osteoblasts release VEGF and 

this VEGF stimulates biological responses (Nakai et al., 2009; Thi et al., 2010). All these 

VEGF regulatory factors play critical roles in bone development and homeostasis, 

suggesting that modulation of VEGF levels in osteoblasts may provide a basis for 

strategies aimed at controlling bone repair and regeneration.  

VEGF signaling shares downstream signaling pathways with other growth factors, 

such as EGF and PDGF. Therefore, profiles of genes that are regulated by VEGF 

signaling overlap with those of genes regulated by other growth factors, especially those 

of common downstream pathways of receptor tyrosine kinases, like RAS-Raf-ERK1/2 

and PI3K-Akt.  Currently, the list of genes that are specifically regulated by VEGF 

signaling is incomplete. Schweighofer et al. characterized the genes in HUVECs induced 

by VEGF, EGF and IL-1, and found that NR4A2 and EGR-3 were selectively regulated 

by VEGF (Schweighofer et al., 2009). Other studies demonstrated that NR4A and EGR-3 

are essential mediators of VEGF-induced endothelial activation and angiogenesis (Liu et 

al., 2003; Liu et al., 2008). The profiles of genes that are regulated by VEGF signaling in 

other cell types, such as mesenchymal progenitor cells or osteoblasts, are not fully 

characterized. 

 

Cellular mechanisms during bone repair and regeneration  
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Bone repair represents the endogenous healing capability of human bones. 

Facture healing, the most common form of bone repair, is characterized by several 

overlapping stages, namely, an inflammation phase, soft callus phase, cartilage turnover 

(replacement by bony callus) and bone remodeling phase (Marsell and Einhorn, 2011). 

After fracture or many other forms of bone injury, a hematoma is formed in the injury 

sites due to disruption of blood vessels. In the first couple of days, neutrophils are 

recruited to the hematoma and phagocytose tissue debris and microorganisms. This is 

followed by influx of macrophages to remove the dead neutrophils, promote angiogenic 

responses and initiate the repair cascade. With invasion of blood vessels, mesenchymal 

progenitor cells migrate to the injury site, particularly to the intramedullary region or 

fracture gap, where they proliferate and differentiate to either osteoblasts or 

chondrocytes. Depending on the stability of facture fixation and supply of blood vessels, 

endochondral or intramembranous ossification occurs at the facture sites. Instability or 

lack of blood supply may lead to endochondral bone formation during the repair, while a 

stable facture or fracture rich in vasculature facilitates intramembranous ossification 

(Dimitriou et al., 2005). In addition, a third type of ossification called 'transchondroid 

bone formation' has been proposed in a model of distraction osteogenesis. During 

transchondroid ossification, chondrocyte-like cells induced by mechanical strains form 

chondroid bone, which is gradually transformed to bone (Choi et al., 2002; Yasui et al., 

1997). In endochondral ossification, the cartilage is gradually resorbed and replaced by 

bony callus consisting of woven bone. In both intramembranous and endochondral sites, 

the newly formed woven bones is gradually remodeled to lamellar bone. The human body 

can restore small bone defects and repairs bone fractures that are not severe, but it hardly 
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heals large bone defects without intervention. Distraction osteogenesis is a good example 

of mechanical strain-induced bone regeneration procedures where mechanical forces 

elicit biological response by cells. In addition, exogenous bone either in the form of 

autograft, allograft, xenografts, bone substitutes or bone forming cells can be transplanted 

or added to the injury sites when relatively large amounts of bone are needed. 

 

The role of VEGF in the inflammation phase during bone repair 

The hematoma after bone trauma and the subsequent inflammatory response 

initiate bone repair. VEGF plays a critical role in this process and is concentrated in the 

hematoma after bone injury. It has been reported that VEGF concentrations in hematoma 

can be 15-fold higher than in plasma, although VEGF levels in plasma already increased 

significantly compared with healthy controls (Street et al., 2000). The hypoxia in the 

hematoma greatly induces VEGF expression in surrounding bone cells or recruited 

inflammatory cells. In addition, the fibrin matrix in hematoma could be a reservoir of 

VEGF (Street et al., 2000). Shortly after injury, the number of neutrophils in the 

peripheral circulation increases as neutrophil retention in the bone marrow is reduced by 

inflammatory stimuli (Eash et al., 2010). Neutrophils are recruited to the hematoma to 

help remove bone debris and microbial pathogens. VEGF has been reported to induce 

neutrophil chemotaxis and increase sinusoid permeability in the bone marrow (Ancelin et 

al., 2004; Lim et al., 2014). Therefore, it is possible that osteoblast-derived VEGF may 

facilitate the entry of neutrophils into the circulation. Following neutrophil infiltration, 

macrophages and other inflammatory cells are recruited to the injury sites. This results in 

a release of cytokines, such as TNF-Į, IL-1Į, and IL-1ȕ (Ukai et al., 2003). These 
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cytokines activate endothelial cells and promote revascularization at the injury sites. They 

are also efficient inducers of VEGF in inflammatory and osteoblastic cells. VEGF is a 

chemotactic factor for macrophage/monocytes (Barleon et al., 1996; Leek et al., 2000). 

Considering that macrophages release angiogenic factors (Sunderkotter et al., 1991; Wu 

et al., 2013), the pro-angiogenic effect of VEGF may be mediated by macrophages in 

addition to direct targeting of endothelial cells. In the resolution phase of inflammation, 

macrophages are recruited to phagocytose dead or aging neutrophils. Subsequent uptake 

of apoptotic neutrophils causes a switch of macrophage phenotype from activated M1 to 

reparative M2 macrophages. This stimulates macrophages to release mediators, such as 

TGF-ȕ1, which can suppress the pro-inflammation response and initiate the repair 

process (Brancato and Albina, 2011).  

 

The role of VEGF in endochondral bone ossification during bone repair 

The mechanism of endochondral ossification during bone repair recapitulates the 

key processes of endochondral bone formation during development, including cartilage 

formation, vascular invasion, osteoclastogenesis and cartilage removal. VEGF was 

previously shown to play important roles in bone development and growth (Figure 2). 

VEGF generated by osteoblast precursors in the perichondrium and hypertrophic 

chondrocytes induces osteoblastic cells to migrate into the primary ossification center  

together with blood vessels and osteoclasts (Maes et al., 2010; Zelzer et al., 2002). In 

addition to stimulating skeletal vascularization, VEGF is also a critical factor for 

epiphyseal chondrocyte survival (Zelzer et al., 2004).  
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Cartilage formation is the early step in endochondral ossification (EO). Large 

amounts of cartilage are observed in unstable bone fractures, and moderate amounts of 

cartilage are also observed in the injured periosteum of stable fracture models. Skeletal 

stem cells from the bone marrow, periosteum and surrounding muscles can differentiate 

into either chondrocytes or osteoblasts. It has been suggested that VEGF regulates the 

differentiation of skeletal stem cells. Inhibition of VEGF signaling in early skeletal 

progenitors facilitates the fate of determination from osteogenic to chondrogenic cells 

(Chan et al., 2015). In addition, soluble Flt1 gene therapy was shown to improve BMP4-

induced chondrogenenic differentiation of muscle-derived stem cells (MDSCs) in vitro 

and promote articular cartilage repair in vivo. (Kubo et al., 2009; Matsumoto et al., 2009), 

further suggesting that VEGF inhibition, when combined with BMPs, might be a 

therapeutic strategy for regeneration of cartilage when needed.  
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Figure 2 
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Figure 2 (continued).  Diagram indicating major functions of VEGF during 

endochondral ossification. (A) Schematic outline of the events during the initial 

invasion of the cartilaginous bone model and the formation of the primary ossification 

center (POC). Col2-expressing osteochondroprogenitors (green) give rise to  

cells in the central growth cartilage and to cells at the periphery with osteoblastic fates. 

The first committed osteoblast lineage cells appear in the perichondrium surrounding the  

mid-diaphyseal hypertrophic cartilage. Early cells of the lineage, represented by the Osx-

expressing osteoblast precursors (yellow), produce VEGF, and this VEGF stimulates the 

differentiation of the precursor cells. These cells move into the developing POC together 

with vascular endothelial cells (red) and osteoclasts (blue), and populate it as stromal 

cells, pericytes, or osteoblasts. (Figure and illustration adapted from Maes C et al. Dev 

Cell 2010; 19(2): 329–344). (B) In hypertrophic chondrocytes, high-level expression of 

VEGF, controlled by the transcription factor Runx2, is essential for vascularization of 

cartilage in the primary ossification center and continued capillary sprouting under the 

growth plates as the bone grows. In epiphyseal chondrocytes, a moderate level of VEGF 

expression, controlled by HIF-1 and VHL, is necessary for chondrocyte survival. (Figure 

and illustration adapted from Zelzer E et al. Curr Top Dev Biol 2005;65: 169–87). 
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During bone development, VEGF is a critical factor for the survival of epiphyseal 

chondrocytes. Maes et al. observed cell death in chondrocytes within epiphyseal regions 

of long bones from VEGF
188/188 

mice (mice only expressing the VEGF 188 isoform) 

(Maes et al., 2004). In mice with Vegfa deleted in Col2-positive chondrocytes, massive 

chondrocyte death was observed in the central epiphyseal/growth plate region of 

developing skeletal elements (Zelzer et al., 2004). The effect of VEGF on chondrocyte  

survival appears to depend on the chondrocyte differentiation stage. Although VEGF 

promotes chondrocyte survival in areas lacking blood vessels at the early stage of 

endochondral ossification, it also induces cell death in hypertrophic chondrocytes when 

VEGF levels are greatly elevated. The apoptosis of hypertrophic chondrocytes promoted  

by VEGF may be indirectly mediated by vascular invasion, as increased oxygen tension 

with invasion of blood vessels decreases the level of HIF-1Į, which in turn leads to 

increased cell death (Pfander et al., 2006). Systemic administration of sFlt1 delays 

chondrocyte death. This results in increased numbers of hypertrophic chondrocytes and 

thus expansion of the growth plate (Gerber et al., 1999). In addition, inhibition of VEGF 

leads to reduced apoptosis of articular chondrocyte and improvement of articular 

cartilage in a mouse model of osteoarthritis (Matsumoto et al., 2008), consistent with the 

idea that VEGF may be a detrimental factor in the progression of osteoarthritis. 

In the later stages of endochondral ossification during bone development and 

repair, chondrocytes in the cartilaginous template stop proliferating, enlarge to 

hypertrophic chondrocytes, and synthesize collagen type X. Hypertrophic chondrocytes 

express osterix, a strong inducer of VEGF expression (Tang et al., 2012), and produce 

high levels of VEGF (Carlevaro et al., 2000; Zelzer et al., 2001). VEGF stimulates vessel 
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invasion and recruitment of chondroclasts into the hypertrophic cartilage (Carlevaro et 

al., 2000; Zelzer and Olsen, 2005). In a model of BMP4-induced ectopic ossification, 

VEGF enhanced angiogenic responses, cartilage resorption and its replacement by bone 

(Peng et al., 2002). In a murine femoral fracture model, inhibition of VEGF signaling by 

Flt1, delayed cartilage turnover, disrupted conversion of soft cartilaginous callus to a hard 

bony callus, and impaired fracture healing (Street et al., 2002). These data are consistent 

with the delayed endochondral bone formation observed in VEGF
120/120

 mice
  
(mice 

expressing only the VEGF120 isoform) and mice treated with sFlt1 during bone 

development (Gerber et al., 1999; Zelzer et al., 2002). 

Osteoclasts (chondroclasts) are multi-nucleated terminal differentiated cells 

derived from monocytes/macrophages. During development, hypertrophic chondrocyte-

derived VEGF binds to VEGFR1 in monocytes to promote their migration and 

differentiation to osteoclasts (Aldridge et al., 2005; Barleon et al., 1997). VEGF also 

binds to VEGFR2 in osteoclasts and promotes their survival through PI3K/Art signaling 

(Yang et al., 2008).  In vivo and in vitro evidence show that VEGF can substitute for M-

CSF to promote osteoclast differentiation and bone resorption (Kodama et al., 1991; 

Niida et al., 1999). In addition, VEGF also enhances the bone resorbing activity of 

osteoclasts (Nakagawa et al., 2000). Therefore, during endochondral ossification, VEGF 

from hypertrophic chondrocytes are critical for the invasion of osteoclasts to the 

cartilaginous template and replace it by bone. The enhanced osteoclast function by VEGF 

on during bone development could also be observed in postnatal bone repair, and thus the 

potential influence of osteoclast mediated bone resorption should be considered when 

using VEGF as a therapeutic strategy to promote bone repair and regeneration.  
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Coupling of angiogenesis and osteogenesis by VEGF 

Unlike endochondral ossification, where blood vessels prevent the formation of 

cartilage, intramembranous bone formation relies on the coupling of angiogenesis and 

osteogenesis. VEGF has an essential role in this communication, since both vascular and 

skeletal morphogenesis is interdependent (shown as Figure 3). Under stimulation of 

hypoxia during inflammation, osteoblasts release factors including VEGF, through HIF-

1Į pathway. This activates endothelial cells, and promotes vessel permeability (Wang et 

al., 2007). The increased vasculogenesis and angiogenesis bring bone-forming 

progenitors as well as nutrition, oxygen and minerals necessary for mineralization. In 

addition, osteogenic factors, such as BMP2, released from blood vessels, promote 

osteoblast differentiation and mineralization (Matsubara et al., 2012). As a positive 

feedback, maturating osteoblasts also generate certain angiogenic factors, including 

PDGF and VEGF. 
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Figure 3 

 

 

 

 

 

 

 

 

 



 

Ͳ 19 Ͳ 
 

Figure 3 (continued). Regulation of osteogenesis-angiogenesis coupling by HIF and 

VEGF. Mature osteoblasts located on the bone surface express HIFs and respond to HIF 

activation. In addition to cell-autonomous effects of HIF on osteogenesis, HIF 

stabilization in mature osteoblasts also increases accumulation of VEGF. VEGF can act 

through its receptors on endothelial cells to induce angiogenesis, thereby increasing the 

supply of oxygen and nutrients required for osteogenesis. Increased vascularization may 

also lead to influx of skeletal stem cells and/or (pre)osteoblasts and to elevated levels of 

endothelium-derived osteogenic growth factors or anabolic signals. In addition, VEGF 

can affect osteogenesis through direct interactions with receptors on osteoblasts. 

Altogether, the HIF–VEGF pathway is critically important in coupling the processes of 

angiogenesis and osteogenesis (Figure adapted from Schipani E et al. J Bone Miner Res 

2009;24:1347–1353). 
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The role of VEGF in bone healing mediated by intramembranous ossification 

Intramembranous bone formation during bone repair has been suggested to 

depend on VEGF signaling. Blocking extracellular VEGF by sFlt1 decreased blood 

vessel formation and bone regeneration in a tibial cortical bone defect model, while 

administration of exogenous VEGF increased formation of mineralized bone within the 

bone defects in the same model (Street et al., 2002). However, consequences of 

exogenous VEGF application in various models of bone repair exhibited a certain extent 

of variation. Exogenous VEGF successfully enhanced bone healing and regeneration in 

several bone repair models where endogenous VEGF levels were decreased (Behr et al., 

2010; Kawao et al., 2013), but failed to improve bone repair in certain studies using ex 

vivo gene therapy or recombinant VEGF (Kaipel et al., 2012; Peng et al., 2002; 

Schonmeyr et al., 2010). In contrast to repair of large bone defects, it is possible that only 

small amount VEGF were needed for healing of small bone defects. Exogenous VEGF 

may not help to regenerate bone when endogenous VEGF levels are adequate, and excess 

VEGF may even have detrimental effects on regeneration. Too much VEGF may recruit 

excess numbers of osteoclasts, resulting in resorption of newly formed bone, since VEGF 

regulates the differentiation and migration of osteoclasts (Henriksen et al., 2003; 

Nakagawa et al., 2000). In addition, excess VEGF inhibits the function of pericytes 

through VEGFR2 mediated inhibition of PDGFR (Greenberg et al., 2008), a molecule 

required for pericyte maturation, and this leads to formation of immature blood vessels 

and interruption of angiogenesis-osteogenesis coupling. A good example of this was the 

unexpected increase of mature vessels in tumors of patients treated with anti-VEGF 
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therapy (Benjamin et al., 1998; Bergers et al., 2003), demonstrating the complexity of 

VEGF functions in pathology and therapeutic strategies.  

 

VEGF signaling in osteoblastic cells 

Osteoblast-derived VEGF usually acts in a paracrine manner on adjacent 

endothelial cells via binding to VEGF receptors to regulate endothelial migration, 

proliferation and vessel permeability. In addition to endothelial cells, VEGF receptors are 

also expressed and functional in other cells types, including pericytes and osteoclasts 

(Greenberg et al., 2008; Yang et al., 2008). However, expression of VEGF receptors in 

osteoblasts is quite variable, particularly in mice, making paracrine/autocrine effects of 

osteoblast-derived VEGF on osteoblasts difficult to study. In murine osteoblastic MC3T3 

cells, VEGF was shown to promote levels of alkaline phosphatase and osteocalcin 

(Jaasma et al., 2007).  However, other studies also showed that primary murine 

mesenchymal progenitors and osteoblasts failed to respond to exogenous VEGF (Liu et 

al., 2012). Mice with deletion of Vegfr1 or Vegfr2 in osteoblastic cells exhibit reduced 

bone density two weeks after birth. In addition, reduced number of osteoprogenitor cells 

was observed in the bone marrow of these mice (Liu et al., 2012), indicating that both 

VEGFR1 and VEGFR2 in osteoblastic cells are important for postnatal bone formation. 

However, to what extent such autocrine effects of osteoblast-derived VEGF are important 

during postnatal bone healing is not clear.  

