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Introduction

Bone repair following injury is usually a rapid and efficient
process. However, it can be compromised in certain clinical cir-
cumstances. For example, delayed union or nonunion of bone
fragments occurs in about 5%-10% of patients with bone fracture
(1), and bone regenerative procedures sometimes fail. In-depth
studies of cellular and molecular mechanisms of bone healing
are required for further improvement of procedures aimed at
stimulating bone regeneration. Facture healing, the most com-
mon form of bone repair, is characterized by several overlapping
stages — namely, an inflammation phase, soft callus phase, car-
tilage turnover phase (replacement by bony callus), and bone
remodeling phase (2). After fracture, a hematoma is formed
due to disruption of blood vessels and neutrophils are recruited
into the hematoma. This is followed by influx of macrophages to
remove dead neutrophils, promote angiogenic responses, and ini-
tiate the repair cascade (3). With invasion of blood vessels, mes-
enchymal osteochondral progenitors migrate to the injury site,
where they proliferate and differentiate to either osteoblasts or
chondrocytes, depending on the stability of facture fixation and
supply of blood vessels (4). Finally, the newly formed woven bone
is gradually remodeled to lamellar bone.

As one of the most important growth factors for regulation of
vascular development and postnatal angiogenesis (5, 6), VEGF
also plays critical roles in bone repair, since angiogenesis and
osteogenesis are highly coupled (7, 8). In the inflammation phase,
VEGF is concentrated in hematoma (9) and contributes to the
recruitment of macrophages/monocytes (10, 11). In endochon-
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Osteoblast-derived VEGF is important for bone development and postnatal bone homeostasis. Previous 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 bone defect. The
results indicate that osteoblast-derived VEGF plays critical roles at several stages in the repair process. Using transgenic mice
with osteoblast-specific deletion of Vegfa, we demonstrated that VEGF promoted macrophage recruitment and angiogenic
responses in the inflammation phase, and optimal levels of VEGF were required for coupling of angiogenesis and osteogenesis
in areas where repair occurs by intramembranous ossification. VEGF likely functions as a paracrine factor in this process
because deletion of Vegfr2 in osteoblastic lineage cells enhanced osteoblastic maturation and mineralization. Furthermore,
osteoblast- and hypertrophic chondrocyte-derived VEGF stimulated recruitment of blood vessels and osteoclasts and
promoted cartilage resorption at the repair site during the periosteal endochondral ossification stage. Finally, osteoblast-
derived VEGF stimulated osteoclast formation in the final remodeling phase of the repair process. These findings provide a
basis for clinical strategies to improve bone regeneration and treat defects in bone healing.

dral bone formation during bone repair, VEGF promotes recruit-
ment of osteochondroprogenitor cells, induces cartilage forma-
tion, and stimulates cartilage resorption and its replacement by
bone (12, 13). However, inhibition of VEGF impaired bone healing
by disrupting conversion of the cartilaginous callus to bony callus
(14). Intramembranous bone formation also depends on VEGF
signaling. Blocking the VEGF receptors, VEGFR1 and VEGFR2,
with neutralizing antibodies decreased blood vessel formation
and bone regeneration (15), while administering exogenous
VEGF increased formation of mineralized bone within bone
defects (14, 16, 17). In addition, VEGF regulates maturation and
differentiation of osteoclasts and, thus, is necessary for mainte-
nance of normal bone remodeling (14, 18, 19).

These studies demonstrated that the process of bone repair
can be affected by manipulation of VEGF levels, but the mech-
anisms by which different cell types generate and respond to
VEGF in repair situations have not been studied. Osteoblast
lineage cells, along with chondrocytes, are considered impor-
tant sources of VEGF in the bone environment (20, 21). During
bone development, VEGF generated by osteoblast precursors
in the perichondrium of cartilage models of future bones stim-
ulates osteoblast differentiation (22, 23), 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 (7, 8).
During postnatal bone homeostasis, osteoblast-derived VEGF
acts on adjacent endothelial cells to mediate mitogenic and
angiogenic effects and plays an important role in maintaining
vascular integrity and bone mass (24, 25). In addition, intra-
cellular VEGF in osteoblasts regulates the balance of osteoblast
and adipocyte differentiation, and disruption of this balance
leads to osteoporosis (24).
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Reduced levels of VEGF were observed in many cell types
with age, including mesenchymal progenitors (26-30), and this
reduction may be related to decreased bone mass and bone vas-
cularity, possibly leading to osteoporosis (24, 31, 32). Thus, strat-
egies to target VEGF in bone may be of value in cases of defective
bone healing and to promote bone regeneration. However, to what
extent osteoblast-derived VEGF has the same positive effect in a
bone-repair environment as it has during bone development is cur-
rently unclear. Also unknown is the relative importance of auto-
crine and paracrine VEGF signaling mechanisms in osteoblasts
and the degree to which these 2 signaling modes have positive and
negative effects on the overall repair process. To fill this gap in our
understanding, we studied bone repair in mice with a monocor-
tical defect, consisting of a 0.8-mm hole drilled though a single
cortex of the tibia. This repair model recapitulates most steps of
fracture healing, with the healing response being equivalent to
that of a stabilized fracture, and it has many advantages over other
fracture models, such as less infection, high survival rate after sur-
gery, and facilitated histomorphometric analysis (33). Conditional
deletion of Vegfa or Vefgr2 in Osterix-expressing (Osx-expressing)
osteoblast precursors revealed that osteoblast-derived VEGF acts
as a proinflammatory, angiogenic, and osteogenic growth factor
during bone healing. It regulates osteoblastic activity by stimulat-
ing crosstalk between endothelial, osteoblastic, and hematopoi-
etic cells in a paracrine manner, and it directly affects osteoblast
functions via autocrine mechanisms.

Results

Osteoblastic lineage cells are the important source of VEGF at the
bone-repair site. Histology of the cortical defect healing in WT mice
at various time points is shown in Supplemental Figure 1A (sup-
plemental material available online with this article; doi:10.1172/
JCI82585DS1). At postsurgery day 7 (PSD7) and PSD10, trabe-
cular bone forms in the defect hole region (the injury area in the
interrupted cortical bone) and wounded marrow (Supplemen-
tal Figure 1A). Absence of Safranin O-stained cartilage in these
regions indicates that newly formed trabecular bone represents
intramembranous ossification (10), while presence of cartilage in
the periosteum (PO) close to the injury hole suggests the occur-
rence of endochondral bone formation (Supplemental Figure
1B). The Cre-activated reporter ZsGreen (ZsG) was used to trace
Osx-expressing osteoblastic lineage cells. Of the cells stained with
antibodies against VEGF, 72.6% * 6.2% were ZsG" cells in the hole
region of repair sites at PSD7, and deletion of Vegfa in osteoblas-
tic cells greatly reduced VEGF production in the defects of Vegfa™/
Osx-Cre/ZsG mice (Figure 1A). In normal cortical bone and trabe-
cular bone, VEGF staining was observed in osteoblasts instead of
osteocytes (Figure 1B). At the injury sites, VEGF was detected in
cells residing along the surface of the newly formed trabeculae but
not cells inside the bone (Figure 1B). These results indicate that
osteolineage cells, including osteoprecursor cells, preosteoblasts,
and mature osteoblasts, are important generators of VEGF in
healing of the cortical defect. In the injury region of VE-cadherin-
Cre/tdTomato mice, which were used to trace endothelial lineage
cells, only a few tdTomato* cells expressed VEGF at PSD7, while
moderate levels of VEGF were observed in tdTomato* cells of
the metaphyseal vasculature (Supplemental Figure 2, A and B).
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To further examine the roles of endothelial cell-derived VEGF
in healing of bone defects, cortical defects were made in Vegfa#
VE-cadherin-Cremice and their littermate controls. pCT 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"? VE-cadherin-Cre, Vegfa”* VE-cadherin-Cre, and Vegfa™#
mice (Supplemental Figure 2, C and D), indicating that the small
amount of VEGF produced by endothelial cells has little or no role
in healing of the type of bone defects examined in this study.

