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a b s t r a c t
Although severe extremity trauma is often inclusive of skeletal and vascular damage in combination, segmental bone defect repair with concomitant vascular injury has yet to be experimentally investigated. To this end,
we developed a novel rat composite limb injury model by combining a critically-sized segmental bone defect
with surgically-induced hind limb ischemia (HLI). Unilateral 8 mm femoral defects were created alone (BD)
or in combination with HLI (BD + HLI), and all defects were treated with rhBMP-2 via a hybrid biomaterial
delivery system. Based on reported clinical and experimental observations on the importance of vascular networks in bone repair, we hypothesized that HLI would impair bone regeneration. Interestingly, the BD + HLI
group displayed improved radiographic bridging, and quantitative micro-CT analysis revealed enhanced bone
regeneration as early as week 4 (p b 0.01) that was sustained through week 12 (p b 0.001) and conﬁrmed
histologically. This effect was observed in two independent studies and at two different doses of rhBMP-2.
Micro-CT angiography was used to quantitatively evaluate vascular networks at week 12 in both the thigh
and the regenerated bone defect. No differences were found between groups in total blood vessel volume
in the thigh, but clear differences in morphology were present as the BD + HLI group possessed a more
interconnected network of smaller diameter vessels (p b 0.001). Accordingly, while the overall thigh vessel
volume was comparable between groups, the contributions to vessel volume based on vessel diameter differed signiﬁcantly. Despite this evidence of a robust neovascular response in the thigh of the BD + HLI
group, differences were not observed between groups for bone defect blood vessel volume or morphology.
In total, our results demonstrate that a transient ischemic insult and the subsequent recovery response to
HLI signiﬁcantly enhanced BMP-2-mediated segmental bone defect repair, providing additional complexity
to the relationship between vascular tissue networks and bone healing. Ultimately, a better understanding
of the coupling mechanisms may reveal important new strategies for promoting bone healing in challenging
clinical scenarios.
© 2013 Elsevier Inc. All rights reserved.

Introduction
Vascular tissues play an intricate role in many aspects of bone
physiology, including bone repair. Blood vessel invasion is a critical
step in developmental skeletogenesis as the cartilaginous intermediate is converted to bone [1,2]. Skeletal repair also recapitulates
much of the developmental coupling of vascular and osseous growth
[3]. A commendable amount of orthopaedic research has explored
the role of angiogenesis in bone formation and repair, signiﬁcantly
advancing our understanding of angiogenic–osteogenic crosstalk.
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Angiogenesis is a necessary component in bone healing [4,5], and inhibition has experimentally been shown to disrupt both endochondral and intramembranous pathways of bone repair [6]. Beyond
experimental results, clinical observations reinforce the importance
of vasculature in bone healing. Diminished blood supply and concomitant vascular injury are clinical risk factors for delayed or nonunion
fracture healing [7–9], while lower limb fractures with vascular injuries
experience higher rates of amputation [10].
The deleterious effects of impaired vascular supply or concomitant
vascular insult on clinical bone repair are certainly not surprising.
Beyond the obvious physiological role of oxygen and nutrient transport, vascular networks likely also function as conduits for migrating
inﬂammatory and progenitor cells as well as soluble factors essential
for modulating the molecular signaling cascades of repair. Despite
such a well-established understanding of the importance of adequate
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vascular networks for successful bone healing, only a few studies have
investigated experimental bone repair with concomitant vascular injury
[11,12], and none have involved bone defect repair. The lack of such
research models is noteworthy, as extremity trauma with substantial
skeletal damage is often accompanied by insults to the surrounding
vasculature, and these injuries present unique and signiﬁcant complications for clinicians [13]. Additionally, insufﬁcient vascularization is an
acknowledged shortcoming of status quo bone tissue engineering strategies [14,15], further complicating clinical treatment strategies. Continuing to unravel the complex interactions between vascular networks and
bone regeneration will help to advance the design of therapeutic interventions for skeletal repair, and ultimately improve orthopaedic trauma
patient treatment outcomes.
Accordingly, our aim here was to develop a rat model of composite
lower limb bone and vascular trauma. To do so, we incorporated
surgically-induced hind limb ischemia (HLI) with a well-established
segmental bone defect model to evaluate the effects on bone repair.