In addition to the secreted VEGF, cells also generate intracellular (intracrine) 

VEGF, which is not secreted but participate in transcriptional regulation and in cell 

survival. This phenomenon was first reported in the case of VEGF signaling for the 
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survival of hematopoietic and endothelial cells (Gerber et al., 2002; Lee et al., 2007). In 

early osteoblast precursors, intracellular VEGF also plays a role in the control of 

osteoblast and adipocyte differentiation (Liu et al., 2012). Recombinant VEGF can be 

used to restore extracellular VEGF levels but do not affect intracrine VEGF. If 

intracellular VEGF in osteoblasts is also important for the osteoblast maturation and 

mineralization during bone repair, it may explain why exogenous VEGF failed to 

improve bone repair in some cases. Should this turn out to be the case, modified cell- 

permeable VEGF, fused to a nuclear localization signal, may enhance intracellular levels 

of VEGF, and promote bone repair and regeneration when application of traditional 

recombinant VEGF fails.  

 

The role of VEGF in bone remodeling 

In the remodeling phase of bone repair, replacement of woven bone by lamellar 

bone requires coupling of osteoclast mediated bone resorption and osteoblast mediated 

bone formation. VEGF influences the function of both types of bone cells, and normal 

VEGF levels are necessary for maintaining normal bone remodeling. Several osteogenic 

factors, such as TGF-ȕ1, IGF, PDGF-BB, are released from bone matrix or pre-

osteoclasts during the process of bone resorption (Crane and Cao, 2014; Tang et al., 

2009; Xie et al., 2014). These factors induce neo-angiogenesis, which is required for 

angiogenesis, and coordination of bone formation. VEGF binds VEGFR1 in osteoclasts 

and regulates their differentiation and activation. Therefore, reduction of VEGF in bone 

remodeling may decrease the angiogenic and osteogenic signals indirectly through 

inhibition of bone resorption. In a mouse femur facture model, inhibition of VEGF by 
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sFlt1 caused reduced callus volume at various stages of repair, including bone 

remodeling, while treatment with exogenous VEGF increased vascularity and mineral 

density in the calcified callus (Street et al., 2002). These data indicate that recruitment of 

osteoclasts by VEGF may be necessary to maintain normal bone remodeling.  

 

The role of VEGF in distraction osteogenesis  

Unlike bone repair, bone regeneration is a process in which a relative large 

amount of new bone is formed in response to the external elements, such as mechanical 

force, exogenous bony tissues or bone forming cells. Bone regeneration is widely used in 

treatment of non-union fractures, craniofacial reconstructions, segmental bone defects 

after tumor resection, augmentation of jaw bones, lengthening of long bone, promotion of 

implant, and bone grating. Distraction osteogenesis and bone grafting, represent the use 

of mechanical forces to induce bone formation and the addition of exogenous bony 

tissues to help form new bone. As bone grafting is very much like bone repair, we will 

here only discuss the role of VEGF in distraction osteogenesis. 

Distraction osteogenesis (DO) is a surgical procedure used to treat limb length 

discrepancies, bone deformities and bone loss. It is widely used in orthopedics and oral 

and maxillofacial surgery. The process of DO involves slow and steady distraction of an 

osteotomy gap after a period of latency. VEGF expression during active distraction is 

primarily located to the maturing osteoblasts at the primary mineralization front (Choi et 

al., 2002), indicating that the main recourse of VEGF at distraction sites is the osteoblast 

lineage cells.  
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As a key regulator of angiogenesis-osteogenesis coupling, VEGF has multiple 

roles during DO. First, it is released from osteoblastic cells in response to mechanical 

forces and regulates osteoblast differentiation and mineralization in an autocrine 

mechanism (Thi et al., 2007; Thi et al., 2010). Second, the induced VEGF from 

osteoblastic cells binds receptors on adjacent endothelial cells, enhancing neo-

angiogenesis and promoting the release of osteogenic factors, such as BMP2 and BMP4, 

from blood vessels (Schipani et al., 2009). Disruption of VEGFR1 and VEGFR2 using 

neutralizing antibodies reduced the angiogenic response and bone regeneration in a 

mouse distraction osteogenesis model (Jacobsen et al., 2008), highlighting the importance 

of VEGF signaling-mediated angiogenesis. Third, in addition to the autocrine and 

paracrine effects, intracrine VEGF within osteoblastic cells may play a role of stimulating 

osteoblast differentiation and mineralization, since exogenous VEGF or antagonists failed 

to affect the differentiation of early osteoblastic lineage cells (Eckardt et al., 2003; Liu et 

al., 2012),  

 

Strategies to promote bone repair and regeneration  

Skeletal stem cells, cytokine, growth factors, hormones, and bone matrix scaffolds 

are currently the components of strategies to stimulate tissue regeneration. As a grow 

factor, VEGF interacts with other factors, such BMPs and PDGF, regulates stem cell 

functions, and exhibits various activities in different extracellular matrices or engineered 

scaffolds. Understanding the biology of VEGF from the perspective of its interactions 

with stem cells in the context of extracellular matrices, may be of help in developing 

novel techniques for modulating VEGF activity to promote bone regeneration.  
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The extracellular matrix or matrix-like engineered scaffolds can serve as a 

reservoirs for VEGF. Different properties of different scaffolds influence the loading 

capability, speed of release, and activities of VEGF. VEGF delivered to the distraction 

gap through a mini-osmotic pump in a rabbit distraction osteogenesis model failed to 

improve blood flow and bone mineral content (Eckardt et al., 2003). In this case, no 

scaffold was used to trap VEGF at the injury sites, and thus VEGF was possibly 

disseminated to adjacent tissues or was metabolized within a relative short period of the 

time after delivery.  Similarly, by using the guided bone regeneration (GBR) technique to 

repair critical-sized defects in rats, Kaigler et al. found that a bolus of VEGF delivered to 

the defects without a scaffold failed to improve vasculogenesis and bone formation, while 

a bolus of VEGF loaded in hydrogels that released VEGF at a relatively slow speed, 

successfully enhanced both angiogenesis and osteogenesis (Kaigler et al., 2013). These 

studies indicates that an optimal scaffold loaded with VEGF may significantly influence 

the outcome of bone repair. Loading of VEGF in a heparin cross-linked demineralized 

bone matrix improved vasculogenesis when implanted subcutaneously (Chen et al., 

2010). Porous strontium-doped calcium polyphosphate (SCPP) scaffolds have been 

proposed to promote the secretion of VEGF from human osteoblast-like MG63 cells. 

These scaffolds together with mesenchymal stem cells (MSCs) improved bone 

regeneration in a rabbit segmental bony defects model (Cu et al., 2013). The release 

kinetics of VEGF is also important for the effects of biomaterial on vascularization and 

bone formation. Several studies showed that sustained release of VEGF increased the 

efficiency of bone regeneration. Scaffolds with the capability to release VEGF slowly 

include biomimetic poly (lactide-co-glycolide) (PLGA) scaffolds, cylindrical chitosan 
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sponges, a biomimetic bone matrix modified with heparin, and biphasic calcium 

phosphate (BCP) ceramics. These scaffolds could produce prolonged bioavailability of 

VEGF. 

Skeletal stem cells are heterogeneous cell populations that may be found in 

cancellous bone, perisinusoidal niche in bone marrow, endosteum, periosteum, and 

skeletal muscle. Under certain conditions, these cells can further differentiate to multiple 

cell types, such as osteoblasts, chondrocytes, adipocytes and myoblasts. VEGF 

participates in the regulation of such cells. VEGF from bone marrow mesenchymal 

progenitors is important for the lineage fate determination between osteoblasts and 

adipocytes. Reducing VEGF levels in these cells causes adipogenic differentiation at the 

expense of osteogenic differentiation. (Liu et al., 2012). Osteochondroprogenitors are 

present in the periosteum, located in the cambium layer, and can differentiate to 

osteoblasts or chondrocytes. VEGF levels in the periosteum control the lineage choice 

during periosteal responses after injury. Inhibition of VEGF by sFlt1was found to 

enhance the BMP2 induced cartilage formation (Peng et al., 2005), indicating that VEGF 

may act as a negative regulator of chondrogenesis. This is consistent with the findings 

that inhibition of VEGF signaling by sFlt1 promoted chondrogenesis of transplanted fetal 

skeletal tissues at the expense of osteogenesis (Chan et al., 2015).  

Many growth factors, in addition to VEGF, such as PDGF and BMPs, have been 

widely used in animal models of bone repair and regeneration. They share similar 

downstream signal transduction pathways and a better understanding of their interactions 

may help to refine strategies based on the use of recombinant proteins to promote bone 

regeneration.  
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BMPs and VEGF have frequently been used together in many studies of bone 

regeneration.  However, the results have been quite variable. VEGF promotes BMP2 

induced ectopic bone formation, and accelerates resorption of cartilage and its 

replacement by bone, while VEGF blocker, sFlt1, inhibits BMP2 induced ectopic bone 

formation, but promotes cartilage formation and delays the resorption of cartilages (Peng 

et al., 2005). In a critical-sized defect model, muscle-derived stem cells in combination 

with overexpression of VEGF failed to heal the defect (Peng et al., 2002). When cells 

were co-transfected with vectors encoding VEGF and BMP2, a lower ratio of VEGF to 

BMP2 (1:5) induced greater bone regeneration than BMP2 alone (Peng et al., 2005) 

while a higher ratio (5:1) failed to promote bone healing. Similarly, only a low ratio of 

VEGF to BMP4 (1:5) promoted bone regeneration in a critical-sized defect, while high 

ratios (5:1) inhibited bone regeneration (Peng et al., 2002). This is consistent with the 

finding that co-expression of VEGF and BMP4 in muscle derived stem cells reduces their 

bone forming potential (Li et al., 2009).  

 Except for indirect effects on osteoclast recruitment, the inhibitory effects of 

VEGF on bone regeneration may also be attributed to direct effects of VEGF on 

osteoblasts. VEGF has been shown to retard the terminal differentiation of osteoblasts by 

up-regulation of Id1 (Song et al., 2011). In endothelial cells, VEGF strongly inhibits 

TGF-ȕ1 stimulation of PAI-1 production and activation of smad2/3(Yamauchi et al., 

2004). VEGF also inhibits the mesenchymal transition of endothelial cells induced by 

BMP4 through the Smad2/3 pathway (Medici et al., 2010). Although evidence that the 

inhibitory effects of VEGF on downstream signaling of TGF-ȕ family members, 

including BMPs,  is lacking in the case of osteoblasts, such an effect, if it occurred, could 
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explain, at least in part, why too much VEGF has antagonistic effects on osteoblast 

activity particularly in the presence of BMPs.  

PDGF is another important factor for bone regeneration (Caplan and Correa, 

2011). Platelet rich plasma containing PDGF has been widely studied in various bone 

regenerative procedures (Albanese et al., 2013). VEGF prevents maturation of pericytes 

through a VEGFR2 mediated inhibition of PDGFR. This leads to formation of immature 

blood vessels (Greenberg et al., 2008). Since osteoblasts and pericytes are derived from 

same mesenchymal progenitors, the inhibitory effects by VEGF on PDGF-receptor 

activation by VEGF may occur in osteoblasts as well. Recombinant VEGF-A 

competitively blocks PDGF-dependent activation of PDGFR and its signaling effects in 

several cell types (Pennock and Kazlauskas, 2012). Structural similarities between 

PDGF-B and VEGF-A (Muller et al., 1997), also suggest that VEGF-A may bind to 

PDGFRs on mesenchymal stem cells (Ball et al., 2007). However, whether such binding 

would enhance or inhibit PDGFR-mediated downstream signaling pathways and cellular 

responses in osteoblast lineage cells is unclear.  

 

 Summary and future directions 

Osteoblastic cells represent a major source of VEGF in the bone environment. 

Mice with reduced levels of VEGF in osteoblastic cells display an osteoporotic 

phenotype (Liu et al., 2012). It was reported that VEGF levels in osteolineage cells 

including mesenchymal progenitor cells are decreased with age or in some anabolic  
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disorders (Costa et al., 2009; Wilson et al., 2010), and this reduction may be related to 

Thus, supplement of proper amount of VEGF to normal level specifically in osteoblasts 

may prevent or treat age-related osteoporosis or defective bone healing. Since osteoblasts 

are very metabolically active, certain drugs that efficiently up-regulated VEGF in 

osteoblasts, such as stains (Maeda et al., 2003; Tsartsalis et al., 2012), might become the 

potential strategy. 

The relationship between growth factors, bone forming progenitor cells and 

scaffolds are important components in bone regeneration, and the current studies of 

VEGF functions may provide the basis for novel strategies using VEGF modulation to 

improve bone regeneration. Such strategies may be based on the following 

considerations: 1) Scaffolds with slow release of physiological levels of VEGF are 

needed and application of exogenous VEGF should be carefully considered, particularly 

when evidence for reduced levels of VEGF is lacking. 2) The paracrine, autocrine and 

intracrine effects of VEGF on bone forming stem cells or progenitors add to the 

complexity of VEGF applications. VEGFR2 modulation and the use of cell-permeable 

VEGF may be considered in certain scenarios. 3) The combination of VEGF with other 

growth factors, such BMPs, PDGF, and TGF-ȕ, should be carefully considered, based on 

the knowledge that VEGF may potentially inhibit downstream signaling of BMPs/TGF-ȕ, 

and compete with PDGF-BB for binding to PDFGRs. These interactions may vary 

depending on repair region, such as bone marrow vs. periosteum, or type of repair 

mechanism, such as intramembranous ossification vs. endochondral ossification.    
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Overall Hypothesis 

VEGF, synthesized from osteoblast lineage cells, regulates osteoblast differentiation and 

bone formation during bone repair. 

 

 

Study Aims 

Aim 1: To study the role of osteoblast-derived VEGF in bone repair  

Aim 2: To study the roles of VEGF receptor 2 in osteoblast lineage cells during cortical 

defect healing 

Aim 3: To study the modulation of VEGF on osteogenic activity of BMP2 during cortical 

defect healing  
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Chapter II 

Osteoblast-derived VEGF regulates osteoblast differentiation and bone 

formation during bone repair 
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Introduction 

Bone repair following injury is usually a rapid and efficient process. However, it 

can be compromised in certain clinical circumstances. For example, delayed union or 

nonunion of bone fragments occurs in about 5-10% of patients with bone fracture 

(Gomez-Barrena et al., 2015), and bone regenerative procedures sometimes fail. Possible 

causes include impaired blood supply, reduced numbers of osteoprogenitor cells, 

damaged periosteum and infection, but the underlying mechanisms are often not fully 

understood (Bishop et al., 2012). Thus, in-depth studies of cellular and molecular 

mechanisms of bone healing are required for further improvement of procedures aimed at 

stimulating bone regeneration. 

As one of the most important cytokines/growth factors for regulation of vascular 

development and postnatal angiogenesis (Coultas et al., 2005; Hoeben et al., 2004), 

VEGF also plays critical roles in bone repair and regeneration since angiogenesis and 

osteogenesis are highly coupled (Gerber et al., 1999; Zelzer et al., 2004). Both 

endochondral and intramembranous bone formation was found to depend on VEGF 

signaling in previous studies using various bone repair models. At bone repair sites, 

VEGF promotes recruitment of osteochondroprogenitors cells, induces cartilage 

formation, and stimulates cartilage resorption and its replacement by bone (Peng et al., 

2002; Tarkka et al., 2003), while inhibition of VEGF by sFlt1, which is a soluble VEGF 

decoy receptor, impaired bone healing by disrupting conversion of the cartilaginous 

callus to bony callus (Street et al., 2002). Blocking receptors for VEGF, VEGFR1 and 

VEGFR2, with neutralizing antibodies decreased blood vessel formation and bone 
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regeneration(Jacobsen et al., 2008), while administration of exogenous VEGF increased 

formation of mineralized bone within bone defects (Behr et al., 2010; Emad et al., 2006; 

Street et al., 2002). 

These studies demonstrated that consequences of bone repair can be affected by 

the manipulation of VEGF levels, but the mechanisms by which different cell types 

generate and respond to VEGF in repair situations have not been studied in detail. 

Osteoblast lineage cells along with chondrocytes are considered important sources of 

VEGF in bone environment (Wang et al., 1996; Zelzer and Olsen, 2005). During bone 

development, VEGF generated by osteoblast precursors in the perichondrium of cartilage 

models of future bones, stimulates osteoblast differentiation (Maes et al., 2010; Zelzer et 

al., 2002), and VEGF produced by hypertrophic chondrocytes serves as a chemotactic 

factor for migration of these osteoblasts into primary ossification centers together with 

vascular endothelial cells and osteoclasts (Gerber et al., 1999; Zelzer et al., 2004).  

During postnatal bone homeostasis, paracrine VEGF from osteoblasts, which acts on 

adjacent endothelial cells to mediate mitogenic and angiogenic effects, plays an important 

role in maintaining vasculature integrity and bone mass (Liu et al., 2012; Wang et al., 

2007). These VEGF also promotes migration and maturation of osteoclasts to control the 

balance of bone remodeling (Liu et al., 2012; Nakagawa et al., 2000; Niida et al., 1999). 

In addition, the intracrine VEGF in osteoblasts regulates the balance of osteoblast and 

adipocyte differentiation, and disruption of this balance lead to osteoporosis (Liu et al., 

2012).  