Impaired intramembranous bone formation in defects in mice
with VEGF-deficient osteoblastic cells. At PSD7, numbers of ZsG*
cells expressing VEGF were substantially decreased in the hole
region of Vegfa"! Osx-Cre/ZsG mice compared with Osx-Cre/ZsG
mice (Figure 1A), indicating that VEGF was successfully deleted
from osteoblastic cells. pnCT was used to quantify the newly
formed bone in the defect at this stage. Lateral views of the 3D
reconstruction of injured tibia showed less mineralized tissue in
defects of VEGF-deficient mutants, Vegfa? Osx-Cre (Vegfa CKO)
mice, than of controls (Figure 2A). In Vegfa CKO mice, trabecular
bone volume (BV) was decreased in the defect hole region (Figure
2B) as well as in the wounded marrow (Supplemental Figure 3A),
and this reduction depended on the extent of Vegfa reduction. In
addition, mineralized bone in defects of Vegfa CKO mice showed
increased trabecular separation (Tb.Sp) and decreased trabecular
number (Tb.N); however, trabecular thickness (Tb.Th)was not sig-
nificantly altered (Figure 2, C-E, and Supplemental Figure 3, B and
C). Collagen accumulation, as revealed by aniline blue and movat
pentachrome staining, was decreased while the amount of loose
fibrous tissue was increased in the defects of Vegfa CKO mice
(Figure 2, F and G, and Supplemental Figure 3D), suggesting a
decreased amount of osteoid. Decreased mineralization/collagen
ratio in Vegfa CKO mice further indicated delay in osteoid miner-
alization (Figure 2H). In addition, BM stromal cells (BMSCs) and
osteoblasts from Vegfa CKO mice exhibited reduced mineraliza-
tion in culture when compared with cells from Vegfa"? mice (Fig-
ure 2, I and J). BMSCs from Vegfa™# mice also showed decreased
mineralization in culture following treatment with Cre adenovirus
compared with GFP adenovirus (Figure 2K). In addition, BMSCs
or osteoblastic MC3T3-1E cells failed to respond to exogenous
VEGF (Supplemental Figure 4, A and B), which is consistent with
previous studies (24), indicating a possible role of intracellular
VEGF in mineralization. Based on these data, we conclude that
loss of VEGF in osteoblastic lineage cells results in a mineraliza-
tion defect during bone repair.

Osteoblast-derived VEGF stimulates angiogenesis and osteoblast
differentiation at bone-repair site. Total number of bone-forming
ZsG* cells was not significantly different in defects of Vegfa™/?
Osx-Cre/ZsG and littermate control mice at PSD7 (Supplemen-
tal Figure 5A). Levels of bone sialoprotein (BSP) and osteocalcin
(OCN) —markers of osteoblasts at their middle and mature stages
of differentiation, respectively — as well as the number of blood
vessels, were greatly decreased in the hole region of Vegf@# Osx-Cre/
ZsG compared with Osx-Cre/ZsG mice (Figure 3, A-C). Correlation
of blood vessel areas with BSP/OCN levels indicated an associa-
tion between angiogenesis and osteoblast differentiation (Sup-
plemental Figure 5, B and C). The number of FSP1* fibroblasts
showed a 2.7-fold increase in defects of Vegfa"? Osx-Cre/ZsG mice
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Figure 1. Osteoblastic lineage cells are an important source of VEGF at the bone-repair site. (A) At PSD7, low density (6.1% * 1.8%) of anti-VEGF staining
(red) in defect hole region of Vegfa™/f Osx-Cre/ZsG mice compared with Osx-Cre/ZsG mice (15.5% + 2.1%); P < 0.05. The percentage of VEGF-expressing
ZsG* osteolineage cells (yellow) of total ZsG* cells (yellow cells plus green cells) was 17.0% + 5.2% in the hole region of Vegfa™f Osx-Cre/ZsG mice compared
with Osx-Cre/ZsG mice (51.5% + 8.3%); P < 0.05. Finally, the percentage of VEGF-expressing ZsG* osteolineage cells (yellow) of total VEGF-expressing cells
(yellow cells plus red cells) was also reduced in hole region of Vegfa™ Osx-Cre/ZsG mice (23.0% + 1.8%) compared with Osx-Cre/ZsG mice (72.6% + 6.2%);
P < 0.05. (B) VEGF staining of trabecular bone, cortical bone, and the newly formed bone within cortical defects in WT mice at PSD7. Black arrows indicate
VEGF-expressing osteoblasts lining the surface of trabecular bone (TB) or endosteum of cortical bone (CB). Representative images from 3 mice. Scale bar:
50 um (A and B). Unpaired 2-tailed Student’s t test was used for comparisons of percentages between groups; n= 4-6 for each genotype.

compared with controls (Figure 3D), consistent with increased
loose fibrous tissue, as visualized by movat pentachrome staining.
Costaining for FSP1 in ZsG* cells was more frequently observed
in Vegfa"? Osx-Cre/ZsG than in Osx-Cre/ZsG mice (18.3% *3% vs.
4.8% * 1.8%, Figure 3D), suggesting that a higher percentage of
osteolineage cells differentiate into fibroblasts when VEGF levels
are reduced. In addition, more mature fibroblasts were observed
in BMSCs from Vegfa CKO mice when cultured in mineralization
media compared with cells from Vegfa?! mice (Supplemental
Figure 5D). The lack of significant differences in the numbers of
tartrate-resistant acid phosphatase-positive (TRAP"), BrdU*, and
TUNEL’ cells between the different genotypes (Supplemental Fig-
ure 5, E-G) suggested that the impaired repair in Vegfa CKO mice
at PSD7 is unlikely to be caused by alterations in osteoclast infiltra-
tion, cell proliferation, or cell death.

Postnatal deletion of Vegfa in osteolineage cells impairs 10 at the
bone-repair site. It can be argued that the compromised bone repair
in Vegfa CKO mice might not be a direct consequence of disrupted
VEGF production by Osx-expressing cells, but instead the result
of VEGF-dependent changes in osteolineage cells during devel-
opment 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 preg-
nant mothers and their offspring to block Osx-Cre expression (see
Methods). Doxycycline was then withdrawn to let Cre recombi-
nase become active in Osx* cells. Without doxycycline treatment,

Vegfa CKO mice showed a decrease in body weight and body size
compared with Vegfa”# mice; however, this difference was elimi-
nated in 8-week-old mice continuously treated with doxycycline
(Figure 4A). In addition, the absence of ZsG signal in hind limbs of
Vegfa™# Osx-Cre/ZsG mice given doxycycline validated the effi-
cient inhibition of Cre expression, while strong ZsG signals in
bones of 8-week-old Vegfa# Osx-Cre/ZsG mice with doxycycline
withdrawn at 4 weeks demonstrated that Cre recombinase was
successfully induced in the absence of doxycycline (Figure 4B).
When the bone defect was generated in 9-week-old mice with
doxycycline withdrawn at 4 weeks, the volume of newly mineral-
ized bone in the defect hole region of Vegfa CKO mice did not differ
from that of the controls (data not shown), suggesting that VEGF
produced by Osx* osteoblast precursors and their descendants
during embryonic development and the first postnatal 4 weeks
could be sufficient to ensure normal bone repair at postnatal week
9. In contrast, in 9-week-old mice with doxycycline withdrawn at 1
week, the volume of newly formed mineralized bone in the defect
hole region was decreased in Vegfa CKO mice compared with con-
trols (Figure 4C). For the bone formed in the defect hole region of
Vegfa CKO mice, Tb.N was decreased while Tb.Sp was increased
(Figure 4C). Collagen accumulation and mineralization/collagen
ratio were also decreased (Figure 4D). These data are almost iden-
tical to the findings based on the use of mice that had not been
treated with doxycycline during development.