Such a model could provide new insights on interactions between
bone healing and vascular tissues, as well as serve as a test bed for
evaluating technologies to improve bone regeneration. Bone defects
were treated using a previously reported recombinant human bone
morphogenetic protein-2 (rhBMP-2) hybrid biomaterial delivery
system [16–18]. This system has demonstrated efﬁcacious bone regeneration, producing bone defect bridging with functional restoration. Based on reported clinical observations and experimental
results, we hypothesized that HLI would impair bone regeneration in
this model.
Materials and methods
Experimental design
The work described here consists of two independent experiments
with pooled results. Thirteen-week-old female SASCO Sprague-Dawley
rats (Charles River Laboratories) were designated for one of two injury
model groups: 8 mm mid-femoral bone defects alone (BD) or in combination with hind limb ischemia (BD + HLI). The initial experiment
consisted of n = 10 per group with each bone defect receiving a 2 μg
rhBMP-2 treatment dose. This dose was chosen as it was previously
shown to produce consistent bridging of defects in this model [17],
but would not be so high as to overwhelm potential effects of HLI. A
second experiment was performed to validate the ﬁndings of the ﬁrst
study at 2 μg rhBMP-2 (n = 4–5 per group) as well as evaluate a
lower 0.5 μg treatment dose of rhBMP-2 previously shown to be inadequate for bone bridging (n = 5 per group) [17]. Within groups, no differences were found between experiments for the 2 μg dose, thus,
results have been pooled for that dose level. All procedures were
reviewed and approved by the Georgia Institute of Technology Institutional Animal Care and Use Committee and the United States Army
Medical Research and Materiel Command Animal Care and Use Review
Ofﬁce.
Surgical procedure
Animals were anesthetized via isoﬂurane inhalation and received
unilateral surgeries to the left hind limb. The bone defect surgery
and ﬁxation were performed as described previously [19]. Brieﬂy, a
critically-sized 8 mm bone defect was created in the mid-diaphysis
of the femur and stabilized by custom-made modular internal ﬁxation
plates with the use of miniature screws. The hind limb ischemia technique was adapted from methods previously described for mouse
models [20,21]. Through an anterior skin incision, the femoral artery
and vein were dissected free from associated nerves and ligated
with 6-0 silk suture proximally at the inguinal ligament, distally at
the popliteal bifurcation, and at two major arterial branch points in
between. The length of the vessels between the inguinal ligament
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and popliteal bifurcation was then excised. Each bone defect was
treated with a hybrid nanoﬁber mesh and RGD-functionalized alginate hydrogel rhBMP-2 delivery system previously described [16].
Brieﬂy, a perforated, tubular electrospun nanoﬁber mesh was placed
into the defect region such that it enveloped the cut ends of the native
bone. A 150 μL volume of rhBMP-2-containing functionalized alginate
hydrogel was then injected into the defect space (lumen of the
nanoﬁber mesh). The rhBMP-2 treatment dose was 2 μg per defect,
except where a lower 0.5 μg dose is indicated. Subcutaneous injections of buprenorphine were given for post-op analgesia. Animals
were allowed access to food and water ad libitum, housed in a temperature and humidity controlled environment, and maintained on
a 12:12 hour light/dark cycle.

Radiography
Digital 2-D radiographs (Faxitron MX-20 Digital, Faxitron X-ray
Corp.) were used for qualitative in vivo assessment of bone regeneration. Radiograph acquisition settings were 15 s exposure time at
25 kV. Radiograph imaging was performed at 2, 4, 8, and 12 weeks
post-surgery. Bony bridging was evaluated in radiographs by three
blinded investigators.
Microcomputed tomography
In vivo micro-CT scans (vivaCT 40, Scanco Medical) were
performed at 4, 8, and 12 weeks post-surgery to quantitatively assess
3-D bone regeneration. Legs were oriented along the z-axis and
scanned with an applied electric potential of 55 kVp, a current of
109 μA, and an isometric voxel size of 38 μm. The volume of interest
(VOI) for analysis was the center 5 mm (132 slices) of each defect.
New mineral was segmented through application of a global threshold corresponding to 50% of native cortical bone density. A Gaussian
low-pass ﬁlter was applied for noise suppression (σ = 1.2 and
support = 1).

Micro-CT angiography
At the week 12 study end-point, contrast agent-enhanced micro-CT
angiography was used to quantitatively evaluate hind limb vasculature.