The reduced VEGF was observed in many cell types including mesenchymal 

progenitors with aging (Efimenko et al., 2011; Jiang et al., 2008; Pola et al., 2004; Swift 
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et al., 1999; Wilson et al., 2010), and this reduction in osteolineage cells may be related 

to the decreased bone mass and vasculature possibly leading to osteoporosis (Costa et al., 

2009; Liu et al., 2012; Maharaj and D'Amore, 2007). Thus pharmaceutical strategies to 

target VEGF in bone environment may be used to prevent osteoporosis related defective 

bone healing and promote bone regeneration. However, currently to what extent 

osteoblast-derived VEGF recapitulate their functions in bone development and how they 

contribute to bone repair is unclear. To address this lack of understanding, we used tibial 

monocortical defects to study bone repair in mice with conditional deletion of Vegfa or 

Vefgr2 in Osterix (Osx)-expressing osteoblast precursors, and revealed that during bone 

healing, osteoblast-derived VEGF acts as a pro-inflammatory, angiogenic, and osteogenic 

growth factor, which regulates osteoblastic activity by stimulating cross-talk between 

endothelial cells, osteoblastic and hematopoietic cells. 
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Materials and Methods 

Mouse Strains 

Osx-GFP::Cre (Rodda and McMahon, 2006), VE-cadherin-cre (Alva et al., 2006) 

and CAG-loxP-stop-loxP-ZsGreen (Ai6), CAG-loxP-stop-loxP tdTomato (Ai14) mouse 

lines were purchased from Jackson Laboratory. Vegfa floxed and Flk-1(Vegfr2) floxed 

mice were provided by Genentech. To generate Vegfa
fl/fl

;Osx-cre
 
mice, hemizygous Osx-

cre transgenic mice were crossed with Vegfa
fl/fl

 mice to produce heterozygous Vegfa
fl/+

 

offspring carrying a Cre allele. These mice were then crossed with Vegfa
fl/fl

 mice 

generating the following three genotypes: Vegfa
fl/fl

;Osx-cre
 
(Vegfa CKO mice), 

Vegfa
fl/+

;Osx-cre
 
and Vegfa

fl/fl
. In studies of the consequence of postnatal deletion of 

Vegfa, cre expression in Osx-cre mice carrying a tetracycline responsive element (TRE; 

tetO) was suppressed by feeding the pregnant mice and their progeny with water 

containing 2mg/ml doxycycline. The efficiency of Osx-cre–mediated inactivation of 

Vegfa was assessed by previous studies showing that Vegfa transcripts in extracts of 

bones from Vegfa CKO mice were reduced by about 70% compared with those from 

controls (Liu et al., 2012). To allow better tracing of osteoblastic cells, ZsGreen (ZsG), a 

Cre activating fluorescent reporter, was introduced into Osx-cre,
 
Vegfa

fl/+
;Osx-cre

  
and 

Vegfa
fl/fl

;Osx-cre mice. Vegfa
fl/fl

;VE-cadherin-cre
 
and Flk1

fl/fl
;Osx-cre

  
mice were 

generated using a similar strategy.  
    

 

Tibial monocortical defect model   

The tibial cortical defect used as a simplified stable facture model, was described 

previously (Kim et al., 2007; Minear et al., 2010a; Minear et al., 2010b). Skeletal mature 
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mice (9-12 weeks old male) were used for all studies. Mice were placed under general 

anesthesia by intraperitoneal injection of 100 mg/kg ketamine and 10 mg/kg xylazine. 

The lateral aspect of right tibia was exposed and carefully cleared of overlying soft 

tissues while preserving the periosteum. A monocortical osseous hole (0.8 mm diameter) 

was created on the anterior surface of the tibia crest using a round burr attached to a 

dental drill. Irrigation with saline was used to remove bone dust and fragments. The soft 

tissue wound was closed by suturing the muscle and skin layers separately with 5-0 

absorbable gut suture (Reli). After surgery, mice received subcutaneous injection of 0.05-

0.1mg/kg buprenorphine for analgesia.  

Delivery of recombinant VEGF 

  Absorbable collagen hemostatic sponges (Avitene) were cut to the dimensions of 

the injured region. Sponges were soaked in 1 µl of human recombinant VEGF (R&D 

System) with concentration of 1 or 0.1 µg/µl for 30 min at 4 Cº. After the injury was 

made, the loaded sponge was inserted into the defects, followed by a single stitch of the 

cut muscle flap to over the wound.   

µCT analysis 

Tibiae were isolated, fixed overnight in 10% neutral buffered formalin, and kept 

in 70% ethanol until analyzed using a ȝCT 35 system (Scanco Medical) with a spatial 

resolution of 7ȝm. Sagittal images of injured tibiae were used to perform three-

dimensional (3-D) histomorphometric analysis. We defined the region of interest to cover 

the hole region between the interrupted cortical bone ends, injured bone marrow, and 

periosteal callus outside the hole, separately. The remained old bone fragments during 

drilling were excluded from the region of interest. Then we used a total of 96-100 



 

Ͳ 37 Ͳ 
 

consecutive images (about 0.672-0.7mm in length) to present most of the injured region 

and periosteal callus for 3-D reconstruction and analysis. 3-D structural parameters 

analyzed included: total tissue volume (TV), trabecular bone volume per tissue volume 

(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular 

separation (Tb.Sp).  

Histology and histomorphorphometry 

Fixed samples were decalcified in 0.5 M EDTA (pH 8.0) for 14 days and 

embedded in paraffin or optimal cutting temperature (OCT) compound (Tissue-TEK). 

8ȝm longitudinal sections using the hole region as landmark were cut, and stained for 

H&E, aniline blue, movat pentachrome, safranin O or tartrate resistant acid phosphatase 

(TRAP). The comparisons between Vegfa CKO and control mice were mainly covering 

the hole region between the interrupted cortical bone ends and the adjacent areas, visible 

in the same sections, while most staining in the wounded bone marrow was not quantified 

because histological details in longitudinal sections of bone marrow cannot be guaranteed 

to be in the same horizontal plane as those of the hole region.  

6-8 tissue sections for each mouse stained with aniline blue were used to 

determine the amount of newly formed osseous tissues. Each section was photographed 

and analyzed in a method described previously (Minear et al., 2010a). The digital images 

were imported into Adobe Photoshop CS5 (Adobe System Inc). We choose a rectangular 

region of interest which covered the hole region and encompassed about 10
6
 pixels. The 

number of aniline blue-stained pixels was determined using magic wand tool. The 

percent of collagen in the hole region was calculated as the aniline blue positive 

pixels/10
6
 pixels. The mineralization/collagen ratio could be further calculated as BV/TV 
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(µCT) divided by the percent of aniline blue stained area. For quantifying the cartilage, 

periosteal area about 2mm distal to the defects was chosen, and Safranin-O positive area 

was calculated using magic wand tool.  

Immunofluorescence and Immunohistochemistry 

 Immunostaining was performed using a standard protocol. We incubated sections 

with primary antibody to neutrophil marker NIMP-R14 (1:100, Santa Cruz), macrophage 

marker F4/80 (1:100, AbD Serotek), CD31 (1:50, BD Biosciences), CD45 (1:100, BD 

Biosciences), Osterix (1:100, Abcam or 1:50, Santa Cruz ), Bone sialoprotein (BSP, 1:50, 

Santa Cruz), Osteocalcin (OCN, 1:50, Santa Cruz), Alkaline phosphatase (ALP,1:50, 

Santa Cruz), VEGF (1:50, Santa Cruz), or Biotin conjugated lectin (1:100, Vector Lab), 

BMP2 (1:100, Abcam), FSP1 (1:100, Abcam) overnight at 4ºC. For 

immunohistochemistry, a horse radish peroxidase-streptavidin system (ABC) was 

subsequent to detect the immunoactivity, followed by counterstaining with hematoxylin. 

For immunofluorescence, secondary antibodies conjugated with fluorescence (1:200, Life 

Technologies) were added, and slides were incubated at room temperature for 90 min 

while avoid light. Sections were then stained with or without DAPI and coverslipped as 

above. For quantification of BSP, OCN, VEGF and ALP level, photographs including 

fields within the hole region were taken from 40X objective of confocal microscopy 

(Nikon A14), and were analyzed in Image J. Blood vessel (microvessel) density was 

calculated based on anti-CD31 staining. Single CD31 immunoreactive endothelial cells, 

or endothelial cell clusters separate from other microvessels, were counted as individual 

vessels. The total number of blood vessels in a specific field divided by total area was 

considered as blood vessel density. For BrdU staining, mice were injected with biotin 
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conjugated BrdU (20mg/kg body wight, i.p., Sigma-Aldrich) three hours prior to 

euthanasia. A commercial BrdU staining kit (Life Technologies) was used to staining the 

proliferative cells.  For TUNEL staining, dead cells were detected using in situ cell death 

detection kit, TMR Red (Roche) as described in manufacturer’s instructions. 

Isolation of osteoblastic cells from mouse long bones 

 Isolation and culture of primary osteoblasts from tibia and femur of 8- to 12-

week-old mice were as described (Bakker and Klein-Nulend, 2012). Bone marrow cells 

were flushed out, and cleaned diaphysis were cut into small pieces and incubated in 1 

mg/ml collagenase II (Life Technologies) at 37°C for one hour with constant shaking. 

The bone pieces were cultured in DMEM containing 15% FBS (Hyclone) and 100ȝg/ml 

ascorbic acid (sigma-Aldrich) until cells migrating from the bone chips became 

confluent.  

Isolation of bone marrow stromal cells 

Bone marrow cells from tibia and femur of 8- to 12-week-old mice were flushed 

out and cultured in Į-MEM containing 10% FBS. The primary cells were kept 

undisturbed until day 4 when half of medium was changed. Then we change medium 

every other day until day14. Cells were digested, passaged and maintained in complete 

culture medium. These adhered cells from bone marrow were considered as bone marrow 

stromal cells (BMSCs). Cells in the passage 1-2 were used for differentiation assay and 

passage 2-4 for migration and proliferation assay.  

Adenoviral infection  

Adenoviruses were purchased from Vector BioLab. We cultured the isolated 

BMSCs in 12-well plates with a-MEM medium containing 10% FBS for 48 hours before 
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they reached confluence, and then infected them with adenoviral-cre or adenoviral–green 

fluorescent protein (GFP) (2 × 10
7
 plaque-forming units adenovirus per well) for 48 

hours, and continue the culture in differentiation medium.  

 

In vitro osteoblastic differentiation and mineralization assay  

BMSCs and osteoblastic cells were seeded in 12-well plates containing complete 

culture medium. Upon reaching 70-80% confluency, cells with or without adenovirus 

treatment were switched to osteogenic medium (10% FBS, 10mM ȕ-glycerophosphate, 

and 50µg/mL ascorbic acid with 100nM dexamethasone). Culture medium was replaced 

every 2 days. Von Kossa and Alizarin Red staining was used to measure mineralization 

after 21 days of culture. 

CCK8 cell proliferation assay 

4,000 BMSCs were seeded in each well of 96-well plate. The next day, cells were 

given ĮMEM medium with 10% FBS or 2% FBS containing vehicle, 10-40ng/ml 

recombinant VEGF (R&D) and/or 2-40ng/ml recombinant PDGF-BB (R&D). After two 

days of additional culture, 10µl cell counting kit 8 (Sigma-Aldrich) was added to each 

well and incubated for 3 hours. Absorbance at 450 nm, representing relative cell 

numbers, was measured using a microplate reader. 

In vitro wound closure assay 

Confluent monolayers of BMSCs (passage 2-4) were scratched with a yellow 

pipette tip to create an about 1000ȝm wide cell-free wound. Wounded monolayers were 

incubated for 24 h and photographed at time 0 and at 24 h. The average rate of wound 
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closure was calculated as the difference between the starting width and the width at any 

incubation time/incubated time.  

Complete blood analysis 

Mice were placed under general anesthesia, and peripheral blood was collected 

from the heart. About 20 µl of blood samples were analyzed by Hemavet 950 Chemistry 

Analyzer (Drew Scientific Inc.). 

Statistics 

The data are presented as mean ± standard error using unpaired 2-tailed Student’s 

t-test. Spearman’s correlation coefficient was used to measure the dependency of two 

variables. P values less than 0.05 were considered significant. 

Study approval  

All animal experiments were approved by the Harvard Medical Area Standing 

Committee on Animals and in accordance with the U.S. Public Health Service Policy on 

Humane Care and Use of Laboratory Animals. 
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Results 

Osteoblast-derived VEGF stimulates macrophage-related angiogenesis and 

promotes infiltration of regenerative cells during the inflammatory phase  

Histology of a tibial cortical bone defect in wild type mice at various time points 

after surgery (see Methods) is shown in Figure 4. Post-surgery days (PSD) 1-3 were 

considered the inflammation phase. At PSD3, VEGF levels and blood vessels in the hole 

region of Vegfa
fl/fl

;Osx-cre (Vegfa CKO) mice decreased by 76.1% and 64.4%, 

respectively, compared with Vegfa
fl/fl

 littermates (Figure 5A, B). In Vegfa CKO mice, the 

number of F4/80-positive macrophages was reduced by 74.5% and 57.4% in hole region 

and adjacent marrow space, respectively (Figure 5C). Strong correlation between the 

density of blood vessels and macrophage numbers indicated that blood vessel invasion is 

associated with macrophage recruitment (Figure 5D). Only a few CD45-positive cells 

were recruited into the defects, indicating that lymphocytes were not among the major 

recruited inflammatory cell types at this stage (Figure 6A). The number of osterix-

positive osteoblastic precursors was lower in defects of Vegfa CKO mice than of Vegfa
fl/fl

 

mice, but this reduction was proportional to the decrease in total cell numbers (Figure 

6B). We analyzed percentages of different cellular components in the hole region, and 

found that only the number of macrophages and endothelial cells were lower in Vegfa 

CKO than in control mice (Figure 6C). This underscores the importance of angiogenesis 

and macrophage recruitment for the infiltration of other cell types into the injured region. 

In addition, in vitro wound closure experiments using BMSCs from Vegfa CKO and 

control mice, showed that migration of Vegfa CKO cells was reduced (Figure 6D), 
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providing a potential mechanism for the decreased cell infiltration to repair sites in Vegfa 

CKO mice. 

 

Figure 4 

 

Figure 4. Representative images of histological details for the injury tibiae at various 

time points after surgery. Scale bar: 1mm. 
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Figure 5 
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Figure 5 (continued). Osteoblast-derived VEGF stimulates macrophage-related 

angiogenesis at PSD3 and promotes migration of bone marrow cells in vitro. (A) 

High density (17.6 ± 4.8%) of anti-VEGF staining in rectangular hole region of Vegfa
fl/fl

 

mice compared with Vegfa
fl/fl

;Osx-cre mice (4.2 ± 1.2%). N=5-6. (B) High density of 

blood vessels (as determined by anti-CD31staining) in hole region (163 ± 5/mm
2
) and 

adjacent rectangular marrow region (263 ± 18/mm
2
) of Vegfa

fl/fl
 mice as compared with 

Vegfa
fl/fl

;Osx-cre mice (58 ± 12 and 65 ± 21/mm
2
). N= 4-7. (C) High density of F4/80-

positive macrophages in hole region and adjacent rectangular marrow region of Vegfa
fl/fl

 

mice compared with Vegfa
fl/fl

;Osx-cre mice. N=5-6. (D) High correlation between blood 

vessel and macrophage densities in hole region. Scale bars: 100µm (A, B), 200µm (C). 

Yellow stippled rectangles: hole regions (A, B, C); blue stippled rectangles: bone marrow 

regions (B, C). CB: cortical bone. *, P<0.01; **, P<0.05.  
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Figure 6 
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Figure 6 (continued) 

 

Figure 6 (continued). Osteoblast-derived VEGF promotes infiltration of regenerative 

cells at PSD3. (A) No difference of CD45-positive lymphocyte density in hole region of 

Vegfa 
fl/fl

;Osx-cre and Vegfa
fl/fl

 mice. N=4-6. (B) Low density of osterix-positive 

osteoblast precursor cells and total cells, represented approximately by numbers of total 

nucleus, in the hole region of Vegfa
fl/fl

;Osx-cre compared with Vegfa
fl/fl

 mice. N=5-6. (C) 

Percentage of different cell types in the hole region in Vegfa
fl/fl

;Osx-cre and Vegfa
fl/fl

 

mice. (D) In vitro wound closure assay. Stippled lines indicate the edges of the wound at 

time 0. Based on three independent experiments, the rate of wound closure was higher 

with cells from Vegfa
fl/fl 

mice than with Vegfa
fl/fl

; Osx-cre cells. Scale bar: 100µm (B), 

200µm (A, D). Yellow stippled rectangles: hole region (A, B). CB: cortical bone. *, 

P<0.01; **, P<0.05. 



 

Ͳ 48 Ͳ 
 

Hematopoiesis is not altered but neutrophil release after injury is impaired in mice 

with reduced VEGF in osteoblastic cells 

Osteoblasts regulate functions of some hematopoietic lineages in the bone marrow 

(Eash et al., 2010; Rankin et al., 2012; Wu et al., 2008). To determine whether loss of 

osteoblast-derived VEGF affects hematopoiesis, complete blood analysis using peripheral 

blood collected from mice before and 24 hours after surgery was applied. The number of 

most blood cells was not significantly different between Vegfa CKO and Vegfa
fl/fl  

mice 

before surgery, with most parameters in the normal range (Figure 7A). However, 24 

hours after surgery, the number of neutrophils was increased in both Vegfa CKO and 

controls compared with the number before surgery, indicating a release of neutrophils 

into the circulation during the acute inflammatory phase (Figure 7A). In Vegfa
fl/fl 

mice, 

the number of neutrophils increased 3.0-fold after surgery, with a 3.5-fold increase in the 

percentage of neutrophils among total white blood cells. However, in Vegfa CKO mice, 

only 1.6 and 1.2-fold increases were observed (Figure 7B, C), indicating that the 

neutrophil release after injury may be regulated by osteoblast-derived VEGF. Since 

neutrophils are recruited to local injury sites, NIMP-R14 staining was used to display 

neutrophil infiltration. The number of NIMP-R14 positive neutrophils in the hole region 

of Vegfa CKO mice was lower than that of controls at PSD1, but statistical difference 

was lacking (Figure 7D). In addition, only few macrophages were observed in the defects 

of both Vegfa
fl/fl 

and Vegfa CKO mice (Figure 7E), indicating that influx of macrophages 

comes after the massive infiltration of neutrophils into the hematoma at PSD1. 
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Increased cell proliferation but decreased collagen accumulation after injury in 

mice with reduced VEGF in osteoblastic cells 

Following the inflammation phage, mesenchymal progenitor cells migrate into the 

wound site, proliferate and differentiate into bone forming osteoblasts. At PSD5, aniline 

blue staining showed 93.2% less collagen accumulation in the hole region of Vegfa CKO 

mice than in controls (Figure 8A), indicating a significant delay of osteoinduction. 