Recombinant VEGF affects intramembranous bone formation
in cortical bone defects in a dose-dependent manner. Previous
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Figure 2. Impaired intramembranous bone formation in defects of Vegfa CKO mice at PSD7. (A) Lateral views of 3D reconstruction of injured tibiae (top
panel, scale bar: 500 um) and mineralized bone formed in hole region (lower panel, scale bars: 100 um) by pCT. Representative images from 6 mice of
each genotype. (B-E) 3D structural parameters — trabecular BV/TV%, Tb.N, Tb.Sp, and Tb.Th — of mineralized bone formed in hole region by uCT; n = 6.
(F) Aniline blue staining shows reduced collagen accumulation in hole region of Vegfa CKO mice. Density of aniline blue staining calculated for hole region
(stippled yellow rectangles). Scale bar: 200 um. (G) Low density of aniline blue-stained area in hole region of Vegfa CKO mice; n = 8-11. (H) Decreased
mineralization/collagen ratio in Vegfa CKO mice; n = 5-6. (1 and J) Alizarin red and Von Kossa staining of BMSCs (1) and osteoblasts (J) after culture in
mineralization medium containing 100 nM dexamethasone for 21 days. (K) Alizarin red and Von Kossa staining of BMSCs (from Vegfa™/ mice) treated
with adenoviral GFP or Cre and cultured in mineralization medium with 100 nM dexamethasone for 21 days. The data are representative of 3 independent
experiments (I-K). ANOVA with Tukey's post-hoc test was used. *P < 0.01; **P < 0.05.

studies have shown that administration of recombinant VEGF
improves compromised bone healing in cortical bone defects
(16, 34). To determine whether local delivery of recombinant
VEGF in a sponge would be able to stimulate the repair processin
our model, we first inserted a collagen sponge, loaded with PBS,
in the cortical bone defect of WT mice to examine the effects
of the sponge on the repair process. When the collagen sponge
was applied, the sponge occupied the hematoma space, and the
repair process was delayed. Using macrophage recruitment as
anindicator of the timing of the inflammatory phase, it appeared
that it occurred at PSD5 when the collagen sponge was inserted,
compared with PSD3 without the sponge (see below). At PSD7,
part of the absorbable sponge loaded with PBS was degraded
and mineralized bone was found in the injury region, while max-
imal induction of mineralized bone formation was observed at
PSD10 when most of the sponge was absorbed (data not shown);
this suggests that the effects of exogenous VEGF, when loaded
into the sponge, may be detected at PSD7 and PSD10 and
that most of the VEGF would be released by PDS10. Using a
fluorescently labeled VEGF to trace VEGF release in vivo, we
found that the majority of VEGF in the sponge was released as
early as PSD3. Only a small amount of fluorescent VEGF was
observed at PSD7 or PSD10 (Supplemental Figure 6A), consis-
tent with the degradation of the sponge at these time points.
We first studied the effects of 1 pg VEGF administration (in
1 ul volume), a concentration close to what was used in previous
studies (16, 34), on membranous bone repair in Osx-Cre/ZsG
and Vegfa™' Osx-Cre/ZsG mice at PSD7. Surprisingly, Osx-Cre/
ZsG mice administered VEGF had less mineralized bone in the
hole region than the PBS control group at PSD7 (Supplemental
Figure 6B). Collagen accumulation, BSP levels (with or without
normalization to the number of ZsG* cells), and the number of
blood vessels were also reduced by the VEGF treatment com-
pared with PBS; however, mineralization/collagen ratio was
not altered (Supplemental Figure 6, C-E). A bolus of 1 ug VEGF
decreased the number of ZsG* osteoblastic cells in the injury
hole, but this reduction was proportional to the decrease in the
total number of cells (Supplemental Figure 6F). Few osteoclasts
were observed in both treatment and control PBS groups (Sup-
plemental Figure 6G), indicating that decreased bone formation
in defects of WT mice treated with a 1-ug dose of locally deliv-
ered VEGF was not due to increased numbers of osteoclasts.
Delivering 1 ug VEGF in the sponge also failed to enhance the
formation of mineralized bone in the injury region of Vegfa/
Osx-Cre/ZsG mice compared with the control (PBS), both at
PSD7 (data not shown) and at PSD10 (Figure 5, A-C), when the
maximal amount of mineralized bone can be detected.

Based on these data, we decided to test the effects of a smaller
dose: 0.1 ug of VEGF. In Osx-Cre/ZsG control mice, delivery of 0.1
pg VEGF failed to improve bone repair in the defects compared
with PBS controls at PSD10 (Figure 5, A-C). In contrast, deliver-
ing 0.1 pg VEGF enhanced formation of mineralized bone in the
injury region of Vegfa™’ Osx-Cre/ZsG mice compared with the con-
trol (PBS) group (Figure 5, A-C). However, the volume of newly
formed bone in all groups of Vegfa™? Osx-Cre/ZsG mice was still
below that of Osx-Cre/ZsG control mice (Figure 5, A-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 exogenous VEGF does not promote bone regeneration
when endogenous VEGF levels are normal. In defects of Vegfa#
Osx-Cre/ZsG mice, delivery of 0.1 pg VEGF enhanced collagen
accumulation and BSP production (Figure 5, D and E). However,
the mineralization/collagen ratio and the total number of ZsG*
bone-forming cells did not change (Figure 5, D and F), indicating
that, although 0.1 ug VEGF restored induction of osteoid formation,
it did not affect the delayed mineralization in Vegfa" Osx-Cre/ZsG
mice. The number of blood vessels in the hole region was increased
in the 0.1 pg VEGF treatment group of Vegfa™ Osx-Cre/ZsG mice,
but the vessel parameters were still lower than in Osx-Cre/ZsG
mice (Supplemental Figure 7A). This suggests that a bolus delivery
of VEGF may not provide sufficient amounts of VEGF during the
entire repair process. Treatments with both 0.1 ug and 1 ug VEGF
increased the number of osteoclasts in the hole defect region of
Vegfa"? Osx-Cre/ZsG mice at PSD10, but the number of osteoclasts
was still much lower than in defects of Osx-Cre/ZsG mice (Supple-
mental Figure 7B). 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 stage.

Osteoblast-derived VEGF stimulates macrophage-related angio-
genesis and promotes cell infiltration during the inflammatory phase.
PSD1-3 is considered as the inflammatory phase in our model. At
PSD3, VEGF levels and blood vessels in the defect hole region,
adjacent wounded marrow, and area outside hole region were
substantially reduced in Vegfa CKO mice compared with control
Vegfa™ littermates (Figure 6, A and B). Costaining for VEGF and
for markers of other cell types indicated that macrophages, but
not neutrophils and fibroblasts, also generated VEGF in the hole
region and adjacent areas (Supplemental Figure 8A). In Vegfa
CKO mice, the number of F4/80* macrophages was reduced in
both hole region and adjacent marrow space (Figure 6C). Strong
correlation between the density of blood vessels and macro-
phage numbers indicated that blood vessel invasion is associated
with macrophage recruitment (Figure 6D). Supplement of 0.1 pg
VEGF in a sponge enhanced the early angiogenic response and
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Figure 3. Reduced angiogenesis and osteoblast differentiation in Vegfa™/f Osx-Cre/ZsG mice at PSD7. (A and B) Low density of anti-BSP-stained
(A) or anti-OCN-stained (B) areas with or without normalization to total numbers of ZsG* cells, in hole region of Vegfa™# Osx-Cre/ZsG mice compared
with Osx-Cre/ZsG mice. **P < 0.05. (C) Low density (113/mm? + 34/mm?) of blood vessels (determined by anti-CD31 staining) and low percentage
(4.9% + 0.7%) of vessel areas in hole region of Vegfa™" Osx-Cre/ZsG compared with Osx-Cre/ZsG mice (227/mm? + 29/mm? and 12.6% * 2.5%);

P < 0.05. Blood vessel density was at an intermediate value (143/mm? + 23/mm?) in the hole region of Vegfa* Osx-Cre/ZsG mice (D) High density
(392/mm? + 37/mm2) of FSP1* fibroblasts (red) and high percentage (18.3% + 3%) of FSP1-expressing ZsG* osteolineage cells in defects of Vegfa™"
Osx-Cre/ZsG mice compared with Osx-Cre/ZsG mice (189/mm? + 34/mm? and 4.8% + 1.8%); P < 0.01. Yellow cells, indicated by white arrows, rep-
resent fibroblasts differentiated from osteolineage cells. Scale bars: 50 um (A-D); n= 4-6 for each genotype. Unpaired 2-tailed Student’s t test was
used for comparisons between the groups.
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Figure 4. Postnatal deletion of Vegfa in osteoblast lineage cells impairs intramembranous bone formation in cortical defects. (A) Reduced body
size and weight in 8-week-old Vegfa CKO mice (18.4 + 0.7 g) compared with Vegfa® mice without doxycycline (DOX) treatment (23.4 + 0.7 g);

n = 8-10, P < 0.01. This reduction was eliminated in DOX-treated mice (20.8 + 0.3 g and 21.7 + 1.1 g in the 2 groups); n = 4-6. (B) Absence of Cre-
activated ZsG in diaphysis (DIA) and metaphysis (META) of 8-week-old Vegfa™ Osx-Cre/ZsG mice continuously fed with DOX; ZsG induced in mice

by DOX withdrawal at 4 weeks. GP, growth plate. Representative images from 3 mice for each genotype. (C) uCT analysis of mineralized bone formed
in hole region of 9-week-old Vegfa CKO mice with DOX withdrawn at 1 week shows reduced BV as percentage of total volume (BV/TV, 5.2% + 1.9%),
reduced Tb.N (5.4/mm + 0.7/mm), but increased Tb.Sp (0.21 + 0.03 mm) compared with that of Vegfa™" mice (BV/TV, 19.7% + 2.4%; Tb. N, 11.9/mm %
1.2/mm; Tb. Sp, 0.09 + 0.01 mm). No significant differences were seen in Tb.Th; n= 6-10 for each genotype. BV/TV and Tb.N, P < 0.01; Tb.Sp, P < 0.05.

(D) Reduced density of aniline blue staining (19.5% + 4.2%) and decreased mineralization/collagen ratio (15.6% + 5.1%) in hole region of 9-week-old
Vegfa CKO mice with DOX withdrawn at 1 week, compared with Vegfa™ mice (40.8% + 1.9% and 43.6% * 7.2%); n= 6-10 for each genotype. Aniline
blue staining, P < 0.01; mineralization/collagen ratio, P < 0.05. Yellow stippled rectangle: hole region. Scale bars: 100 um (B and C), 200 pum (D).

Unpaired 2-tailed Student’s t test was used for comparisons in C and D.

macrophage recruitment in the defect hole region of Vegfa CKO
mice (Figure 6E). Only a few CD45R" cells were recruited into the
defects, indicating that lymphocytes were not among the major
recruited inflammatory cell types at this stage (Supplemental Fig-
ure 8B). The number of Osx* osteoblastic cells was lower in defects
of Vegfa CKO mice than of Vegfa”/ mice, but this reduction was pro-
portional to the decrease in total cell numbers (Supplemental Fig-
ure 8C). Based on percentages of different cellular components in
the hole region, only the numbers of macrophages and endothelial
cells were lower in Vegfa CKO than in control mice (Supplemental
Figure 8D). In addition, in vitro wound closure experiments and
transwell migration assay showed that migration of BMSCs from
Vegfa CKO mice was reduced compared with cells from Vegfa"”
mice (Figure 6, F and G), suggesting a potential mechanism for the
decreased cell infiltration into the repair site in Vegfa CKO mice.
To determine whether loss of osteoblast-derived VEGF affects
the release of immune cells into circulation during the acute
inflammation phase, peripheral blood collected from mice before
and 24 hours after surgery was used for complete blood analysis.
The numbers of most blood cells were not significantly differ-
ent between Vegfa CKO and Vegfa’ mice before surgery, with
most parameters in the normal range (Supplemental Figure 9A).

Twenty-four hours after surgery, the number of neutrophils was
increased in both Vegfa CKO and controls compared with the num-
ber before surgery, indicating the release of neutrophils into the
circulation during the acute inflammatory phase (Supplemental
Figure 9A). Massive infiltration of NIMP-R14-positive neutrophils
was observed in the injury sites, but the number of neutrophils in
the hole region was not significantly different between Vegfa CKO
and control mice (Supplemental Figure 9B). In addition, only few
macrophages were observed in the defects of both Vegfa? and
Vegfa CKO mice at PSD1 (Supplemental Figure 9C), indicating
that influx of macrophages occurs after massive infiltration of
neutrophils into the hematoma at PSD1.

Increased cell proliferation and decreased collagen accumulation
after injury in mice with VEGF-deficient osteoblastic cells. Following
the inflammatory phase, mesenchymal progenitor cells migrate
into the wound site, proliferate, and differentiate into osteoblasts.
At PSDS5, aniline blue staining showed a dramatic reduction
of collagen accumulation in the hole region of Vegfa CKO mice
(Supplemental Figure 10A). In contrast, BrdU incorporation was
increased 2.4-fold in the hole region of Vegfa CKO mice compared
with control mice (Supplemental Figure 10B). This enhanced
proliferation was associated with an even larger increase in cell
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Figure 5. While 0.1 pg VEGF enhances, 1 ug recombinant VEGF fails to affect intramembranous bone formation in cortical defects of Vegfa™ Osx-Cre/
ZsG mice at PSD10. (A) 3D reconstruction of mineralized bone in hole region of Osx-Cre/ZsG mice treated with PBS or 0.1 ug VEGF and Vegfa™ Osx-Cre/ZsG
mice treated with PBS, 0.1 pg or 1 ug VEGF. (B and €C) BV/TV, based on pCT of bone formed in hole region and wounded BM (red area in diagram). (D) Density
of aniline blue staining and mineralization/collagen ratio in the hole region (yellow stippled rectangles) of Vegfa™" Osx-Cre/ZsG mice treated with PBS (6.3%
+1.8% and 47.2% + 9.0%, respectively) significantly reduced (P < 0.01) compared with Osx-Cre/ZsG mice treated with PBS (24.2% + 3.2% and 88.5% = 7.2%,
respectively). Administration of 0.1 ug VEGF increases density of aniline blue staining in hole region of Vegfa™ Osx-Cre/ZsG mice (18.6% =+ 3.5%; P < 0.05 vs.
Vegfa™ Osx-Cre/ZsG + PBS), but fails to significantly enhance mineralization/collagen ratio (54.5% + 10.8% when compared with Vegfa™" Osx-Cre/ZsG mice
treated with PBS). Compared with PBS, 1 ug VEGF has little effect on aniline blue staining and mineralization/collagen ratio (8.2% * 1.6% and 41.6% + 9.5%)
in Vegfa™f Osx-Cre/ZsG mice. (E) VEGF (0.1 ug) enhances anti-BSP staining with or without normalization to ZsG* cells in hole region of Vegfa™f Osx-Cre/ZsG
mice (8.9% =+ 2.3% and 7.3% =+ 1.4%) compared with Vegfa™ Osx-Cre/ZsG mice treated with PBS (1.8% + 0.6% and 1.2% + 0.4%); P < 0.01 with and P < 0.05
without normalization. VEGF (0.1 ug) has no significant effect (1.9% + 0.9% and 1.0% + 0.4%). (F) Density of ZsG* cells and total cell number in hole region
of Vegfa™ Osx-Cre/ZsG (CKO) mice not significantly altered by VEGF treatment. Scale bars: 100 um (A), 200 pm (D), 50 um (E); n= 5-6 mice for each group.
Unpaired 2-tailed Student’s t test used. *P < 0.01; **##P < 0.05. *,** vs. Osx-Cre/ZsG + PBS. ## vs. Vegfa™" Osx-Cre/ZsG + PBS.
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numbers from PSD3-7 in Vegfa CKO compared with control mice
(4.5-fold vs. 1.8-fold, Supplemental Figure 10C). In vitro assays
showed that recombinant VEGF inhibited, while PDGF-BB
greatly induced, proliferation of BMSCs (Supplemental Figure 10,
D-F). VEGF also partially inhibited the enhanced proliferation
induced by PDGF-BB (Supplemental Figure 10F). These results
explain, at least in part, increased proliferation rates at the repair
site when VEGF levels were reduced.