However, BrdU incorporation into cells showed 2.4-fold increase in the hole region of 

Vegfa CKO mice compared with control mice (Figure 8B). This enhanced proliferation 

was associated with an increase in cell numbers from PSD3 to PSD7 in Vegfa CKO 

compared with control mice (4.5 fold vs. 1.8 fold, Figure 8C). In vitro assays showed that 

recombinant VEGF inhibited while PDGF-BB greatly induced proliferation of BMSCs 

(Figure 8D-F). VEGF also inhibited the enhanced proliferation induced by PDGF-BB 

(Figure 8F). These results may explain, at least in part, the increased proliferation rates at 

the repair site when VEGF levels were reduced.    
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Figure 7 
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Figure 7 (continued).  Decrease of neutrophil release after injury in Vegfa
fl/fl

;
 

Osx-cre 

mice during inflammation. (A) Complete analysis of peripheral blood from mice before 

and 24 hours after surgery. N=6-7. (B, C) Fold increase of average neutrophil numbers 

(B) and average percentage of neutrophil among white blood cells (C) in peripheral blood 

before and 24 hours after surgery. N=7. (D, E) Similar density of NIMP-R14 positive 

neutrophils (D) and F4/80-positive macrophages (E) in hole region of Vegfa
fl/fl

;Osx-cre 

and Vegfa
fl/fl

 mice. N=4-7. Scale bar: 200µm (D, E). Yellow stippled rectangles: hole 

region. CB: cortical bone. *, P<0.01; **, P<0.05. *, PSD1 vs. PSD0. 
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Figure 8 
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Figure 8 (continued) 

 

Figure 8 (continued). Increased cell proliferation but decreased collagen 

accumulation in Vegfa
fl/fl

;Osx-cre
 

mice at PSD5. (A) Reduced density of aniline blue-

stained areas in hole region of Vegfa
fl/fl

;Osx-cre mice compared with Vegfa
fl/fl

 mice. N=4-5. 

Scale bar: 200µm. (B) Increased density of BrdU incorporated cells in hole region of 

Vegfa
fl/fl

;Osx-cre mice compared with Vegfa
fl/fl

 mice. N=3-4. Scale bar: 100µm. (C) Fold 

increase in total cell density in hole region of Vegfa
fl/fl

;Osx-cre and Vegfa
fl/fl

 mice from PSD3 to 

PSD7. (D-F) Proliferation of BMSCs cultured in medium for 48 hour monitored by CCK8. 

OD
450nm

 represents relative cell number. At least 4 wells were used for each group and data are 

representative of three independent experiments. Yellow stippled rectangles: hole region. CB: 

cortical bone. *, #, P<0.01; **, ## P<0.05. 
 
# vs. VEH (D, E)  
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Delayed intramembranous bone formation in defects in mice with reduced VEGF in 

osteoblastic cells 

Absence of safranin O-stained cartilage in the injured region indicated that newly 

formed trabecular bone at PSD7 represents intramembranous ossification (IO), while the 

presence of cartilage in the periosteum close to the injury hole suggests the occurrence of 

endochondral bone formation (Figure 9). µCT was used to quantify the newly formed 

bone in the defect at this stage. Lateral views of the 3-D reconstruction of injured tibia 

showed less mineralized tissue in defects of Vegfa
fl/fl

;Osx-cre
 
mice than of controls 

(Figure 10A). In Vegfa CKO mice, trabecular bone volume was decreased in the hole 

region as well as in the wounded marrow, and this reduction was dependent on the extent 

of Vegfa reduction (Figure 10B, C). In addition, the mineralized bone in defects of Vegfa 

CKO mice showed an increase in trabecular separation and a decrease in trabecular 

number; however, trabecular thickness was not significantly altered (Figure 10D-H). 

Collagen accumulation, as revealed by aniline blue (Figure 10I, J) and movat 

pentachrome staining (Figure 10L), was decreased while the amount of fibrous tissue was 

increased in the defects of Vegfa
fl/fl

;Osx-cre
 
mice, suggesting a decrease of collagen 

containing osteoid. Decreased mineralization/collagen ratio in Vegfa CKO mice further 

indicated a delay in osteoid mineralization (Figure 10K). In addition, BMSCs and 

osteoblasts from Vegfa
fl/fl

;Osx-cre mice exhibited reduced mineralization in culture when 

compared with cells from Vegfa
fl/fl 

mice (Figure 10M, N). BMSCs from Vegfa
fl/fl 

mice 

also showed decreased mineralization in culture following treatment with Cre-adenovirus 

compared with GFP-adenovirus (Figure 10O). Based on these data, we conclude that loss 
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of VEGF in osteoblastic lineage cells results in a mineralization defect during bone 

repair.
 

 

Figure 9 

 

Figure 9. Intramembranous bone formation in the hole region and endochondral 

bone formation in the injured periosteum during cortical defect healing.  Safranin O-

stained sections in wild type mice showing that the absence of SO-positive cartilage in 

hole region while existence of cartilage in injured periosteum. Scale bar: 200µm.  
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Figure 10 
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Figure 10 (continued) 
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Figure 10 (continued) 
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Figure 10 (continued) 
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Figure 10 (continued). Impaired intramembranous bone formation in defects of 

Vegfa
fl/fl

;Osx-cre
 

mice at PSD7. (A) 3D-reconstruction of the injured tibia from lateral 

views (top panel, scale bar: 500µm) and mineralized bone formed in hole region (Lower 

panel, scale bar: 100µm) by µCT. (B, D-F) µCT analysis of the mineralized bone formed 

in hole region. N=6. (C, G, H) µCT analysis of the mineralized bone formed in the 

wounded marrow (yellow area). CB: cortical bone. N=6. (I) Aniline blue staining 

showing reduced collagen accumulation in hole region of Vegfa
fl/fl

;Osx-cre mice. Density 

of aniline blue stained area was calculated in hole region indicated by yellow frame. 

Scale bar: 200µm. (J) Low density of aniline blue-stained area in hole region of 

Vegfa
fl/fl

;Osx-cre mice. N=8-11. (K) Decrease of mineralization to collagen ratio (BV/TV 

divided density of aniline blue stained area in hole region) in Vegfa
fl/fl

;Osx-cre mice. N=5-

6. (L) Movat pentachrome staining showing histological details in hole region. Collagen 

fibers are stained as yellow and muscle or fibrous tissues are stained as red. Scale bar: 

200µm. (M, N) Alizarin red or Von Kossa staining of BMSCs (M) and osteoblasts (N) 

after 21 days of culture in mineralization medium. (O) Alizarin red and Von Kossa 

staining of BMSCs (from Vegfa
fl/f 

mice),  treated with GFP or Cre adenovirus and 

followed by 21 days of culture in mineralization medium. The data were representative 

for three independent experiments (M-O) *, P<0.01; **, P<0.05.  
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Osteoblastic lineage cells are the main generators of VEGF at the bone repair site  

A cre-activated reporter, ZsGreen (ZsG), was used to trace Osx-expressing osteoblast 

precursor cells and their progeny. The majority of VEGF staining was localized in ZsG-

positive cells (Figure 11), indicating that osteolineage cells are important generators of 

VEGF. Compared with Osx-cre;ZsG mice, VEGF levels and numbers of ZsG+ cells 

expressing VEGF were decreased in Vegfa
fl/fl

;Osx-cre;ZsG mice by 60.6% and 67.0%, 

respectively (Figure 11). This indicates that VEGF was successfully deleted from 

osteoblastic cells. VE-cadherin-cre;tdTomato mice were used to trace endothelial lineage 

cells. In the injury region of VE-cadherin-cre;tdTomato mice, only a few tdTomato-

positive cells expressed VEGF at PSD7, while moderate levels of VEGF was observed in 

tdTomato-positive cells of the metaphyseal vasculature (Figure 12A, B). To further 

examine the roles of endothelial cell-derived VEGF in healing of bone defects, cortical 

defects were made in Vegfa
fl/fl

;VE-cadherin-cre mice and their littermate controls. µCT of 

samples harvested at PSD7 showed that the volume of newly formed bone in the hole 

region and wounded marrow was practically the same in Vegfa
fl/fl

;VE-cadherin-cre, 

Vegfa
fl/+

;VE-cadherin-cre, and Vegfa
fl/fl

 mice (Figure 12C, D), indicating that VEGF 

produced by other cell types may compensate for the reduction of VEGF in endothelial 

cells.  
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Osteoblast-derived VEGF stimulates angiogenesis and osteoblast differentiation at 

cortical bone repair site  

Total number of bone forming cells, represented by ZsG-positive cells, was not 

significantly different in defects of Vegfa
fl/fl

;Osx-cre;ZsG mice compared with littermate 

controls at PSD7 (Figure 13A). The number of FSP1-positive fibroblasts showed a 2.7-

times increase in defects of Vegfa
fl/fl

;Osx-cre;ZsG mice compared with controls (Figure 

13B), consistent with the increase in fibrous tissue as indicated by movat pentachrome 

staining. Co-staining for FSP1 in ZsG-positive cells was more frequently observed in 

Vegfa
fl/fl

;Osx-cre;ZsG mice than in Osx-cre;ZsG mice (18.3±3 % Vs. 4.8±1.8 %, Figure 

13B), suggesting that a higher percentage of osteolineage cells differentiate into 

fibroblasts when VEGF levels are reduced. Levels of bone sialoprotein (BSP) and 

osteocalcin (OCN), markers of osteoblasts at their middle and mature stages of 

differentiation respectively, were greatly decreased in the hole region of Vegfa
fl/fl

;Osx-

cre;ZsG compared with Osx-cre;ZsG  mice (Figure 13C, D). The number of blood 

vessels was also reduced in both hole region and adjacent extracortical area of 

Vegfa
fl/fl

;Osx-cre;ZsG mice (Figure 13E, F).  Correlation of blood vessel areas with 

BSP/OCN levels indicated an association between angiogenesis and osteoblast 

differentiation (Figure 13G, H). The lack of significant differences in the numbers of 

BrdU-, TUNEL- and TRAP-positive cells between the different genotypes (Figure 13I-

K), suggested that the delayed repair in Vegfa CKO mice at PSD7 is unlikely to be 

caused by alterations in cell proliferation, cell death or osteoclast infiltration.  
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Figure 11 

 

Figure 11. Osteoblastic cells are main generator of VEGF in bone repair, and VEGF 

levels in osteoblasts are reduced in defects of Vegfa CKO mice. Low density of anti-

VEGF staining (6.1±1.8%) and percent of VEGF expressing ZsG+ osteolineage cells 

shown as yellow (17±5.2%) in hole region of Osx-cre;ZsG mice compared with 

Vegfa
fl/fl

;Osx-cre;ZsG mice (15.5±2.1and 51.5±8.3%, respectively). Scale bar: 50 µm. 

N=4-6.  **, P<0.05. vs. Osx-cre;ZsG. 
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Figure 12 
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Figure 12 (continued). Deletion of Vegfa in endothelial cells does not influence bone 

repair. (A) Minority of anti-VEGF staining localizes in tdTomato-positive endothelial in 

defects of VE-cadherin;tdTomato mice at PSD7. (B) Some tdTomato-positive endothelial 

cells in the metaphyseal vasculature express VEGF. GP: growth plate. META: 

metaphysis. (C, D) µCT analysis of mineralized bone formed in the hole region (C) and 

wounded BM (D) from mice at PSD7. N=5-6.  Scale bar: 100µm (A, C); 50µm (B).   
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Figure 13 
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Figure 13 (continued) 
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Figure 13 (continued) 
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Figure 13 (continued) 

 

 

 

 



 

Ͳ 70 Ͳ 
 

Figure 13 (continued). Reduced angiogenesis and osteoblast differentiation in 

Vegfa
fl/fl

;Osx-cre;
 

ZsG mice at PSD7. (A) Density of ZsG-positive cells in the hole 

region was of no difference between genotypes. (B) Low density of FSP-positive 

fibroblasts and low percent of FSP expressing ZsG+ osteolineage cells in hole region hole 

region of Vegfa
fl/fl 

mice compared with Vegfa
fl/fl

;Osx-cre mice. Yellow cells, denoted by 

white arrow, represent fibroblasts differentiated from osteolineage cells. (C, D) Low 

Density of anti-BSP (C) or anti-OCN (D) stained area with or without normalized by total 

number of ZsG+ cells, in hole region of Vegfa
fl/fl

;Osx-cre;ZsG mice compared with Osx-

cre;ZsG mice. (E) Low density of blood vessels (113±34 /mm
2
) and low percentage of 

vessel area (4.9±0.7%) in hole region of Vegfa
fl/fl

;Osx-cre;ZsG compared with Osx-

cre;ZsG mice (227±29/mm
2
 and 126±25%). (F) Low Density of blood vessels in the hole 

region and adjacent area outside the hole of Vegfa
fl/fl

;Osx-cre;ZsG  compared with Osx-

cre;ZsG  mice. CB: cortical bone. (G, H) Strong correlation between blood vessel area 

and density of BSP (G) or OCN (H) staining in hole region. (I, J) Density of cells 

incorporating BrdU (I) and TUNEL-positive dead cells (J) in hole region was of no 

significance between Vegfa
fl/fl

;Osx-cre;ZsG  and Osx-cre;ZsG. (K) Low density of TRAP-

positive osteoclasts observed in hole region of both Vegfa
fl/fl

;Osx-cre;ZsG  and Osx-

cre;ZsG with no significant difference. Scale bar: 50 µm (B-E, J). 100µm (F, I), 200µm 

(K). N=4-6 (A-D, G, I, J). N=3-4 (K).  *, P<0.01, **, P<0.05. vs. Osx-cre;ZsG. 
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High dosage fails but low dosage of recombinant VEGF enhances intramembranous 

bone formation in defects of Vegfa
fl/fl

;Osx-cre;ZsG mice 

To determine whether local delivery of recombinant VEGF in a tissue-engineered 

scaffold at the bone defect site could be used to stimulate the repair process, we first 

performed preliminary studies to examine the effects of inserting the scaffold, a collagen 

sponge, in the cortical bone defect. Maximal induction of mineralized bone formation 

was observed at PSD10 when most of the sponge was absorbed (data not shown). 

Therefore, PSD10 was chosen as the optimal time point for testing the effects of 

delivering exogenous VEGF in a collagen sponge on the repair process. In Vegfa
fl/fl

;Osx-

cre;ZsG mice, delivering 1µg VEGF failed but delivering 0.1µg VEGF enhanced the 

formation of mineralized bone in the injury compared with the control (PBS) group. 

However, the volume of newly formed bone in all groups of Vegfa
fl/fl

;Osx-cre;ZsG mice 

was still below that of Osx-cre;ZsG control mice. In Osx-cre;ZsG mice, delivery of 0.1µg 

VEGF failed to improve bone repair in the defects compared with PBS controls (Figure 

14A-C). These data indicate that local delivery of optimal amounts of VEGF enhances 

bone repair when VEGF levels are low at the repair site, but that VEGF in excess does 

not promote bone formation. In defects of Vegfa
fl/fl

;Osx-cre;ZsG mice, delivery of 0.1µg 

VEGF enhanced collagen accumulation and BSP production (Figure 14D, E). However, 

the mineralization/collagen ratio and the total number of ZsG-positive bone forming cells 

did not change (Figure 14D, F), indicating that although 0.1µg VEGF restored induction 

of osteoid formation, it did not affect the delayed mineralization in Vegfa
fl/fl

;Osx-cre;ZsG 

mice. The number of blood vessels in the hole region and the adjacent area outside the 

hole were increased in the 0.1µg VEGF treatment group of Vegfa
fl/fl

;Osx-cre;ZsG mice, 
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but the vessel parameters were still lower than in Osx-cre;ZsG mice (Figure 15A). This 

suggests that a bolus delivery of VEGF may not satisfy the demand for VEGF during the 

entire repair process, since the exogenous VEGF would likely be metabolized in a 

relatively short period of time. Both 0.1µg and 1µg VEGF treatments increased the 

number of osteoclasts number in the hole defect region of Vegfa
fl/fl

;Osx-cre;ZsG mice, 

but the number of osteoclasts was still much lower than in defects of Osx-cre;ZsG mice 

(Figure 15B). These results indicate that although VEGF is important for 

osteoclastogenesis, recruitment of osteoclasts does not appear to be a major factor in bone 

repair at this time point.  

High dosage of VEGF inhibits intramembranous bone formation during cortical 

defect repair in wild type mice 

 Since delivery of a high dose (1µg) of VEGF failed to rescue compromised bone 

repair in Vegfa
fl/fl

;Osx-cre;ZsG mice, we next studied effects of high dosage VEGF in 

Osx-cre;ZsG control mice. Less mineralized bone in the hole region of Osx-cre;ZsG mice 

was observed in the 1µg VEGF treatment group than in the PBS group at PSD7 (Figure 

16A). Collagen accumulation, BSP levels and the number of blood vessels, were also 

reduced by VEGF treatment compared with PBS, but mineralization/collagen ratio was 

not altered (Figure 16B-D). A bolus of 1µg VEGF decreased the number of ZsG-positive 

osteoblastic cells in the injury hole, but this reduction was proportional to the decrease in 

the total number of cells (Figure 16E). Few osteoclasts were observed in both groups 

(Figure 16G), indicating that decreased bone formation in defects of mice treated with a 

high dose of locally delivered was not due to an increased number of osteoclasts.  
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Figure 14 
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Figure 14 (continued) 
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Figure 14 (continued). 1µg recombinant VEGF fails but 0.1µg VEGF enhances 

intramembranous bone formation in cortical defects of Vegfa
fl/fl

;Osx-cre;ZsG mice 

at PSD10. (A) 3D-reconstruction of mineralized bone formed in hole region of Osx-

cre;ZsG mice treated with PBS or 0.1µg VEGF as well as Vegfa
fl/fl

;Osx-cre;ZsG mice 

treated with PBS, 0.1 or 1µg VEGF. (B, C) BV/TV, based on µCT, of the mineralized 

bone formed in hole region (B) and wounded bone marrow (C). Red area: wounded bone 

marrow. (D) Aniline blue staining showing that 0.1µg VEGF increases the density of 

aniline blue staining in hole region of Vegfa
fl/fl

;Osx-cre;ZsG mice, but fails to enhance the 

mineralization to collagen ratio. Yellow stippled rectangle: hole region. (E) 0.1µg VEGF 

enhanced the density of anti-BSP staining with or without normalization to total number 

of ZsG-positive cells in hole region of Vegfa
fl/fl

;Osx-cre;ZsG mice. (F) The density of 

ZsG-positive cells and total cell number in hole region of Vegfa
fl/fl

;Osx-cre;ZsG (CKO) 

mice were not significantly altered by VEGF treatment. Scale bars: 100µm (A), 200 µm 

(D), 50 µm (E). N=5-6. *, 
#
, P<0.01; **, 

##
, P<0.05. *,* vs. Osx-cre;ZsG+PBS.  

#, ##
 vs. 

Vegfa
fl/fl

;Osx-cre;ZsG +PBS.  
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Figure 15 
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Figure 15 (continued). Blood vessel formation and osteoclast recruitments in defects 

of Vegfa
fl/fl

;Osx-cre;ZsG mice at PSD10. (A) Enhanced density (123 ± 13/mm
2
) of  

blood vessels (based on anti-CD31 staining) in hone region of Vegfa
fl/fl

;Osx-cre;ZsG mice 

treated with 0.1µg VEGF compared with PBS (70 ± 8/mm
2
) or 1µg VEGF (84 ± 

13/mm
2
). (B) Density of TRAP-positive osteoclasts in hole region and adjacent area in 

injured BM. Scale bars: 100µm (A), 200µm (B). N=5-6. Yellow stippled rectangles: hole 

region (A, B); blue stippled rectangles: adjacent bone marrow regions (B). CB: cortical 

bone. WT: Osx-cre;ZsG mice. CKO: Vegfa
fl/fl

;Osx-cre mice. *, 
#
, P<0.01; **, 

##
, P<0.05. 

* vs. Osx-cre;ZsG+PBS.  
#
 vs. Vegfa

fl/fl
;Osx-cre;ZsG+PBS. 
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Figure 16 
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Figure 16 (continued). High-dose VEGF inhibits mineralized bone formation in 

defects of Osx-cre;ZsG mice at PSD7. (A) Less mineralized bone formed in hole region 

in Osx-cre;ZsG mice treated with 1µg VEGF (0.68 ± 0.22 % in BV/TV) compared with 

PBS (2.76 ± 1.41%) by µCT. (B) Aniline blue staining shows that 1µg VEGF inhibits 

density of aniline blue staining in hole region of Osx-cre;ZsG mice compared with PBS, 

but does not alter mineralization to collagen ratio. (C) 1µg VEGF inhibits density of anti-

BSP staining with or without normalization to total number of ZsG-positive cells in hole 

region of Osx-cre;ZsG mice. (D) Low density (101 ± 18 /mm
2
) of blood vessels 

(determined by anti-CD31 staining)  in hole region of Osx-cre;ZsG mice treated with 1µg 

VEGF compared with PBS treatment (163 ± 12/mm
2
). (E) Reduced density of ZsG-

positive cells and total cells in hole region of Osx-cre;ZsG mice with VEGF treatment 

compared with PBS treatment. (F) No difference in low density of TRAP-positive 

osteoclasts in hole region of mice treated with VEGF or PBS. Yellow stippled rectangles: 

hole regions (B, F). CB: cortical bone. Scale bars: 100 µm (A, F), 200µm (B), 50 µm (C, 

D). N=4-5. *, P<0.01; **, P<0.05. 
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Postnatal deletion of Vegfa in osteolinage cells causes delayed bone repair mediated 

by intramembranous ossification   

 It can be argued that the compromised bone repair in Vegfa CKO mice might not 

be a direct consequence of disrupted VEGF production by osterix-expressing cells, but 

instead the result of VEGF-dependent changes in osteolineage cells during development 

that are carried over into the postnatal period in mice. To address this possibility and 

allow assessment of bone repair when VEGF expression is disrupted in the osteoblastic 

lineage postnatally, doxycycline was administrated to a group of pregnant mothers and 

their offspring to block Osx-Cre expression (see Methods). Doxycycline was then 

withdrawn to let Cre recombinase become active in Osx-positive cells. Without 

doxycycline treatment, Vegfa
fl/fl

;Osx-cre mice showed a decrease in body weight and 

body size compared with Vegfa
fl/fl

 mice; however, this difference was abolished in 8-

week old mice continuously treated with doxycycline (Figure 17A). In addition, the 

absence of ZsG signal in hind limbs of Vegfa
fl/fl

;Osx-cre;ZsG mice given doxycycline 

validated the efficient inhibition of Cre expression, while strong ZsG signals in bones of 

8-week old Osx-cre;Vegfa
fl/fl

;ZsG mice with doxycycline withdrawn at 4-weeks 

demonstrated that Cre recombinase was successfully induced in the absence of 

doxycycline (Figure 17B). In 9-week old mice with doxycycline withdrawn at 4 weeks, 

body weight was not significantly different between Vegfa
 
CKO and Vegfa

fl/fl 
mice, and 

no reduction of newly formed mineralized bone in the injury region was observed in 

Vegfa
 
CKO mice at PSD7 compared with controls (Figure 18A-D). In mice of the same 

age and similar body weight, but with doxycycline withdrawn one week after birth, the 

volume of newly formed mineralized bone in the hole region was decreased in 
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Vegfa
fl/fl

;Osx-cre mice compared with controls (Figure 17C). Trabecular number was 

decreased while trabecular separation was increased (Figure 17C). Collagen 

accumulation as well as mineralization/collagen ratio were also decreased (Figure 17D). 

These data are almost identical to the findings based on the use of mice that had not been 

treated with doxycycline during development. 

 

Figure 17
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Figure 17 (continued). Delayed intramembranous bone formation in cortical defects 

when Vegfa is deleted in osteolineage cells postnatally. (A) Reduced body size and 

weight in 8-week old Vegfa
fl/fl

;Osx-cre mice compared with Vegfa
fl/fl

 mice without 

doxycycline (DOX) treatment (N=8-10); this reduction was eliminated in DOX-treated 

mice (N=4-6). (B) Absence of Cre-activated ZsG in diaphysis (DIA) and metaphysis 

(META) of 8-week old Vegfa
fl/fl

;Osx-cre;ZsG mice continuously fed with DOX; ZsG 

induced in mice with DOX withdrawn at 4 weeks. GP: growth plate. (C) µCT analysis of 

mineralized bone formed in hole region of 9-week old mice with DOX withdrawn at one 

week shows reduced bone volume and trabecular thickness, increased trabecular 

separation in hole region of Vegfa
fl/fl

;Osx-cre compared with of Vegfa
fl/fl

 mice. (D) 

Reduced density of aniline blue staining (19.5 ± 4.2%) and decreased mineralization to 

collagen ratio (15.6 ± 5.1%) in hole region of 9-week old Vegfa
fl/fl

;Osx-cre mice with 

DOX withdrawn at one week, compared with of Vegfa
fl/fl

 mice (40.8 ± 1.9
  
and 43.6 ± 

7.2%). Yellow stippled rectangle: hole region (D). Scale bars: 100µm (B, C), 200µm (D).  

N=6-10 (C-D). *, P<0.01; **, P<0.05. 
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Figure 18 

 

 

Figure 18. Bone repair is not changed in defects of 9 weeks old Vegfa
fl/fl

;Osx-cre 

withdrawn of doxycycline at 4 weeks old. (A) Body weight between 9 weeks old 

Vegfa
fl/fl

 and Vegfa
fl/fl

;Osx-cre withdrawn of DOX at 4 weeks old. N=5-7. (B) 3D 

reconstruction of mineralized bone formed in hole region by µCT. Scale bar: 100µm. (C, 

D) µCT analysis of the mineralized bone formed in the hole region (C) and injured bone 

marrow (D). N=5-7. **,  P<0.05.  vs. Vegfa
fl/fl
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Targeting Vegfa expression in osteoblasts and hypertrophic chondrocytes impairs 

cartilage turnover in periosteal callus 

 Endochondral bone formation was observed in the injured periosteum (PO), 

particularly distal to the injury hole in the tibial defect. Safranin O staining in the PO 

about 2 mm distal to the hole was selected for quantitative assessments of the cartilage. 

At PSD7, the relative amount of cartilage in Vegfa CKO mice was similar to that of 

controls. At PSD10, control mice showed decreased amounts of cartilage while Vegfa 

CKO mice showed an increase. At PSD14, there was almost no cartilage left in controls 

while a substantial amount of cartilage remained in the Vegfa CKO mice (Figure 19A, B). 

These data indicate a delay of cartilage removal in PO of Vegfa CKO mice. In addition, 

the higher percentage of cartilage in Vegfa CKO mice also suggests that cartilage 

formation in the injured periosteum is enhanced when VEGF levels are reduced. 

Compared with Vegfa
fl/fl

 mice, the number of blood vessels and osteoclasts were 

significantly reduced in the injured periosteum of Vegfa CKO mice at PSD10 (Figure 

19C, D), suggesting a delay in blood vessel invasion and osteoclast/chondroclast 

recruitment. Although the thickness of the periosteal callus was almost the same in Vegfa 

CKO and Vegfa
fl/fl  

mice at PSD14, the immature bony tissue in the PO of Vegfa CKO 

mice as compared with the mature woven bone in Vegfa
fl/fl 

mice
 
(Figure 20A), further 

suggests delayed endochondral bone formation. Osx-cre;Vegfa
fl/fl

;ZsG mice also showed 

increased amounts of safranin O-positive cartilage and increased numbers of Sox9-

positive chondrocytes in the PO compared with Osx-Cre;ZsG mice at PSD10, which is 

consistent with the possibility that VEGF acts as an inhibitor of chondrogenesis during 

the repair process (Figure 20B, C). Only few cells co-expressing ZsG and Sox9 were 
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observed, indicating that increased numbers of chondrocytes in Osx-cre;Vegfa
fl/fl

;ZsG 

mice are not due to trans-differentiation from osteoblastic lineage cells (Figure 20C). 

Since BMP2 is important for periosteal cartilage formation in cortical defect healing and 

fracture repair (Minear et al., 2010b; Tsuji et al., 2006), we stained for BMP2 and found 

reduced levels of staining in Vegfa
fl/fl

;Osx-cre;ZsG compared with Osx-cre;ZsG mice 

(Figure 20D). Thus, increased amounts of cartilage in the defect of Vegfa CKO mice are 

unlikely to be a consequence of increased BMP2 levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Ͳ 86 Ͳ 
 

Figure 19 
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Figure 19 (continued). Deletion of Vegfa in osteoblasts and hypertrophic chondrocytes 

impairs cartilage resorption in injured periosteum. (A, B) Safranin O- staining on 

sections from Vegfa 
fl/fl

, Vegfa 
fl/+

;Osx-cre and Vegfa 
fl/fl

;Osx-cre mice at PSD 7, 10 and 

14 to show periosteal cartilage (A), and percent of cartilage in periosteum about 2mm 

distal to the injured hole was calculated (B). In Vegfa 
fl/fl

 mice, periosteal cartilage was 

gradually resorbed from PSD7 to PSD10, however, this resorption was delayed and 

cartilage formation was even promoted in periosteum of Vegfa 
fl/fl

;Osx-cre mice. N=4-8. 

(C, D) TRAP-positive osteoclasts/chondroclasts and lectin-positive vascular endothelial 

cells was greatly decreased in periosteum (PO) of Vegfa 
fl/fl

;Osx-cre mice compared with 

Vegfa 
fl/fl 

mice. Green frame shows the injured periosteum. N=3-4. Scale bar: 200µm (A, 

C, D).  *, P<0.01; vs. Vegfa 
fl/fl

.  
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Figure 20 
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Figure 20 (continued) 
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Figure 20 (continued). Delayed replacement of cartilaginous callus by bony callus in 

the wounded periosteum of Vegfa 
fl/fl

;Osx-cre mice. (A) Aniline blue staining on 

sections from mice at PSD7, 10 and 14 to show bony callus in periosteum. N=4-8. (B) 

SO staining on sections from Osx-cre;ZsG and Vegfa 
fl/fl

;Osx-cre;ZsG mice at PSD10. 

Percent of cartilage out of periosteum about 2mm distal to the injured hole was 

calculated. Increase of cartilage percentage in Vegfa 
fl/fl

;Osx-cre;ZsG mice compared with 

Osx-cre;ZsG mice N=3-5. (C, D) More SOX9-positve chondrocytes (C, N=3-4) and 

decrease of BMP2-positive cells (D, N=5-6) in injured periosteum of Vegfa 
fl/fl

;Osx-

cre;ZsG mice than in Osx-cre;ZsG mice. N=3-4. Scale bar: 200µm (A, B), 100µm (C, D). 

**, P<0.05. 
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Deletion of Vegfa in osteoblastic cells reduces callus remodeling 

 In wild type
 
mice, woven bone formed in the periosteum was gradually resorbed 

and remodeled into a new layer of bone outside the original cortical bone. At the edge of 

the newly formed bone, a new ossification center, containing immature chondrocytes, 

proliferative chondrocytes, hypertrophic chondrocytes as well as bony trabeculae, was 

observed in periosteal callus of Osx-cre mice and Vegfa
fl/fl

 mice at PSD28 (data not 

shown), reflecting a strong regenerative activity. In contrast, this process was greatly 

reduced in both homozygous and heterozygous Vegfa knockout mice (Figure 21A, B). 

The callus thickness (distance between the new layer of bone and the original cortical 

bone), normalized to the total volume of the corresponding tibial segment, together with 

volume at callus, also normalized to total tibial segment volume, was reduced in Vegfa 

CKO mice (Figure 21C, D). Osteoclasts were accumulated on the surface of the newly 

formed bony layer in Vegfa
fl/fl

 mice, while only few osteoclasts were found in Vegfa CKO 

mice (Figure 21E).  
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Figure 21 
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Figure 21 (continued) 
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Figure 21 (continued). Deletion of Vegfa in osteoblastic cells reduces callus 

remodeling at PSD28. (A) H&E staining on sections from Vegfa 
fl/fl

, Vegfa 
fl/+

;Osx-cre 

and Vegfa 
fl/fl

;Osx-cre mice showing periosteal callus remodeling at PSD28.  (B) Left 

panel showed the 2D image of sagittal sections of injured tibia. The right panel displayed 

3D reconstruction of the periosteal callus. (C) Decreased of callus thickness, calculated 

as the distance from the edge of periosteal callus to the injured cortical bone normalized 

by the total volume of the corresponding tibial segment, in Vegfa 
fl/fl

;Osx-cre compared 

with  Vegfa 
fl/fl 

mice  N=5-6. (D) Decrease of BV/TV, calculated as total callus bone 

volume normalized by total volume of the corresponding tibial segment, in Vegfa 
fl/fl

;Osx-

cre compared with  Vegfa 
fl/fl 

mice  N=5-6. (E) Low density of TRAP-osteoclasts, 

represented as the number of osteoclasts normalized by the total length of callus bone, in 

Vegfa 
fl/fl

;Osx-cre compared with  Vegfa 
fl/fl 

mice. N=4. Scale bar: 500µm (A, B), 200µm 

(E). *, P<0.01; **, P<0.05.  
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Discussion 

In the present study, we discovered that an appropriate dosage of paracrine VEGF 

from osteoblastic cells is critical for the angiogenesis-osteogenesis coupling during bone 

repair and either too little or too much VEGF may interrupt this coupling process and 

cause the compromised bone healing. The documented functions of osteoblast-derived 

VEGF in healing of small bone defects may also provide the biological basis for the 

application of VEGF in other bone regenerative processes.  

Bone repair is initiated by the inflammatory reaction with ordered infiltration of 

neutrophils and then macrophages. Osteoblastic cells regulate the release of neutrophils 

to the circulation under the inflammatory stimuli through CXCL12-CXCR4 axis (Eash et 

al., 2010). Previously VEGF was reported to induce neutrophil chemotaxis and increase 

sinusoid permeability in the bone marrow (Ancelin et al., 2004; Lim et al., 2014), 

supporting our finding that osteoblast-generated VEGF facilitates entry of neutrophils 

into the circulation following bone injury, adding to the regulatory machineries of 

neutrophils by osteoblastic cells. Following neutrophil infiltration, a decrease of 

macrophage recruitment and blood vessel invasion was observed in defects of 

Vegfa
fl/fl

;Osx-cre mice, but we do not know which comes first since both macrophages 

and endothelial cells respond to VEGF. It was reported that macrophage infiltration 

preceded angiogenesis in wound healing and tumor progression since deletion of 

macrophages led to significant reduction of angiogenesis (He and Marneros, 2013; Lin et 

al., 2006). Therefore, except for the direct targeting on endothelial cells, the pro-

angiogenic effect of osteoblast-derived VEGF may also be mediated by macrophages 
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since VEGF is a chemotactic factor for macrophage/monocytes (Barleon et al., 1996; 

Clauss et al., 1990; Leek et al., 2000), and macrophages in the regenerative phase release 

angiogenic factors to initiate angiogenesis and repair described in the previous studies 

(Sunderkotter et al., 1991; Tonnesen et al., 2000; Wu et al., 2013).   