Targeting Vegfa expression in osteoblasts and hypertrophic
chondrocytes impairs cartilage turnover in periosteal callus. Endo-
chondral bone formation was observed in the injured PO, par-
ticularly distal to the injury hole in the tibial defect. Safranin O
staining in the PO about 2 mm distal to the hole was used 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 substan-
tial amount of cartilage remained in the Vegfa CKO mice (Figure
7, A and B). These data indicate a delay of cartilage removal in
PO of Vegfa CKO mice. Compared with Vegfa”/ mice, the num-
bers of blood vessels and osteoclasts, as well as the amount of
mineralized tissues, were significantly reduced in injured PO
of Vegfa CKO compared with control mice at PSD10 (Figure 7,
C-E), suggesting a delay in blood vessel invasion, osteoclast/
chondroclast recruitment, and endochondral bone formation.
We immunostained for collagen type X to identify hypertrophic
chondrocytes and found that the number of hypertrophic chon-
drocytes was not decreased in PO of Vegfa CKO mice compared
with Vegfa™f mice at PSD7 (Figure 7F), indicating that decreased
mineralization was unlikely due to the delayed maturation of
chondrocytes in Vegfa CKO mice. Although the thickness of the
periosteal callus was almost the same in Vegfa CKO and Vegfa™/
mice at PSD14, the immature bony tissue in the PO of Vegfa
CKO mice as compared with the mature woven bone in Vegfa™?
mice (Supplemental Figure 11A) further suggested delayed
endochondral bone formation. Vegfa®? Osx-Cre/ZsG mice also
showed increased amounts of Safranin O-positive cartilage and
increased numbers of Sox9* chondrocytes in the PO compared
with Osx-Cre/ZsG mice at PSD10 (Supplemental Figure 11, B and
C). Only few cells coexpressing ZsG and Sox9 were observed,
indicating that increased numbers of chondrocytes in Vegfa/
Osx-Cre/ZsG mice were not due to transdifferentiation from
osteoblastic lineage cells (Supplemental Figure 10C). In addi-
tion, lack of significant differences in numbers of BrdU* cells in
the injured PO between Osx-Cre/ZsG and Vegfa"? Osx-Cre/ZsG
mice (Supplemental Figure 11D), and failure of recombinant
VEGF to influence the proliferation of primary chondrocytes
in vitro (Supplemental Figure 11E), suggested that increased
amounts of cartilage in the injured PO of Vegfa CKO mice were
unlikely to be caused by increased chondrocyte proliferation.

Deletion of Vegfa in osteoblastic cells reduces callus remodel-
ing. In WT mice, woven bone formed in the PO 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, proliferative,
and hypertrophic chondrocytes, as well as bony trabeculae —
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was observed in periosteal callus of Osx-Cre mice and Vegfa™'
mice at PSD28 (data not shown), reflecting a strong regenera-
tive activity. In contrast, this process was greatly reduced in
both homozygous and heterozygous Vegfa conditional KO mice
(Figure 8, A and 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 8, C and D).
Osteoclasts were accumulated on the surface of the newly
formed bony layer in Vegfa”” mice, while only few osteoclasts
were found in Vegfa CKO mice (Figure 8E).

Deletion of Vegfr2 in osteoblastic cells increases osteoblast mat-
uration and mineralization in I0-mediated bone repair. To deter-
mine whether osteoblast-generated VEGF acts as an autocrine
factor via VEGFR2 signaling in osteoblasts, Vegfr2 (Flkl) was
conditionally deleted in osteoblastic lineage cells. Based on
uCT, the amount of mineralized bone within the injury hole
was increased in FIkI"/ Osx-Cre mice compared with controls at
PSD7 (Figure 9, A and B). The Tb.N and Tb.Th were increased
in newly formed bone of FIkI"/ Osx-Cre mice, while trabecular
spacing was decreased (Figure 9A). Although collagen accumu-
lation and BSP levels were not significantly different (Figure 9C
and Supplemental Figure 12A), levels of indicators of mineral-
ization, OCN and alkaline phosphatase (ALP), were increased
4.7- and 3.0-fold, respectively, in the defect hole region of Flk1"#
Osx-Cre mice compared with FIkI"# mice (Figure 9, D and E).
Mineralization/collagen ratio was also greatly increased (Figure
9C). The numbers of blood vessels and ZsG* osteoblastic lineage
cells were not different between FIkI"f Osx-CreZsG and control
mice, suggesting that increased mineralized bone in the hole
region of FIRI"# Osx-Cre mice is not due to increased angiogene-
sis and numbers of bone-forming cells (Supplemental Figure 12B
and Figure 9F). VEGF levels were also similar in the hole region
of FIk1"? Osx-Cre and control mice (Supplemental Figure 12C).
Osteoblasts collected from long bones of FIkI"# Osx-Cre mice
showed increased mineralization in mineralization media with
or without BMP2 compared with cells from FIkI?# mice (Figure
9G). In addition, inhibition of FLK1 by the use of a small mole-
cule FLK1 inhibitor enhanced the mineralization of osteoblastic
MC3T3-1E cells (Figure 9H), further indicating that osteoblast
mineralization is enhanced in FIkI"# Osx-Cre mice. However,
BMSCs from FIkI? Osx-Cre mice showed less mineralization
than cells from FIkI"# mice (Supplemental Figure 12D). Treat-
ment with Cre adenovirus decreased the viability of the BMSCs
from FIkI"? mice compared with GFP-adenovirus treatment
(data not shown), indicating that FLK1-mediated signaling is
important for the survival of BMSCs. However, TUNEL staining
in situ showed no difference in apoptosis between FIkI"f Osx-Cre
and FIkI"f samples (Supplemental Figure 12E), indicating that
other factors may compensate for loss of FLK1-mediated prosur-
vival signaling in vivo. There was also no significant difference
in periosteal callus thickness and amount of periosteal cartilage
in FIkI"# Osx-Cre and FIkI"# mice at PSD10 and PSD14 (Supple-
mental Figure 13, A and B), indicating that endochondral ossifi-
cation-mediated periosteal responses were not altered when FlkI
was targeted in osteoblastic cells.
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Figure 6. Osteoblast-derived VEGF stimulates macrophage-related angiogenesis and migration of BM cells. (A) Increased anti-VEGF staining in hole
(yellow rectangles) (17.6% + 4.8%) and BM (blue rectangles) (20.3% + 4.9%) of Vegfa™ compared with Vegfa CKO mice (4.2% + 1.2% and 6.6% + 2.0%) at
PSD3; n=5-6, P < 0.05. No significant differences outside hole (10.2% + 2.9% vs. 9.4% + 2.0%) (B) High anti-CD31 staining in hole (163/mm? + 5/mm?),
adjacent BM (263/mm? + 18/mm?), and outside area (164/mm? + 26/mm?) of Vegfa™" compared with Vegfa CKO mice (58/mm? + 12/mm?, 65/mm? + 21/
mm?, and 66/mm? + 17/mm?) at PSD3; n = 4-7, P < 0.05. (C) High density of F4/80* macrophages in hole (321/mm? + 46/mm?) and BM (366/mm? + 69/
mm?) of Vegfa™" compared with Vegfa CKO mice (82/mm? + 19/mm? and 143/mm? + 26/mm?) at PSD3; n = 5-6, P < 0.01 (hole); P < 0.05 (BM); no difference
outside (217/mm? £ 38/mm? vs. 166/mm? + 41/mm?). (D) High correlation between blood vessel and macrophage densities in hole. (E) Treating Vegfa CKO
mice with 0.1 ug VEGF increases blood vessel density in hole (151/mm? + 7/mm?) and BM (115/mm? + 9/mm?) and macrophage density in hole (205/mm?
+34/mm?) at PSD5, compared with PBS (31/mm? + 12/mm?, 50/mm? + 6/mm?, and 87/mm? + 9/mm?); P < 0.05. Macrophage density in BM not affected
(140/mm? + 25/mm? vs. 94/mm? + 13/mm?). (F) In vitro wound closure; stippled lines indicate wound edges at time 0. Higher wound closure rate (um/h)
in BMSCs of Vegfa™f (8.1 + 0.7 um/h) than Vegfa CKO mice (5.1+ 0.3 um/h); n = 3, P < 0.05. (G) Transwell migration assay. After 14 hours, more migrated
BMSCs from Vegfa™ than Vegfa CKO mice; n= 3, *P < 0.01. Scale bars: 50 um (G), 100 um (A, B, and E), 200 um (C and F). CB, cortical bone; outside, area
outside cortical bone. Spearman’s correlation coefficient test (D) and unpaired 2-tailed Student’s t test were used.
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Discussion

In the present study, we found that appropriate levels of VEGF
generated by osteoblastic cells are critical for the angiogenesis-
osteogenesis coupling during repair of small bone defects. Mul-
tiple steps in the repair process require osteoblast-derived VEGF.
Either too little or too much VEGF results in compromised bone
healing (Supplemental Figure 14). First, osteoblast-derived VEGF
is required for the early angiogenic response and macrophage
infiltration during the initial inflammation phase. Macrophage
infiltration precedes angiogenesis in wound healing and tumor
progression (35, 36), and VEGF is a chemotactic factor for mac-
rophages/monocytes (10, 11, 37). Combined with the finding that
macrophages release angiogenic factors in the regenerative phase
of bone healing (38-40), the evidence presented here suggests that
proangiogenic effects of osteoblast-derived VEGF are mediated by
macrophages in addition to direct targeting of endothelial cells.