Bone repair and regeneration was inhibited by reducing VEGF level with sFlt1 or 

VEGF neutralizing antibodies in previous studies (Street et al., 2002; Wang et al., 2011a), 

which is consistent with our data. In humans, VEGF levels are decreased in mesenchymal 

progenitors with age caused by osteoporosis (Efimenko et al., 2011; Pufe et al., 2003; 

Wilson et al., 2010). Therefore, our data gave one explanation for mechanisms of 

age/osteoporosis related defective bone healing and suggested VEGF supplement as a 

potential therapeutic strategy. However, consequences of exogenous VEGF application 

exhibited certain extent of variation. VEGF enhanced bone healing and regeneration in 

many models but also failed in certain studies using ex vivo gene therapy or recombinant 

VEGF (Eckardt et al., 2003; Kaipel et al., 2012; Peng et al., 2002; Schonmeyr et al., 

2010).  Different from large bone repair defect, only low amount VEGF was needed in 

the our model of small bone defect healing, where exogenous VEGF didn’t help 

regenerate bone when VEGF level is adequate and excess VEGF even exhibits 

detrimental effects through binding VEGFR2 on osteoblasts and inhibiting osteoblast 

functions. It is also possible that excess VEGF inhibits pericyte functions through 

VEGFR2 mediated inhibition of PDGFR (Greenberg et al., 2008), which is important 

molecule for pericyte maturation, and further leads to formation of immature blood 

vessels. These data demonstrated the complexity of VEGF in the pathology and 

therapeutic strategies. When using VEGF modulation to treat bone defect repair and other 
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strategies for bone regeneration, the amount of VEGF should be carefully considered to 

avoid beyond physiological dosage. 

In the rescue assay of Vegfa
fl/fl

;Osx-cre mice, osteoinduction was totally rescued 

by low dose of VEGF, suggesting the necessary of paracrine VEGF. However, osteoblast 

mineralization, which is a relative later incidence in bone defect repair, was only partially 

restored. In this case, a bolus addition of VEGF may not satisfy the demand for VEGF in 

the whole process of repair, especially in the late mineralization stage. That may explain 

the failure of fully restore of osteoblast mineralization. Slow-release VEGF loaded in 

specific scaffolds, which restore VEGF level continuously may better improve defect 

repair in this scenario (Geng et al., 2011; Silva and Mooney, 2010). In addition, 

intracellular VEGF, which is not secreted but potentially binds nuclear envelop proteins 

and enters into nuclei to participate transcription regulation (Gerber et al., 2002; Lee et 

al., 2007; Liu et al., 2012), may be another possibility for the failure of exogenous VEGF 

to fully rescue the comprised repair. Modified permeable VEGF fused to a nuclear 

localization signal may help to determine the role of intracellular VEGF in bone repair in 

the future.  

To our surprise, 9-week old of Vegfa
fl/fl

;Osx-cre mice withdrawn of doxycycline 

from week 4 exhibited normal bone repair. In these mice, osteoblast precursors and their 

descendants, which expressed osterix before week 4 or shortly after that, are not targets 

of Cre and therefore still generate VEGF. The paracrine VEGF secreted by these cells 

may be enough to support bone repair even VEGF is deleted in the newly formed Osx-

positive cells. Currently, whether bone forming cells in defects of our model come from 
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mesenchymal progenitors which migrate in, proliferate and differentiate, or adjacent pre-

osteoblasts or even later stage of osteoblasts, which already overtook Osx-positive stage, 

migrated in to directly form bone is not completely understood. If first assumption is the 

only repair machinery, we would conclude that optimal amount of paracrine VEGF is 

enough to support bone repair even intracellular VEGF in newly differentiated 

osteoblasts is lacking. But in any case that the second assumption exists, we could not 

exclude the intracellular VEGF. By using Vegfa
fl/fl

;Osx-cre mice with DOX withdrawn at 

a earlier time, osteolineage cells expressing VEGF normally were replaced gradually by 

newly formed cells in which VEGF was deleted so that the total extracellular VEGF was 

insufficient to support the normal bone healing. These data indirectly highlighted the 

importance of paracrine VEGF from osteoblasts during bone repair. 

The delayed infiltration of blood vessels and osteoclasts in the injured periosteum 

and delayed cartilage turnover in Vegfa
fl/fl

;Osx-cre mice, was consistent with the major 

phenotypes of VEGF
120/120 

(mice expressing only VEGF120 isoform) and mice treated 

with sFlt1 during bone development (Gerber et al., 1999; Zelzer et al., 2002), indicating 

essential roles of VEGF from osteoblastic cells or hypertrophic chondrocytes in 

periosteal response after bone injure could recapitulate their functions during 

endochondral bone formation during development.  Besides delay of cartilage resorption, 

an increase of cartilage formation was observed in periosteum of Vegfa CKO mice, which 

was consistent with previous studies showing that inhibition of VEGF signaling in early 

skeletal progenitors may facilitate the fate of determination from bone to cartilage 

forming cells (Chan et al., 2015). In addition, soluble Flt1 gene therapy was shown to 

improve BMP4-induced chondrogenic differentiation of muscle-derived stem cells 
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(MDSCs) in vitro and also promote articular cartilage repair regeneration(Kubo et al., 

2009; Matsumoto et al., 2009), indicating that blocking VEGF could be a potential 

approach to improve cartilage healing. At PSD28, large amount of osteoclasts residing 

along the new bone layer indicated the active bone remodeling. Osteogenic factors 

released from pre-osteoclasts or bone matrix after bone resorption, such as TGF-ȕ, IGF, 

PDGF-BB, coordinate formation of blood vessels and bones (Crane and Cao, 2014; Tang 

et al., 2009; Xie et al., 2014). VEGF was also known to bind VEGFR1 in osteoclasts and 

regulate their differentiation and activation (Aldridge et al., 2005; Liu et al., 2012). 

Therefore at the remodeling stage, reduction of VEGF in bone cells may cause decrease 

of osteoclast recruitment, less release of osteogenic signals from resorbed bone matrix, 

and subsequent reduction of callus bone volume.  

In summary, our data revealed that osteoblast-derived VEGF is important for 

various stages of bone defect repair. First, VEGF is indispensable to initiate macrophage 

related angiogenesis response to bone trauma. This is consistence with previous studies 

that VEGF stimulate monocyte/macrophage infiltration and activation, further indicating 

VEGF maybe also important in inflammation driven disorders such as atherosclerosis and 

arthritis.  Secondly, during IO-mediated repair, an optimal amount of paracrine VEGF 

from osteoblasts is required for angiogenesis-osteogenesis coupling. Third, VEGF either 

from osteoblasts or hypertrophic chondrocytes is important for the recruitment of blood 

vessel and osteoclasts, mediation of cartilage resorption and replacement by bone during 

endochondral ossification-mediated bone repair. Lastly, during bone remodeling phase, 

VEGF is important for the remodeling or regenerative capability through regulating 
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osteoclasts. These findings add to understanding of VEGF functions and may provide a 

basis for novel strategies based on VEGF modulation to improve bone defect repair. 
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Chapter III 

VEGFR2 deficiency in osteoblast precursors and their progeny enhances 

osteoblast maturation and mineralization during bone repair 
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Introduction  

Osteoblast-derived VEGF plays an essential role in angiogenesis-osteogenesis 

coupling, as well as coordination of bone resorption and bone formation (Liu et al., 2012; 

Wang et al., 2007). Most functions of VEGF are mediated by paracrine effects through 

targeting on adjacent endothelial cells and osteoclasts. In early osteoblastic cells, VEGF 

also controls osteoblastogenesis and adipogenesis in an intracrine mechanism that is 

resistant to effects of extracellular VEGF (Liu et al., 2012). Whether osteoblast-generated 

VEGF binds to VEGF receptors in a cell autonomous manner and to what extents that 

autocrine VEGF regulates osteoblast functions during bone healing is currently not well 

established.  

VEGFR2, the main VEGF receptor, is predominantly expressed in endothelial 

cells to mediate the mitogenic and angiogenic effects in the response to VEGF (Koch et 

al., 2011). In addition to endothelial cells, it is also expressed and functional in other cells 

types, including pericytes, lymphocytes and osteoclasts (Aldridge et al., 2005).  

Depending on different species and collection methods, VEGFR expression is variable in 

osteoblastic cells, which makes it difficult to study autocrine effects of osteoblast-derived 

VEGF (Clarkin and Gerstenfeld, 2013). VEGF receptors, including VEGFR1 and 

VEGFR2, were previously detected in primary human osteoblasts, and exogenous VEGF 

is capable to promote the migration, proliferation and differentiation of human 

osteoblasts (Mayr-Wohlfart et al., 2002). However, primary murine mesenchymal 

progenitors and osteoblasts fail to respond to exogenous VEGF in some studies (Eckardt 

et al., 2003; Liu et al., 2012), arguing for the active functions of VEGF receptors in mice.  
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Studies of mice with deletion of Vegfr1 or Vegfr2 in osteoblastic cells show that these 

mice exhibit reduced bone density two weeks after birth (Liu et al., 2012). Reduced 

numbers of osteoprogenitor cells was also observed in the bone marrow from these mice 

(Liu et al., 2012), further indicating that both VEGFR1 and VEGFR2 are important for 

the postnatal bone formation. However, the autocrine effects of VEGF mediated by 

VEGFR2 during bone repair are not clear.  

In the Chapter II, we demonstrate that paracrine VEGF from osteoblastic cells is 

important for healing of cortical defects. To further dissect the autocrine effects of 

osteoblast-derived VEGF on osteoblastic differentiation and bone formation during bone 

repair, we generated conditional knockout mice by deleting the major VEGF receptor, 

VEGFR2, in osteoblast lineage cells using osterix-cre mice, and examined the 

consequences of cortical defect healing in these mice.  
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Materials and Methods 

Mouse Strains 

Osx-GFP::Cre (Rodda and McMahon, 2006) and CAG-loxP-stop-loxP-

ZsGreen (Ai6) mouse lines were purchased from Jackson Laboratory. Flk1(Vegfr2) 

floxed mice were provided by Genentech. To generate Flk1
fl/fl

;Osx-cre
 
mice, hemizygous 

Osx-cre transgenic mice were crossed with Flk1
fl/fl

 mice to produce heterozygous Flk1
fl/+

 

offspring carrying a Cre allele. These mice were then crossed with Flk1
fl/fl

 mice 

generating the following three genotypes: Flk1
fl/fl

;Osx-cre
 
(Vegfr2 CKO mice), 

Flk1
fl/+

;Osx-cre
 
and Flk1

fl/fl
 mice. To trace the osterix-positive cells and their progeny, a 

cre-activating reporter, ZsGreen, was introduced into Osx-cre,
 
Flk1

fl/+
;Osx-cre

 
and 

Flk1
fl/fl

;Osx-cre
 
mice.  

Tibial monocortical defect model   

The tibial monocortical defect, used as a simplified stable facture model, was 

described in Chapter II. Mice at post-surgery day (PSD) 7, 10, and 14 were collected for 

analysis.  

µCT analysis 

ȝCT 35 system (Scanco Medical) with a spatial resolution of 7ȝm was used to 

analyze the injured tibiae.  

Histology and histomorphorphometry 

At the time of euthanasia, injured tibiae were dissected, fixed, decalcified and 

embedded in paraffin or optimal cutting temperature (OCT) compound. 8µm thick 

longitudinal sections using the injured hole as landmark were cut, and stained with H&E, 
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aniline blue, TRAP or safranin O. 6-8 tissues sections from each mouse, stained with 

aniline blue, were used to determine the amount of newly formed osseous tissues in the 

hole region, and sections stained with safranin O were used for the calculation of 

cartilage area in the extracortical area as described in Chapter II.    

Immunofluorescence 

Standard protocol for immunofluorescence was used as described in Chapter II. 

The following primary antibodies were used: anti- BSP (1:50, Santa Cruz), anti-

osteocalcin (1:50, Santa Cruz), and anti-ALP (1:50, Santa Cruz). For TUNEL staining, 

dead cells were detected using in situ cell death detection kit, TMR Red (Roche). 

In vitro osteoblastic differentiation and mineralization assay 

Isolation and culture of primary osteoblasts from tibia and femur of 8- to 12-

week-old mice were as described in Chapter II. Osteoblastic cells were seeded in 12-well 

plates containing complete culture medium. Upon reaching 70-80% confluent, cell were 

switched to osteogenic medium (10% FBS, 10mM ȕ-glycerophosphate, and 50µg/mL 

ascorbic acid with 50ng/ml BMP2). Culture medium was replaced every 2 days. Von 

Kossa assay was used to measure the mineralization after 21 days of culture.  

Statistical Analysis 

The data are presented as mean ± standard error, and were subjected to unpaired 

2-tailed Student’s t-test. P values less than 0.05 were considered significant. 
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Results 

Deficiency of Vegfr2 in osteoblastic cells enhances mineralized bone formation in 

defects at PSD7  

In Flk1
fl/fl

;Osx-cre
  
mice, formation of mineralized bone in the hole region as well 

as in the injured bone marrow was increased compared with controls at PSD7 (Figure 

22A, B). For the mineralized bone formed in the hole region of Flk1
fl/fl

;Osx-cre
 
mice, 

trabecular number as well as trabecular thickness was increased, and trabecular 

separation was decreased compared with of controls (Figure 22A).  

Deficiency of Vegfr2 in osteoblastic cells enhances osteoblast maturation and 

mineralization in healing of cortical defect 

At PSD7, collagen accumulation, represented by the density of aniline blue 

stained area, and BSP levels in the hole region, which are two important bone matrix 

proteins secreted by osteoblasts in their early differentiation stage, were not significantly 

different between Flk1
fl/fl

;Osx-cre and Flk1
fl/fl

 mice (Figure 23A, C). However, levels of 

OCN, which is a mature osteoblast marker, and alkaline phosphatase (ALP), an important 

indicators of mineralization, were increased by 4.7 and 3.0-folds, respectively, in the hole 

region of Flk1
fl/fl

;Osx-cre
 
mice compared with Flk1

fl/fl
 mice (Figure 23D, E). In addition, 

the mineralization to collagen ratio was also greatly increased in Flk1
fl/fl

;Osx-cre 

compared with Flk1
fl/+

;Osx-cre and Flk1
fl/fl

 mice
 
(Figure 23B), indicating the enhanced 

osteoblast mineralization when Vegfr2 is removed from osteoblastic cells. In addition, 

osteoblasts isolated from Flk1
fl/fl

;Osx-cre
  
mice showed increased mineralization in the 

stimulation of BMP2 compared with cells from Flk1
fl/fl  

mice (Figure 23F), further 
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supporting the enhanced osteoblast maturation and mineralization in Flk1
fl/fl

;Osx-cre 

mice under certain conditions during bone repair, such as elevation of BMPs. 

 

Figure 22 

 

 

Figure 22. Deficiency of Vegfr2 in osteoblastic cells enhances mineralized bone 

formation in defects at PSD7. (A) 3D-reconstruction of the injured tibia from lateral 

views (top panel, scale bar: 500µm) and mineralized bone formed in hole region (lower 

panel, scale bar: 100µm) by µCT. (B) µCT analysis of mineralized bone formed in the 

hole region and injure marrow and BV/TV was calculated. N=6-7 *, 
#
 P<0.01; **, 

##
, 

P<0.05. *,** vs. Flk
 fl/fl

.  
#
,
##

 vs. Flk
 fl/+

;Osx-cre. 
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Figure 23 
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Figure 23 (continued) 
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Figure 23 (continued). Deficiency of Vegfr2 in osteoblastic cells enhances osteoblast 

maturation and mineralization in cortical defect healing at PSD7. (A) Aniline blue 

staining to show collagen accumulation. Percent of aniline blue-positive area was 

calculated in the hole region. (B) Mineralization to collagen ratio was increased in 

Flk1
fl/fl

;Osx-cre mice. (C) Low percentage of anti-BSP staining in hole region of Flk1
 

fl/+
;Osx-cre mice compared with Flk1

fl/fl
;Osx-cre and Flk1

fl/fl
 mice at PSD7. (D, E) High 

percentage of anti-OCN (D) and anti-ALP (E) staining in the hole region of Flk1
 fl/fl

;Osx-

cre compared with Flk1
 fl/fl

 mice. (F) Von Kossa staining of osteoblasts isolated from 

Flk1
fl/fl

 and Flk1
fl/fl

;Osx-cre mice after 21 days of culture in the mineralization medium 

containing 50ng/ml BMP2. Scale bar: 200µm (A), 50µm (C, D, E). N=6-7 *, 
#
 P<0.01; 

**, 
##

, P<0.05. *, ** vs. Flk1
fl/fl

.  
#, 

##
 vs. Flk1

fl/+
;Osx-cre. 
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Deletion of Vegfr2 in osteoblastic cells does not alter the numbers of blood vessels, 

dead cells or osteoblastic cells in the hole region during cortical defect healing 

It is possible that absence of VEGFR2 in osteoblasts would promote angiogenesis 

by providing more VEGF available for endothelial cells. To test this, we stained sections 

with anti-CD31, and found that the number of blood vessels was practically the same 

between Flk1
fl/fl

;Osx-cre
 
 mice and controls, suggesting that the enhanced formation of 

mineralized bone in hole region of Flk1
fl/fl

;Osx-cre
  
mice was probably not due to the 

increased angiogenesis (Figure 24A). VEGFR2-mediated signaling is important for the 

cell survival. TUNEL staining in situ showed no difference for the number of dead cells 

in the hole region of Flk1
fl/fl

;Osx-cre
  
and Flk1

fl/fl
 mice (Figure 24B), indicating that other 

factors may compensate for loss of VEGFR2-mediated pro-survival signaling in vivo. We 

introduced the cre-activating report, ZsGreen (ZsG), to Osx-cre, Flk1
fl/fl

;Osx-cre and 

Flk1
fl/+

;Osx-cre mice to trace the fate of osteoblast precursors and their progeny. No 

significant difference was observed for the number of ZsG-positive cells between 

Flk1
fl/fl

;Osx-cre;ZsG
 
mice and controls, suggesting that the enhanced formation of 

mineralized bone in the hole region of Flk1
fl/fl

;Osx-cre
  
mice may not likely due to the 

increased numbers of bone forming cells (Figure 24C).  
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Figure 24 
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Figure 24 (continued). Deletion of Vegfr2 in osteoblastic cells does not alter the 

number of blood vessels, dead cells or osteoblastic cells in the defect region. (A) 

CD31 staining in the injured region. Density of blood vessel in hole region and adjacent 

injured marrow was calculated based on CD31 staining. N=4-7. (B) TUNEL staining in 

fields within injured hole to display dead cells. Number of TUNEL-positive cells was 

calculated in hole region. N=7. (C) Representative images showing ZsG-positive cells. 

The density of ZsG+ cells was calculated in hole region. N=6-7. Scale bar: 50µm (C), 

100µm (A, B).  

 

 

Endochondral bone formation in the injured periosteum is not altered in mice with 

deletion of Vegfr2 in osteoblastic cells 

At PSD10, Safranin O-stained cartilage was observed in the injured periosteum 

(PO) of both Flk1
fl/fl

;Osx-cre and control mice, indicating the occurrence of endochondral 

ossification. Although the percentage of cartilage in PO of Flk1
fl/fl

;Osx-cre mice was 

higher than that of Flk1
fl/fl

;Osx-cre mice, statistical significance was lacking. At PSD14, 

there was almost none cartilage left in both mice, indicating that different from Vegfa 

CKO mice where there was a delay of cartilage resorption, cartilage turnover was not 

significantly altered in Vegfr2 CKO mice. No significant difference was observed for 

periosteal callus thickness between Flk1
fl/fl

;Osx-cre
  
and Flk1

fl/fl
 mice at PSD10 and 

PSD14 (Figure 25A, B), further indicating that EO-mediated periosteal responses were 

not altered when Vegfr2 was removed from osteoblastic cells. 
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Figure 25 

 

Figure 25. Endochondral ossification mediated periosteal response is not altered 

when Vegfr2 is removed from osteoblastic cells. (A, B) Safranin O (SO) staining in the 

periosteum distal to hole region from mice at PSD10 (A) and PSD14 (B). Percent of SO-

positive cartilage and callus thickness was calculated. N=3-5. Scale bar: 200µm.  
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Discussion 

In the present study, we demonstrate that deletion of Vegfr2 in osteoblast 

precursors and their progeny enhances osteoblast differentiation and mineralization 

during cortical defect healing. VEGFR2-mediated autocrine VEGF signaling might be a 

negative regulator for osteoblast differentiation in the context of bone healing, indirectly 

highlighting the importance of paracrine VEGF, and also providing a mechanism for the 

inhibitory effects of excess VEGF in healing of a small bone defect. 

The enhanced formation of mineralized bone in defects of Flk1
fl/fl

;Osx-cre mice 

during bone healing, which is different from the phenotypes of skeletal development in 

the same strain, indicated that bone repair has its own characteristics compared with bone 

development, such as existence of  bone marrow niche, abundant inflammatory cells and 

cytokines. The inflammatory cells in the initial stage of bone injury, interact with 

mesenchymal progenitors and endothelial cells closely, and release many factors that are 

not induced during bone development, such as PIGF (Maes et al., 2006). 

In endothelial cells, activation of VEGFR2 recruits the inhibitory smad, Smad7, 

through PI3K pathway to decrease the activation of Smad2/3 (Yamauchi et al., 2004). It 

may be also applied on osteoblasts, as osteoblasts isolated from Flk1
fl/fl

;Osx-cre mice 

exhibit increased mineralization in vitro when stimulated with Smad transducing factors, 

BMP2. In addition, VEGF inhibits activation of PDGFR through VEGFR2 in various 

cells (Greenberg et al., 2008; Pennock and Kazlauskas, 2012). Since PDGF plays an 

important role in bone formation and regeneration (Caplan and Correa, 2011), it is also 

possible that deletion of Vegfr2 enhances PDGFR signaling in osteoblasts.  
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Since the progeny of osterix-positive osteoblast precursors include pericytes 

(Chen et al., 2014), Vegfr2 is also potentially deleted from pericytes. VEGFR2 in 

pericytes is considered as a negative regulator for pericyte function (Greenberg et al., 

2008).  Thus, reduced VEGFR2 in pericytes may cause improvement of their functions 

and vessels maturation. In addition to osteoblastic cells and pericytes, descendants of 

osteoblast precursors also include, but are not limited to, adipocytes and bone marrow 

stromal cells (Ono et al., 2014). The rare existence of adipose tissues in the injured sites 

makes the contribution of VEGFR2 in adipocyte less possible.  

In our models, some ZsG-positive osteolineage cells, located in the perisinusoidal 

area, were found to express VEGFR2 (data not shown). These cells could be osterix-

positive bone marrow stromal cells, which overlap with a population of mesenchymal 

progenitors.  However, VEGFR2 expression was seldom observed in the mature 

osteoblastic cells located in the newly formed trabeculae within the defects. This is 

consistent with previous findings that expression of VEGF receptors in murine 

mesenchymal progenitor cells was decreased with osteogenic differentiation (Deckers et 

al., 2000). These data further suggest that VEGFR2 in mesenchymal progenitor cells may 

act as a negative regulator for osteoblastogenesis. 

In the injured periosteum, Vegfr2 deletion from osteoblastic cells failed to 

influence the endochondral bone formation. The osteochondroprogenitors could 

differentiate to chondrocytes or osteoblasts in the injured periosteum. In this area, 

VEGFR2 expression is mainly located in the vasculature (data not shown). It is possible 

that osteochondroprogenitor cells do not express VEGFR2, and therefore removal of 
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VEGFR2 would not influence their differentiation and functions in the periosteal 

response to injuries.  

In summary, our data revealed a novel function of autocrine VEGF from 

osteoblasts, which may act as a negative regulator for osteoblast differentiation and bone 

formation during bone repair. The autocrine effects of VEGF on bone forming progenitor 

cells, together with the paracrine and intracrine pathways, add to the complexity of 

VEGF application. Understanding of VEGFR2 signaling in osteolineage cells with 

different stages of differentiation may help to develop strategies of VEGFR2 modulation 

to promote bone regeneration. 
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Chapter IV 

Soluble VEGFR1 reverses BMP2 inhibition of intramembranous ossification 

during healing of cortical defects  
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Introduction  

BMP2 plays a pivotal role in bone development and postnatal bone repair, and is 

widely used in many bone regenerative procedures (Rosen, 2009). Currently, 

recombinant BMP2 (rBMP2) and rBMP7 are the only FDA-approved growth factors in 

use for spinal infusion, treatment of non-union fractures, and bone grafting.  

         Human and animal studies using rBMP2 showed a large variation in individual 

responses (Boyne et al., 1997; Howell et al., 1997). Various factors, including BMP2 

concentrations, carrier properties, interaction with other growth factors and hormones, 

influence the effects of rBMP2 in bone regeneration (Groeneveld and Burger, 2000). The 

osteoinduction property of BMP2 depends on osteogenic or chondrogenic differentiation 

of skeletal stem cells. These cells are heterogeneous cell populations and include 

mesenchymal progenitors in perisinusoid, trabecular and endosteal locations, as well as 

osteochondroprogenitors in the periosteum and skeletal muscles (Chan et al., 2015; Ono 

et al., 2014; Wosczyna et al., 2012). Skeletal stem cells in different locations respond in 

their own ways to rBMP2 (Colnot, 2009). BMPs have been reported to promote 

osteogenic or chondrogenic differentiation of bone marrow-derived mesenchymal 

progenitors in vitro (Taipaleenmaki et al., 2008), but they seldom induce cartilage 

formation in the intramedullary space in vivo, suggesting that bone marrow contains 

cartilage-inhibiting factors. In contrast, osteochondroprogenitors in periosteum and 

muscle interstitium respond strongly to rBMP2, and this can cause unwanted ectopic 

ossification (Yamamoto et al., 1998; Zhang et al., 2005). 



 

Ͳ 120 Ͳ 
 

BMP2 exhibits redundant functions with other BMPs, such as BMP4 and BMP7, 

and is indispensable during skeletal development. It is also required for cartilaginous 

callus formation during postnatal bone repair (Tsuji et al., 2006).  Studies of mice with 

BMP2 deleted in chondrocytes or osteoblasts showed that only chondrocyte-derived 

BMP2 is a prerequisite for fracture healing (Mi et al., 2013). Using a cortical defect 

model, Wang et al. also found that BMP2 produced by periosteal progenitor cells is 

essential for healing of bone defect (Wang et al., 2011b). These data underscore the 

importance of BMP2 in chondrogenesis, by skeletal progenitors in the periosteum and 

surrounding muscles during bone repair. However in the intramedullary space, 

recombinant BMP2 inhibits osteogenic differentiation and intramembranous bone 

formation during cortical defect healing (Minear et al., 2010b).  

A number of growth factors, including VEGF, FGF2 and TGF-ȕ1, have been 

reported to influence BMP-induced bone formation. VEGF is frequently used together 

with BMPs in bone regenerative procedures. Low ratios of VEGF to BMP2/4 have 

synergistic effects on bone regeneration, while higher ratios have detrimental effects 

(Peng et al., 2002; Peng et al., 2005). Another angiogenic factor, FGF2, also has 

synergistic effects with BMPs on osteoblast differentiation at low concentrations 

(Fujimura et al., 2002; Hanada et al., 1997), but high doses of FGF2 have inhibitory 

effects (Fujimura et al., 2002; Wang and Aspenberg, 1993).  

           Conversion of vascular endothelial cells to mesenchymal stem-like cells 

contributes to ectopic ossification in patients with fibrodysplasia ossificans progressiva 

(FOP) and in a mouse model of FOP (Medici et al., 2010), indicating that endothelial 

cells may represent a potential reservoir of bone forming cells. In cultured endothelial 
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cells, VEGF inhibits endothelial to mesenchymal transition (EndMT) induced by BMP4 

(Medici et al., 2010). The inhibitory effect of VEGF on EndMT plays a critical role in the 

development of cardiac valves (Chang et al., 2004; Dor et al., 2001). Thus, it is possible 

that blocking of extracellular VEGF activity, by adding the decoy receptor sFlt1, may 

facilitate EndMT induced by BMP2 during healing of bone defects.  

In Chapter II, high levels of VEGF were shown to inhibit intramembranous bone 

formation in the intramedullary space. This is similar to the inhibitory effects of 

delivering rBMP2 on healing of cortical defects. Considering BMP2 induces VEGF in 

osteoblastic cells, we hypothesize that the inhibitory effects of BMP2 on 

intramembranous bone formation during healing of cortical defects may be mediated by 

extracellular VEGF.  
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Materials and Methods 

Mouse Strains 

VE-cadherin-cre (Alva et al., 2006) and CAG-loxP-stop-loxP-

tdTomato (Ai14) mouse lines were from Jackson Laboratory. To generate VE-cadherin-

cre;tdTomato
 
mice, hemizygous VE-cadherin-cre transgenic mice were crossed with 

homozygous tdTomato mice.  

Tibial monocortical defect model   

The tibial cortical defect used as a simplified stable facture model, was described 

previously (Kim et al., 2007; Minear et al., 2010a; Minear et al., 2010b). Skeletal mature 

VE-cadherin-cre;tdTomato mice (9-12 weeks old male) were used for all studies. A 

monocortical osseous hole (1 mm diameter) was created on the anterior surface of the 

tibia crest using a round burr attached to a dental drill. The soft tissue wound was closed 

by suturing the muscle and skin layers separately. Injured tibiae were collected at post-

surgery day 10 (PSD10). 

Delivery of recombinant rBMP2 and sFlt1.  

Absorbable collagen hemostatic sponges (Avitene) were cut to the dimensions of 

the injured region. Sponges were soaked in 1µl of human recombinant BMP2 (R&D 

System) or murine recombinant sFlt1 (R&D System) with concentration of 1µg/µl or for 

30 min at 4 Cº. In the co-delivery of BMP2 and sFlt1, sponges were soaked in 1µl of 

mixed protein with concentration of 0.95µg/µl for each. After the injury was made, the 

loaded sponge was inserted into the defects, followed by a single stitch of the cut muscle 

flap to cover the wound. 
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µCT analysis 

Injured tibiae were analyzed using a ȝCT35 system (Scanco Medical) with a 

spatial resolution of 7ȝm. Sagittal images of injured tibiae were used to perform three-

dimensional (3-D) histomorphometric analysis. We defined the region of interest to cover 

hole region between the interrupted cortical bone ends, injured bone marrow, and 

periosteal callus outside the hole, separately. Any remaining old bone fragments during 

drilling were excluded from the region of interest. We used a total of 120 consecutive 

images (about 0.84mm in length) to present most of the injured region and periosteal 

callus for 3-D reconstruction and analysis.  

Histology and histomorphorphometry 

 Fixed samples were decalcified and embedded in paraffin or optimal cutting 

temperature (OCT) compound (Tissue-TEK). 8ȝm thick longitudinal sections using the 

hole region as landmark were cut, and stained with aniline blue, safranin O or tartrate-

resistant acid phosphatase (TRAP). 6-8 tissues sections from each mouse were stained 

with aniline blue or safranin O to determine the amount of newly formed osseous tissues 

or cartilage using a method described in the previous Chapters.  

Immunofluorescence 

Immunofluorescence staining for anti-BSP was performed using a standard 

protocol as described in the previous Chapters.  

Statistics 

The data are presented as mean ± standard error and were subjected to unpaired 2-

tailed Student’s t-test. P values less than 0.05 were considered significant. 
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Results 

Recombinant BMP2 inhibits intramembranous bone formation in the 

intramedullary space and this can be reversed by soluble VEGFR1 (sFlt1) 

The cortical defect model is a simplified stable fracture model. Ten days after 

surgery (PSD10), trabecular bone formed in the hole region and wounded marrow space 

as described in the previous Chapters. Compared with PBS, delivery of rBMP2 in the 

injury region inhibited formation of mineralized bone. In the hole region, bone volume as 

well as trabecular number was decreased, and trabecular separation was increased (Figure 

26A, B).  Co-delivery of sFlt1 and rBMP2 not only reversed the inhibitory effects of 

rBMP2 on mineralized bone formation in the intramedullary space, but also enhanced 

bone regeneration in the hole region compared with PBS or sFlt1 alone (Figure 26A-C). 

Because the penetration of the drill into the marrow space showed some variation, 

mineralized bone formation in the wounded marrow space in mice with co-delivery of 

rBMP2 and sFlt1 failed to show an increase compared with the PBS and sFlt1 groups 

(Figure 26C).  
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Figure 26

 

Figure 26. BMP2 inhibits mineralized bone formation in hole region and wounded 

marrow and this can be reversed by sFlt1. (A) 3D-reconstruction of mineralized bone 

formed in hole region by µCT.  Scale bar: 100µm. (B, C) µCT analysis of BV/TV for 

mineralized bone formed in hole region (B) and wounded marrow space (C). N=4-6.  *, 
#
 

P<0.01; **, 
##

, P<0.05. *, ** vs. BMP2
 
(A).

 #, 
##

 vs. BMP2+sFlt1 (A). 
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Recombinant BMP2 enhances endochondral ossification in injured periosteum, and 

this is not affected by co-delivery of sFlt1  

At PSD10, µCT showed that mineralized bone in the periosteal area was 

significantly enhanced by rBMP2, with or without sFlt1, compared with PBS or sFlt1 

alone (Figure 27A, B). This indicates that BMP2 acts as an inducer of periosteal callus 

formation. This was further demonstrated by the enhanced callus thickness in the BMP2 

treatment group (Figure 27D). Safranin-O staining showed a large amount of cartilage in 

the periosteal callus in mice treated with rBMP2. In contrast, only small amounts of 

cartilage were observed in PBS and sFlt1 groups (Figure 27C, E). Addition of sFlt1 

showed little influence on mineralized bone and cartilage formation induced by rBMP2 in 

the injured periosteum. This indicates that sFlt1, when loaded on collagen sponges and 

inserted in the injured hole, may not diffuse into the periosteal area.  

Recombinant BMP2 inhibits collagen accumulation and BSP production in the 

injured region which this is reversed by sFlt1 

Compared with massive collagen accumulation and BSP production in groups 

treated with PBS or sFlt1 alone, collagen and BSP staining was significantly reduced in 

groups treated with rBMP2. This reduction could be reversed by co-delivery of sFlt1 and 

rBMP2 (Figure 28A, B, D). The mineralization to collagen ratio was also decreased by 

rBMP2 treatment (Figure 28C), indicating that rBMP2 not only decreases the 

osteoinduction, but also inhibits the process of mineralization. Co-delivery of sFlt1 and 

rBMP2 completely reversed the inhibitory effects of rBMP2 on osteoinduction and 

matrix mineralization. In addition, the total cell numbers in the injury hole was not 
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significantly different between groups, indicating that reduction of bone matrix proteins 

by rBMP2 treatment was not due to a decrease in cell number (Figure 28D).   