Second, our data demonstrate that osteoblast-derived
VEGF stimulates angiogenesis, osteoblast differentiation, and
bone formation at the repair site. At the same time, it inhibits
chondrogenesis and proliferation of osteoblastic progenitor
cells. Consistent with our data are previous studies showing that
bone repair and regeneration is inhibited when extracellular
VEGF levels are reduced by adding the decoy receptor sVEGFR1
(sFltl) or VEGF neutralizing antibodies (14, 41). However, the
rescue experiments with delivery of recombinant VEGF to the
defect site in this study indicate that these effects of extracel-
lular VEGF are dose dependent; high levels of VEGF inhibit
infiltration of regenerative cells and osteoinduction of mes-
enchymal progenitors, resulting in decreased bone formation.
Since conditional targeting of FIkI led to increased maturation
of osteoblasts and increased formation of mineralized bone at
the repair site, we hypothesize that high local concentrations
of VEGF stimulate an autocrine FLK1-dependent loop that
results in inhibition of osteoblast maturation. Activated FLK1
has been reported to recruit inhibitory Smad7 and decrease acti-
vation of Smad2/3 in endothelial cells (42). This could also be
the case in osteoblasts, since osteoblasts collected from Flk1#
Osx-Cre mice exhibited increased mineralization in vitro when
stimulated with BMP2, a Smad transducing factor. In addition,
VEGF inhibits activation of PDGFR through FLKI in various
cells (43, 44). Since PDGF plays an important role in bone for-
mation and regeneration (45), it is also possible that deletion of
Flkl enhances PDGFR signaling in osteoblasts.

These effects may explain why VEGF has been found to
enhance bone healing and regeneration in many studies but has
failed to have positive effects in others using ex vivo VEGF gene
therapy or recombinant VEGF (13, 46-48). An important conclu-
sion from the present study is that optimal amounts of VEGF are
critical for the therapeutic outcome. The requirement for VEGF
depends on the size of the bone wound. In the healing of small
bone defects, similar to the one described in the current study,
only low concentrations of VEGF may be needed. In this case,
adding exogenous VEGF may not stimulate bone regeneration
when levels of endogenous VEGF are normal, and adding excess
amounts of VEGF may even inhibit osteoblast functions. In larger
bone wounds, such as critical or segmental defects, with a greater
loss of endothelial cells and osteoblastic progenitors, higher
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concentrations of VEGF may be needed and inhibitory levels of
VEGF may be higher (14). Further highlighting the complexity of
VEGF effects in the treatment of bone defects is the finding that
osteoinduction was rescued by a low dose of VEGF in Vegfa CKO
mice, but osteoblast mineralization was only partially restored.
In the case of a relatively small defect, a single bolus addition of
VEGF in an absorbable collagen sponge may not be sufficient to
cover the need for VEGF throughout the repair process, partic-
ularly in the late mineralization stage. VEGF loaded in specific
slow-release scaffolds may better stimulate repair in this case
(49, 50). In addition, failure of exogenous VEGF to fully rescue
compromised repair (the mineralization stage) in this study may
also be due to the fact that osteoblast-generated VEGF is, in part,
intracellular VEGF participating in transcriptional regulation of
osteoblast differentiation genes (24, 51, 52). Future bone-repair
studies using modified cell-permeable VEGF, with the capac-
ity to restore intracellular VEGF levels, would therefore be of
considerable interest.

Third, the delayed infiltration of blood vessels and osteo-
clasts into the injured PO and delayed cartilage turnover in the
callus of Vegfa CKO mice recapitulates what happens when lev-
els of VEGF are reduced during endochondral ossification in the
developing embryo. For example, in mice expressing only the
VEGF120 isoform that lacks the ability to bind heparin, and in
mice treated with the decoy receptor sVEGFR1 during bone devel-
opment, endochondral ossification is delayed (7, 23). Interestingly,
increased periosteal cartilage formation and delayed resorption
was observed at the defect of Vegfa CKO mice. This is consistent
with studies showing that inhibition of VEGF signaling in early
skeletal progenitor cells facilitates a switch in fate from bone to
cartilage forming cells (53). In addition, soluble VEGFRI expres-
sion in muscle-derived stem cells in vitro was shown to stimulate
BMP4-induced chondrogenic differentiation and promote articu-
lar cartilage regeneration (54, 55), indicating that blocking VEGF
expression or function may improve cartilage healing. Finally,
28 days after the defect was made in control mice, large num-
bers of osteoclasts residing along the new bone layer in the cal-
lus indicated active bone remodeling. In contrast, few osteoclasts
were seen in the callus of Vegfa CKO animals. Osteogenic factors
released from preosteoclasts or bone matrix after bone resorption
— such as TGF-B, IGF, and PDGF-BB — coordinate formation of
blood vessels and bone (56-58). VEGF is also known to stimulate
differentiation and activation of osteoclasts (18, 24). Therefore, at
the remodeling stage, reduction of VEGF in osteoblastic cells may
cause decreased osteoclast recruitment. This results in reduced
release of osteogenic signals from resorbed bone matrix and sub-
sequent reduction in callus BV.

In clinical studies, associations between VEGF gene polymor-
phisms regulating VEGF production and spinal bone mineral den-
sity or osteoporotic vertebral fractures have been detected in post-
menopausal women (31, 59). In animal studies, reduced VEGF
production was observed in mesenchymal stem cells from aged
mice, as well as in the tibial metaphysis, following ovariectomy-
induced osteoporosis (29, 32). Thus, VEGF supplementation in
osteoblasts may be useful in treatment of impaired bone healing as
a consequence of age or osteoporosis. Currently, local drug deliv-
ery that enhances fracture healing in clinical trials includes BMP2

jci.org  Volume126  Number2  February 2016



RESEARCH ARTICLE

30 -

n
w

The cartilage areas/ total callus
areas (%)

PSD10
Mineralized
bone in PO

[h+]
o

—_
6]

—_
o

w

The Journal of Clinical Investigation

Vegfa Vegfa""* Osx-Cre Vegfa'“‘ Osx- Cre

“./

® Vegfa fiffl
= Osx-Cre fl/+ **
Osx-Cre fiffl
ek

PSD7 PSD10 PSD14

Osx-Cre ZsG Vegfa" Osx-Cre ZsG

F Vegfa" Vegfa' Osx-Cre

Figure 7. Deletion of Vegfa in osteoblasts and hypertrophic chondrocytes impairs cartilage resorption in injured PO. (A) Safranin O staining at different
time points shows periosteal cartilage in areas about 2 mm distal to hole region. Representative images from 4-8 mice for each genotype. (B). Periosteal
Safranin O-stained cartilage is gradually resorbed at PSD7-10 in Vegfa™ mice; resorption is delayed, and cartilage formation even enhanced in PO of Vegfa
CKO mice; n = 4-8, *P < 0.01, **P < 0.05. (C and D) TRAP* osteoclasts and lectin* vascular endothelial cells greatly decreased in PO of Vegfa CKO mice
compared with Vegfa™ mice at PSD10. (E) Decreased mineralized BV in PO of Vegfa™" Osx-Cre/ZsG mice (0.0071 + 0.0034 mm?®) compared with Osx-Cre/ZsG
mice (0.069 + 0.019 mm?) at PSD10; n = 3-4, P < 0.01. (F) Similar density of collagen X-stained hypertrophic chondrocytes in PO of Vegfa CKO (146/mm? + 21/
mm?) and Vegfa™ mice (144/mm? + 31/mm?) at PSD7; n = 7-9. Green stippled area represents injured PO. CB, cortical bone. Representative images of 3-4
mice (C-E). Scale bar: 100 um (E), 200 um (A, C, D, and F). ANOVA with Tukey's post-hoc test (B) and unpaired 2-tailed Student'’s t test (E and F) were used.
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Figure 8. Deletion of Vegfa in osteoblas-
tic cells reduces periosteal callus remod-
eling at PSD28. (A) H&E-stained sections
from Vegfa™f, Vegfa™+ Osx-Cre, and