 

Figure 27 
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Figure 27 (continued). BMP2 enhances endochondral ossification in injured 

periosteum and this is not affected by delivery of sFlt1. (A) 3D-reconstruction of the 

periosteal callus by µCT. Increased mineralized bone after treatment with BMP2, with or 

without sFlt1. Scale bar: 200µm. (B) µCT analysis of BV/TV for mineralized bone 

formed in injured periosteum. N=6. (C) Safranin O staining showing cartilage 

accumulation in injured periosteum following BMP2 treatment, with or without sFlt1. 

Scale bar: 500µm. (D) Callus thickness reflects periosteal response to bone injury. N=4-6. 

(E) Increased safranin O-stained areas in periosteum (PO) from mice treated with 

rBMP2, but no significant difference between groups receiving BMP2 with or without 

sFlt1. N=4-6. *, 
#
 P<0.01; **, 

##
, P<0.05. *,** vs. BMP2.

 #, 
##

 vs. BMP2+sFlt1. 
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Figure 28 

 

Figure 28. Recombinant BMP2 inhibits collagen accumulation and BSP production 

in the cortical hole region and this can be reversed by sFlt1. (A) Aniline blue stained 

area representing collagen accumulation, is reduced in hole region of mice treated with 

rBMP2. Scale bar: 200µm. (B) Relative amounts of aniline blue-stained areas in hole 

regions were compared in different groups. N=4-7. (C) Decreased mineralization to 

collagen ratio in hole region of mice treated with rBMP2. N=4-6. (D) Decreased anti-BSP 

staining in hole region of mice treated with BMP2 compared with other groups. Scale 

bar: 50µm. *, P<0.01; **, P<0.05. 
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The effects of rBMP2 and sFlt1 on healing of cortical defects are unlikely due to 

changes in angiogenesis or recruitment of osteoclasts  

The number of blood vessels, calculated based on tdTomato expression in 

endothelial cells, was not different in the hole regions of the different groups (Figure 

29A). This indicates that decreased bone formation in mice treated with BMP2 is not due 

to changes in angiogenesis. Adding sFlt1 failed to inhibit blood vessel formation in the 

hole region at PSD10 (Figure 29A). This differs from systemic application of sFlt1, 

which resulted in inhibition on both mineralized bone and blood vessel formation in bone 

defects (Street et al., 2002).  In the current model, adding a bolus of sFlt1in the injury 

region, may not be sufficient to inhibit VEGF-mediated angiogenesis during the repair 

process. Alternatively, other angiogenic factors may compensate for the inhibition of 

VEGF. In addition, the number of TRAP positive osteoclasts in the hole region did not 

differ between groups (Figure 30A, B). In the periosteal callus, osteoclast numbers in 

mice treated with rBMP2 (with or without sFlt1) were increased compared with mice 

treated with PBS or sFlt1 alone (Figure 30A, B). This indicates that the inhibited 

intramembranous bone formation in intramedullary space and increased periosteal callus 

in mice treated with rBMP2 are unlikely due to alterations in osteoclast recruitment. 
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Figure 29 

 

Figure 29. The number of blood vessels in hole regions exhibit no significant 

differences between different groups at PSD10. (A) Representative image showing 

tdTomato-positive cells, representing endothelial cells and their progeny, in the injury 

hole of VE-cadherin-cre;tdTomato mice.  Scale bar: 100µm.  (B) Density of blood 

vessels in hole region, calculated based on tdTomato-positive endothelial cells, was not 

much different in various groups. N=4-6. 
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Figure 30 

 

 

Figure 30. The effects of rBMP2 and sFLT1 on healing of cortical defects are not 

likely due to alterations in osteoclast recruitment. (A) TRAP-positive osteoclasts 

(stained red) in the injury hole (top panel) and wounded periosteum distal to the hole 

(lower panel). Scale bar: 100µm.  (B) Density of osteoclasts (numbers of osteoclasts/area 

in hole region or periosteal callus) in hole regions and callus areas at periosteum (PO).  

N=4-6 *, 
#
 P<0.01; *, vs. PBS.  

#, vs. sFLT1. 
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Co-delivery of rBMP2 and sFlt1 promotes expression of the osteoblast marker, bone 

sialoprotein, in endothelial lineage cells  

Recombinant BMP2 and sFlt1 are considered promoters of endothelial to 

mesenchymal transition. When used alone, rBMP2 and sFlt1 seldom induce BSP 

expression in endothelial cells. However, in the injury sites from mice with co-delivery of 

these two factors, some tdTomato-positive endothelial cells were also positive for BSP 

(Figure 31), suggesting these bone matrix producing cells may have an endothelial origin.   

 

 

Figure 31 

 

Figure 31. Co-delivery of rBMP2 and sFlt1 promotes expression of the osteoblast 

marker, bone sialoprotein, in endothelial lineage cells. More yellow cells (white 

arrows), expressing cre-activated reporter, tdTomato, and the bone matrix protein BSP, 

were observed in hole regions of mice with co-delivery of rBMP2 and sFlt1 compared 

with delivery of PBS or sFlt1 alone. Scale bar: 50µm. N=4-6 

 

 



 

Ͳ 134 Ͳ 
 

Discussion  

In the current cortical defect model, rBMP2 exhibits a different regenerative 

capacity in different repair locations. It enhances the differentiation of 

osteochondroprogenitors to chondrocytes in the periosteum, while it inhibits the 

osteogenic differentiation of osteoprogenitors in the endosteum and bone marrow space. 

This inhibition of intramembranous bone formation by rBMP2 during bone healing may 

be mediated by excess VEGF, as it could be completely reversed by co-delivery of sFlt1. 

The inhibitory effects of BMP2 on intramembranous ossification-mediated bone 

repair have been reported to be mediated by Wnt inhibition (Minear et al., 2010b). A 

feedback loop between BMP and Wnt signaling during bone development, shows that 

BMP signaling negatively regulates bone mass through inhibition of Wnt by sclerostin, 

an antagonist of both Wnt and BMP2 signaling (Kamiya et al., 2008).  This BMP/Wnt 

feedback is also observed in postnatal bone formation and bone repair (Baker et al., 1999; 

Fuentealba et al., 2007). As Wnt signaling is a prerequisite for bone formation (Rodda 

and McMahon, 2006), inhibition of Wnt by BMP2 decreases osteogenic differentiation of 

osteoprogenitor cells, and causes reduced bone formation in the intramedullary space. In 

injured periosteum, inhibition of Wnt in osteochondroprogenitor cells causes a lineage 

switch from osteogenic to chondrogenic differentiation by increasing Sox9 expression 

and inducing cartilage formation (ten Berge et al., 2008) 

BMP2 is a strong inducer of VEGF expression in osteolineage cells, so it is 

possible that VEGF levels may be enhanced in bone injury regions by exogenous rBMP2 

(Deckers et al., 2002). In chapter II, we found that too much VEGF inhibits bone repair in 
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the injured marrow space of wild type mice. If rBMP2 induces VEGF expression beyond 

physiological levels during healing of the small defects, excess VEGF may inhibit bone 

repair. In chapter III, we found that VEGFR2 in osteoblasts may be a negative regulator 

of osteoblast mineralization and maturation. Thus, increased levels of VEGF, induced by 

rBMP2, may bind to VEGFR2 in osteolineage cells as well as to mesenchymal 

progenitors and inhibit their osteogenic differentiation.  

The combination of BMP2 and VEGF has frequently been used in strategies 

aimed at promoting bone regeneration, but the outcomes have been variable. 

Administration of sFlt1 inhibits BMP2-induced ectopic bone formation but promotes 

cartilage accumulation, while VEGF promotes BMP2-induced ectopic bone formation 

and accelerates cartilage resorption by promoting blood vessel invasion (Peng et al., 

2005). The VEGF to BMP ratio appears to be important for the effects of BMPs in bone 

repair. A low ratio (1:5) induces better bone regeneration than a high ratio (5:1) (Peng et 

al., 2005), indicating that high-dose VEGF may decrease the regenerative potential of 

BMP2. The interaction between VEGF and BMP4 shows similar patterns. In a critical-

sized defect model, only a low VEGF to BMP4 ratio (1:5) promotes bone regeneration; 

high ratios inhibit bone regeneration (Peng et al., 2002). In addition, high doses of VEGF 

inhibit BMP2 expression and high doses of VEGF inhibit osteoblastic differentiation of 

MSCs in vitro and in vivo (Song et al., 2011). Li et al. also observed that co-expression of 

VEGF and BMP4 in muscle-derived stem cell reduces their bone forming potential (Li et 

al., 2009). These findings support the conclusion that that too much VEGF is detrimental 

for the ability of BMPs to induce osteogenesis.  
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The combination of BMP2 and sFlt1 promoted the production of bone matrix 

proteins in endothelial lineage cells during bone healing, raising the possibility that co-

delivery of the two factors may increase the numbers of bone forming cells with an 

endothelial origin. Thus, the functional interactions between VEGF and BMP2 

complicate the use of VEGF in the context of bone repair. VEGF is not only regulated by 

BMP2, but it also modulates the signaling transduction of BMP2. It is possible that the 

individual variations in BMP2 signaling may therefore be partially attributed to variations 

in VEGF levels at regenerative sites in bone. In cases where abundant 

osteochondroprogenitors exist and chondrogenesis is favored, adding BMP2 could be 

beneficial, and inhibition of VEGF by neutralizing antibodies or sFlt1 may enhance 

cartilage regeneration induced by BMP2. In contrast, in conditions where 

intramembranous ossification is favored, BMP2 may have detrimental effects on bone 

regeneration, and decreased levels of extracellular VEGF may stimulate the osteogenic 

effects of BMP2. 
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Chapter 5 

Conclusions and Perspective 
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In this Dissertation study, mouse genetics and lineage-tracing strategies were used 

to obtain insights into VEGF-dependent mechanisms controlling osteoblast 

differentiation and bone formation during bone repair. The results demonstrate that 

VEGF controls several steps and processes during the repair of small bone defects. They 

also provide a biological framework for the development of improved procedures, based 

on VEGF, to stimulate bone repair and regeneration. 

Osteoblast-derived VEGF is important for neutrophil release, macrophage 

infiltration and angiogenic response during the inflammatory phase of bone repair. 

 VEGF, produced by osterix-positive osteoblast precursors and their descendants, 

regulates neutrophil release into the circulation during the initial stage of acute 

inflammation at a site of injured bone. During the resolution phase when macrophages 

are recruited to phagocytose dead or aging neutrophils and initiate the repair cascade, 

VEGF is also critical for macrophage infiltration and early angiogenic responses. The 

ability of VEGF to promote monocyte/macrophage infiltration, differentiation and/or 

activation indicates that VEGF may also be important in inflammation driven disorders, 

such as atherosclerosis and rheumatoid arthritis.     

During healing of bone defects, an optimal level of osteoblast-derived VEGF is 

required for intramembranous ossification in the intramedullary space; too little or 

too much VEGF leads to impaired bone repair.  

 In genetically engineered mice with Vegfa deleted in osteoblastic cells, bone 

repair was compromised. The finding highlights the importance of osteoblast-derived 

VEGF in the support of normal bone healing. In humans, VEGF levels are decreased in 
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mesenchymal progenitor cells with age or in osteoporosis. Therefore, the data provide a 

mechanism that may contribute to age/osteoporosis related defective bone healing, and 

they suggest that VEGF supplementation in osteoblasts may have therapeutic effects. In 

contrast to large bone defects, only small amounts of VEGF are needed for the healing of 

small bone defects.  In these cases, addition of exogenous VEGF does not stimulate bone 

regeneration if endogenous VEGF levels are adequate; in fact, excess VEGF may have 

inhibitory effects. Therefore, when recombinant VEGF is used to bone defects or 

promote bone regeneration, VEGF dosage should be carefully considered to avoid levels 

that are beyond the physiological range. The optimal level of VEGF may depend on the 

specific type of repair. The tibial monocortical defect model examined here is different 

from most clinical situations. To determine an optimal physiological range of VEGF 

levels that are required for bone repair, mouse surgical models that better resemble 

clinical situations, such as bone fracture models or distraction osteogenesis, need to be 

studied.   

Osteoblast-derived VEGF has paracrine, autocrine and intracrine effects. The 

maintenance of angiogenesis-osteogenesis coupling by VEGF in intra-osseous bone 

repair is primarily mediated by paracrine effects. 

During the initial inflammation after bone injury, angiogenic factors such as 

VEGF, produced by osteoblasts, act on adjacent endothelial cells to stimulate 

vasculogenesis and angiogenesis in a paracrine manner.  The increased vascularity brings 

in bone-forming progenitor cells nutrients, oxygen and minerals. In addition, vascular 

cells release various osteogenic factors, including BMP2, that promote osteoblast 
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differentiation and mineralization. VEGF, mainly produced by osteoblastic cells, is 

essential in these processes. Significant reduction of VEGF levels interrupts 

communication between bone and blood vessels, and impairs intramembranous 

ossification-mediated bone repair (Figure 32).   

  In addition to the paracrine effects on blood vessels, osteoblast-derived VEGF 

affects osteoblast function directly through autocrine and intracrine effects. Expression of 

VEGF receptors is quite variable in murine osteoblasts, but removal of Vegfr2 from 

Osterix-positive precursor cells and their descendants enhances osteoblast maturation and 

mineralization. This indicates that VEGFR2, albeit expressed at low levels, is functional 

in osteoblast lineage cells, including CXCL12-positive bone marrow stromal cells, early 

osteoblast precursors, pre-osteoblasts, mature osteoblasts and osteocytes. The broad range 

of cellular targets of Osterix-cre-mediated Vegfr2 deletion limits the interpretation of 

specific roles of VEGFR2 in osteoblast differentiation. Nonetheless, the enhanced bone 

repair in defects of Vegfr2
fl/fl

;Osx-cre mice indirectly highlights the importance of 

paracrine VEGF signaling in bone repair, and provides a potential mechanism for the 

inhibitory effects of excess VEGF on intramembranous bone formation during bone 

repair.   
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Figure 32 
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Figure 32 (continued). Schematic diagram illustrating the roles of osteoblast-derived 

VEGF in healing of bone defects. During postnatal bone healing, bone cells and blood 

vessels are in close communication. Stimulated by hypoxia in the inflammation phase, 

osteoblasts release angiogenic factors, including VEGF, and induce proliferation and 

migration of endothelial cells. Increased vasculogenesis and angiogenesis bring bone-

forming progenitor cells, nutrients, oxygen and minerals necessary for mineralization. In 

addition, the newly formed vasculature releases osteogenic factors, such as BMP2, 

promoting osteoblast differentiation and mineralization. In the bone healing process, the 

levels of VEGF have an optimal range. Reduced VEGF levels decreases communication 

between bone and blood vessels, and causes compromised bone healing; whereas VEGF 

levels beyond physiological range have detrimental effects on bone repair po  ssibly by 

inhibiting osteoblast maturation and mineralization via VEGFR2 signaling in osteoblasts.   
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The roles of osteoblast- or hypertrophic chondrocyte-derived VEGF in periosteal 

cartilage turnover and remodeling recapitulate VEGF functions in endochondral 

bone formation during development. 

Periosteal thickening during bone repair recapitulates key processes of 

endochondral ossification during development. This includes cartilage formation, 

vascular invasion, osteoclastogenesis, proteolytic enzyme activities and cartilage 

resorption. In addition to delayed degradation of cartilage in the wounded periosteum, 

Vegfa CKO mice also showed strong induction of chondrogenesis, indicating that VEGF 

might be involved in lineage determination of periosteal progenitor cells towards 

chondrocytes instead of osteoblasts. Lack of VEGF in hypertrophic chondrocytes in 

Vegfa CKO mice may cause delayed infiltration of blood vessels and osteoclasts. This is 

consistent with the major phenotypes of VEGF
120/120 

mice (expressing only VEGF120 

isoform) and mice treated with sFlt1 systemically during bone development.  

Inhibition of VEGF by sFlt1 reverses the inhibitory effect of BMP2 on 

intramembranous ossification-mediated bone repair during cortical defect healing.  

In the current cortical defect model, rBMP2 has different regenerative effects in 

different repair locations. In the periosteum, it enhances the differentiation of 

osteochondroprogenitor cells to chondrocytes, while it inhibits osteogenic differentiation 

of mesenchymal progenitors in the endosteum and bone marrow. In this dissertation 

study, we found that blocking extracellular VEGF by sFlt1 reverses the inhibitory effects 

of BMP2 on intramembranous ossification in the intramedullary space during healing of 

cortical defects. In clinical applications for bone regeneration, rBMP2 shows large 
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variations in different individuals. This variation may be explained, at least in part, by 

differences in VEGF levels at bone regenerative sites.  

 

In summary, our data reveal that VEGF, particularly VEGF produced by 

osteoblast lineage cells, is important during various stages of bone defect repair. The new 

insights into the details of VEGF functions, in an environment rich in growth factors, 

skeletal stem cells and bone matrix proteins, may provide a basis for therapeutic 

strategies based on VEGF modulation to improve bone repair and regeneration. Previous 

studies and the current dissertation study suggest that VEGF levels in osteoblasts 

decrease with age. This reduction may well be related to defects in bone repair. If correct, 

the targeted supplementation of appropriate amounts of VEGF at repair sites may be of 

substantial clinical value in the treatment of patients with defective bone healing.  
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