Vegfa CKO mice showing periosteal callus
remodeling at PSD28. Representative
images from 5-6 mice for each genotype.
(B) Left panels: 2D images of sagittal
sections of injured tibiae. Right panels:
3D reconstruction of periosteal callus.
Representative images from 5-6 mice. (C)
Decreased callus thickness, calculated as
distance from edge of periosteal callus to
injured cortical bone normalized to total
volume of corresponding tibial segment,
in Vegfa CKO compared with Vegfa™"
mice; n = 5-6. (D) Decreased BV/TV, total
callus BV normalized to total volume of
the corresponding tibial segment, in Vegfa
CKO compared with Vegfa™f mice; n= 5-6.
(E) Low density of TRAP* osteoclasts, nor-
malized to total length of callus bone, in
Vegfa CKO compared with Vegfa™ mice;
n = 4. Scale bars: 500 um (A and B), 200
um (E). ANOVA with Tukey's post-hoc test
(C and D) and unpaired 2-tailed Student’s
t test (E) were used. *P < 0.01; **P < 0.05.
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and basic FGF (60). However, therapeutic delivery of VEGF is
primarily at the preclinical stage. The optimal dosage, duration of
treatment, and delivery mechanisms for VEGF-carrying scaffolds
are still under investigation and therefore prevent the transition to
clinical trials. Appropriate scaffolds for slow release of physiolog-
ical amounts of VEGF are needed, and application of exogenous
VEGF needs to be carefully considered, especially when evidence
for VEGF reduction is lacking in patients. The combination of
VEGF with other growth factors, such as TGF-p family members,
should be taken into consideration, since VEGF may potentially
inhibit downstream TGF-p1 signaling (42), and high doses of
VEGF inhibit BMP2/BMP4-induced bone healing in a critical
bone defect model (13, 61). Modulation of VEGF levels may be of
particular interest in future studies using BMPs to enhance bone
repair. In addition to delivery of VEGF to local bone-repair sites,

chemical compounds, such as statins,
that modulate VEGF expression in
osteoblasts should be considered for
treatment of osteoporosis and osteo-
porotic fractures (62-64).

In summary, our data reveal
that VEGF, produced by osteoblast
lineage cells, is important during var-
ious 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.
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Methods
Supplemental Methods are available online with this article.

Mouse strains. Osx-Cre (65), VE-cadherin-Cre (66), CAG-loxP-stop-
loxP-ZsG (Ai6), and CAG-loxP-stop-loxP-td Tomato (Ail4) mouse strains
were purchased from The Jackson Laboratory. Vegfa and Flk-1"/ mice
were provided by Genentech. To generate Vegfa CKO mice, hemizy-
gous Osx-Cre transgenic mice were crossed with Vegfa”/ mice to pro-
duce heterozygous Vegfa”* offspring carrying a Cre allele. These mice
were then crossed with Vegfa”/ mice generating the following 3 geno-
types: Vegfa CKO, Vegfa+ Osx-Cre, and Vegfa™”. For studies of the conse-
quence of postnatal deletion of Vegfa, we took advantage of the presence
of a tetracycline responsive element (TRE; tetO) in the Osx-Cre trans-
gene in the Osx-Cre strain to suppress expression of Cre by giving preg-
nant mice and their progeny water containing 2 mg/ml doxycycline.
The efficiency of Osx-Cre-mediated targeting of Vegfa was assessed in
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Figure 9. Deletion of Vegfr2 in osteoblastic cells increases their maturation and mineralization during bone repair at PSD7. (A) 3D reconstruction
of injured tibiae (top panel; scale bar: 500 pm) and mineralized bone in hole region (lower panel; scale bar: 100 um). Representative images of 6-7
mice for each genotype. BVs in hole of FIk7/f (0.0120 + 0.0024 mm?) and Flk1"/* Osx-Cre mice (0.0082 + 0.0016 mm?) not statistically different, but
increased (0.0330 + 0.0077 mm?3) in FIk1"f Osx-Cre mice; P < 0.05 vs. FIkT"#. Tb.N (Tb.N/mm) increased (13.36/mm + 1.32/mm) and trabecular spac-
ing (Tb.Sp) decreased (0.079 + 0.011 mm), in FIk1"# Osx-Cre compared with Flk1"/f mice (7.08/mm + 0.77/mm and 0.160 + 0.023 mm); P < 0.01 (Tb.N),
P < 0.05 (Tb.Sp). (B) BV/TV of mineralized bone formed in hole and wounded marrow of control and Vegfr2-deficient mice. (C) Reduced aniline blue
staining in hole region (yellow rectangles) of FIk1"/* Osx-Cre (21.86% + 1.53%) compared with FIk1"/f (36.70% + 5.47%) mice; P < 0.05, but increased
in Flk1%/f Osx-Cre (37.75% + 10.99%) compared with FlIk1"* Osx-Cre mice; P < 0.05. Right: Increased mineralization/collagen ratio in FIk1%/7 Osx-Cre
mice. (D and E) Increased anti-OCN (2.8% + 0.6%) and anti-ALP staining (20.0% * 3.4%) in hole region of FIk1"/f Osx-Cre compared with FIk7"/f mice
(0.6% + 0.4% and 6.7% * 1.8%); P<0.05 (OCN) and P < 0.01 (ALP). (F) Similar density of ZsG* cells in hole region of Osx-Cre/ZsG, FIk1"* Osx-Cre/ZsG,
and Flk1"f Osx-Cre/ZsG mice. (G) Von Kossa staining of osteoblasts cultured for 21 days in mineralization medium with or without BMP2. (H) Von
Kossa staining of MC3T3-1E cells cultured for 21 days in mineralization medium containing 100 uM VEGFR2 kinase inhibitor or vehicle (Veh). Data are
representative of 3 independent experiments (G and H). Scale bars: 200 um (C), 50 um (D-F); n= 6-7 (B-E); n= 4-6 (F). ANOVA with Tukey's post-hoc
test (A-C and F) and unpaired 2-tailed Student’s t test (D and E) were used. * #P < 0.01; ##P < 0.05. * vs. FIkT"/fl # ##ys_ Flk1/+ Osx-Cre.

previous studies showing that Vegfa transcripts in extracts of bones from
Vegfa CKO mice were reduced by about 70% compared with controls
(24). To allow better tracing of osteoblastic cells, ZsG, a Cre-activated
and strongly fluorescent reporter, was introduced into Osx-Cre, Vegfa"*
Osx-Cre, and Vegfa CKO mice. Vegfa"' VE-cadherin-Cre and Flk1"!
Osx-Cre mice were generated using a similar strategy.

Tibial monocortical defect model. The tibial monocortical defect
model used is a simplified stable fracture model, described previously
(33, 67, 68). Skeletal mature mice (9- to 12-week-old males) were used
for all experiments. Mice were placed under general anesthesia by i.p.
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 PO. 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 separately suturing the muscle and skin layers
with 5-0 absorbable gut suture (Reli). After surgery, mice received s.c.
injection of 0.05-0.1 mg/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 pl of human recombinant VEGF165 (R&D
Systems) with a concentration of 1 or 0.1 ug/ul for 30 minutes at 4°C.
Control sponges were soaked in PBS. After generation of the cortical
defect, the loaded sponge was inserted into the defect, followed by a
single stitch of the cut muscle flap to cover the wound.

uCT analysis. Tibiae were isolated, fixed overnight in 10% neu-
tral buffered formalin, and kept in 70% ethanol until analyzed using
a uCT35 system (SCANCO Medical) with a spatial resolution of 7
um. Sagittal image sections of injured tibiae were used to perform
3D histomorphometric analysis. We defined the regions of interest
as (i) the hole region between the interrupted cortical bone ends, (ii)
injured BM, and (iii) periosteal callus outside the hole. Old bone frag-
ments remaining from the drilling were excluded from the regions of
interest. A total of 96-100 consecutive images (about 0.672-0.7 mm
in length) were used for 3D reconstruction and analysis, covering
most of the injured region and periosteal callus. Structural param-
eters (3D) included total tissue volume (TV), trabecular BV per TV
(BV/TV), Tb.N, Tb.Th, and Tb.Sp.

Histology and histomorphometry. Fixed samples were decalcified
in 0.5 M EDTA (pH 8.0) for 14 days and embedded in paraffin or opti-
mal cutting temperature (OCT) compound (Tissue-Tek). Longitudinal
sections (8 um) using the hole region as landmark were cut and stained

for H&E, aniline blue, TRAP, movat pentachrome, or Safranin O.
Comparisons between Vegfa CKO and control mice were primarily
covering the hole region between the interrupted cortical bone ends
and adjacent areas, visible in the same sections. In most cases, stain-
ing in the wounded BM was not quantified because histological details
in longitudinal sections of BM could not be guaranteed to be in the
same horizontal planes as those of the hole regions.

Six to 8 tissue sections for each mouse, stained with aniline blue,
were used to determine the amount of newly formed osseous tis-
sue. Each section was photographed and analyzed using a published
method (67). The digital images were imported into Adobe Photoshop
CS5. A rectangular region of interest covering the hole region encom-
passed about 10° pixels. The number of aniline blue-stained pixels
was determined using the magic wand tool. The relative amount of
collagen in the hole region was calculated as aniline blue-positive
pixels/10¢ pixels. The mineralization/collagen ratio was calculated
as BV/TV (uCT) divided by the percent of aniline blue-stained area.
For quantifying the amount of cartilage, a periosteal area about 2 mm
distal to the hole defect was selected, and Safranin O-positive areas
were determined using the magic wand tool.

Immunofluorescence and IHC. Immunostaining was per-
formed using a standard protocol. Sections were incubated with
primary antibody against neutrophil marker NIMP-R14 (1:100;
Santa Cruz Biotechnology Inc., catalog sc-59338), macrophage
marker F4/80 (1:100; AbD Serotek, catalog MCA497GA), CD31
(1:50, BD Biosciences, catalog 550274), CD45R (1:100, BD Bio-
sciences, catalog 550286), Osx (1:50, Santa Cruz Biotechnology
Inc., catalog sc-22538), BSP (1:50, Santa Cruz Biotechnology Inc.,
catalog sc-292394), OCN (1:50, Santa Cruz Biotechnology Inc.,
catalog sc-18322), ALP (1:50, Santa Cruz Biotechnology Inc., cat-
alog sc-30203), VEGF (1:50, Santa Cruz Biotechnology Inc., cata-
log sc-152), BMP2 (1:100, Abcam, catalog ab14933), SOX9 (1:50,
Santa Cruz Biotechnology Inc., catalog sc-20095), collagen type
X (1:500, Calbiochem, catalog 234196), FSP1 (1:100, Abcam, cat-
alog ab27957), or with biotin-conjugated lectin (1:100, Vector Lab-
oratories, catalog B1205), overnight at 4°C. For IHC, horseradish
peroxidase-streptavidin (ABC) was used to detect immunoactivity,
followed by counterstaining with hematoxylin. For immunofluo-
rescence, secondary fluorescent antibodies (1:200, Invitrogen)
were added and slides were incubated at room temperature for 90
minutes in the dark. Sections were stained with or without DAPI
and coverslipped as above. Image] was used for the quantification
of BSP, OCN, VEGF, and ALP levels. Blood vessel (microvessel)
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density was calculated based on anti-CD31 staining. Single CD31
immunoreactive endothelial cells, or endothelial cell clusters sep-
arate 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-conjugated BrdU (20 mg/kg, Sigma-
Aldrich) 3 hours prior to euthanasia. A commercial BrdU staining
kit (Invitrogen) was used to stain proliferative cells. For detection of
apoptotic cells, an in situ cell death detection kit, TMR Red (Roche
Diagnostics), was used as described in manufacturer’s instructions.

Isolation of osteoblastic cells from mouse long bones. Methods for
isolation and culture of primary osteoblasts from hind limbs of 8- to
12-week-old mice were as described (69). BM cells were flushed out,
and marrow-free diaphyses were cut into small pieces and incubated
in 1 mg/ml collagenase II (Invitrogen) at 37°C for 1 hour with constant
shaking. The bone pieces were cultured in DMEM containing 15% FBS
(HyClone) and 100 pg/ml ascorbic acid (Sigma-Aldrich) until cells
migrating from the bone chips became confluent.

Isolation of BMSCs. BM cells from hind limbs of 8- to 12-week-old
mice were flushed out and cultured in a-MEM containing 10% FBS. The
cultures were kept undisturbed until day 4, when half of the medium
was changed. This was followed by change of medium every other day
until day 14. Cells were passaged and maintained in complete culture
medium. Cells in passages 1-2 of these BMSCs were used for differen-
tiation assays and passages 2-4 for migration and proliferation assays.

Adenoviral infection. Adenoviruses were purchased from Vector
BioLabs. We cultured BMSCs in 12-well plates with a-MEM medium
containing 10% FBS for 48 hours before they reached confluence,
exposed them to adenoviral-Cre or adenoviral GFP (2 x 107 plaque-
forming units per well) for 48 hours, and continued the culture in
differentiation medium.

In vitro osteoblastic differentiation and mineralization assay.
Murine osteoblastic MC3T3-E1 (subclone 4) cells were purchase from
ATCC and cultured in ascorbic acid-free o-MEM containing 10%
FBS. Cells of passages 6-7 were used for the mineralization assay.
MC3T3-E1 cells, BMSCs, and osteoblastic cells from long bones
were seeded in 12-well or 24-well plates containing complete culture
medium. Upon reaching 70%-80% confluency, cells were switched
to mineralization medium (10% FBS, 10 mM pB-glycerophosphate,
and 50 pg/ml ascorbic acid) added with or without 100 nM dex-
amethasone or 50 ng/ml BMP2. To study effects of exogenous VEGF
on mineralization of BMSCs and MC3T3-1E cells, 10 or 40 ng/ml
recombinant VEGF (R&D Systems) was added to the mineralization
medium. To test the role of VEGFR2 in mineralization of MC3T3-1E
cells, 100 uM VEGFR?2 kinase inhibitor I (EMD Millipore, catalog
676480) was added to the mineralization medium. The mineraliza-
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tion medium was replaced every 2 days. After 21 days of culture, Von
Kossa or Alizarin red staining was used to measure mineralization.

Invitro wound-closure assay. Confluent monolayers of BMSCs (pas-
sages 2-4) were scratched with a yellow pipette tip to create an about
1,000-pm wide cell-free wound. Wounded monolayers were incubated
for 24 hours and photographed at time O and at 24 hours. The average
rate of wound closure was calculated as the difference between the
starting width and the width at any incubation time/incubated time.

Transwell migration assay. Transwell chambers (Costar, Corn-
ing Inc.) with a polycarbonate membrane (6.5 mm diameter, 8 pm
pore size) were used to study the migration of BMSCs. The lower
chamber contained complete culture medium. BMSCs were serum-
starved for 12 hours before harvest. Cells (0.8 x 10°) were seeded
in the upper chambers in serum-free medium containing 0.2% BSA
(Sigma-Aldrich). After 14 hours incubation at 37°C, cells on the top
surface of the membrane were wiped off, and the membranes were
fixed and stained with 0.1% crystal violet. Cells remaining on the
bottom surface of the membrane were examined under a micro-
scope. Cells from 6-10 random fields across 3 replicate wells were
captured for counting, and the average number of invaded cells per
field represented the migration activities.

Statistics. The data are presented as mean * SEM using unpaired
2-tailed Student’s ¢ test or ANOVA with Tukey’s post-hoc test for mul-
tiple comparisons. Spearman’s correlation coefficient was used to
measure the dependency of 2 variables. P values less than 0.05 were
considered significant.

Study approval. All animal experiments were approved by the Har-
vard Medical Area Standing Committee on Animals and in accordance
with the US Public Health Service Policy on Humane Care and Use of
Laboratory Animals.
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