The technique has been previously described in detail elsewhere
[21,22]. Brieﬂy, the vasculature was cleared with physiological saline
containing 0.4% papaverine hydrochloride (Sigma-Aldrich), perfusion
ﬁxed with 10% neutral buffered formalin, rinsed again with physiological
saline, and ﬁnally injected with lead chromate-based radiopaque
contrast agent (2 parts Microﬁl MV-122: 1 part diluent, Flow Tech).
Samples were stored at 4 °C overnight to allow for polymerization
of the contrast agent. Hind limbs were excised and decalciﬁed
(Cal-Ex II, Fisher Scientiﬁc) over a period of 2–3 weeks under gentle
agitation with routine solution changes.
Samples were oriented with the femur along the z-axis for
micro-CT scanning (vivaCT 40, Scanco Medical). Two sets of scans
and VOIs were used in this analysis. Initial scans were performed on
the upper leg with an applied electric potential of 55 kVp, a current
of 109 μA, and an isometric voxel size of 38 μm. The VOI for the initial
set of scans consisted of the entirety of the cross-section of the leg
spanning between the metal ﬁxation plate components (Thigh VOI,
refer to Fig. 5A for illustration). A second set of higher resolution
scans focused on the defect region was performed with an isometric
voxel size of 21 μm. The VOI for the second set of scans consisted of
a cylindrical volume 5 mm in diameter that spanned the center
7 mm of the bone defect (Defect VOI). A global threshold was applied
for segmentation of vasculature and a Gaussian low-pass ﬁlter was
used for noise suppression (σ = 0.8 and support = 1).
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Histology
Samples designated for histology were ﬁxed in 10% neutral buffered
formalin for 48 h at 4 °C and then decalciﬁed (Cal-Ex II, Fisher Scientiﬁc)
over a period of 2 weeks under gentle agitation with routine solution
changes. Decalciﬁed samples were parafﬁn processed and embedded.
Longitudinal, 5 μm-thick sections were obtained from the central region
of the defect, slide mounted, and stained with hematoxylin & eosin
(H&E) or Safranin-O & fast green (Saf-O).
Mechanical testing
Explanted femora were mechanically tested to failure in torsion as
previously described [19]. Brieﬂy, excess soft tissue was carefully dissected from each sample, ﬁxation hardware was removed, and femur
ends were potted in custom blocks with Wood's metal (Alfa Aesar).
Potted samples were mounted in torsion ﬁxtures and rotated through
failure at a ramp rate of 3°/s (Bose ELF 3200, Bose EnduraTEC). Rotation
and torque data were recorded for each sample, from which maximum
torque and torsional stiffness were determined.
Data analysis
All data are presented as mean ± standard error of the mean
(SEM). Data were analyzed using analysis of variance (ANOVA) with
Tukey's post-hoc test for pairwise comparisons or unpaired t-tests,
as appropriate. The signiﬁcance level was a p-value b 0.05. All data
analysis was performed in Minitab 15 (Minitab, Inc.) or GraphPad
Prism 5 (GraphPad Software, Inc.).
Results
All operated animals tolerated the initial surgical procedure well
and returned to normal activity. A small number of samples were

excluded from the study due to abscess formation at the defect,
unstable ﬁxation, or additional bone fracture (3 animals in total).
Successful induction of ischemia was demonstrated in a separate experiment (Supplementary material, Fig. S1).
Higher rhBMP-2 dose bone regeneration
At the 2 μg rhBMP-2 dose, digital 2-D radiographs displayed qualitatively similar bone regeneration between groups across the 2, 4, 8,
and 12 week time points examined (Fig. 1A). Overall, 11 of 13 defects
in the BD group went on to bony bridging. In the BD + HLI group, all
15 defects achieved bridging.
Interestingly, micro-CT analysis quantitatively demonstrated a signiﬁcant increase in the amount of regenerated bone for the BD + HLI
group compared to BD alone (Figs. 1B & C). The increase was evident
as early as week 4 (p b 0.01, 53% increase), and was sustained through
week 12 (p b 0.001, 44% increase).
Micro-CT results were further corroborated with histological analysis performed at week 12. H&E stained tissue sections displayed
qualitatively more robust bone formation in the defects of the
BD + HLI group compared to BD alone (Figs. 2A & B). Bone formation
at the periphery of the defect (along the nanoﬁber mesh) was similarly
robust in both groups (Figs. 2C & F). Differences were apparent in the
central region of defects, however, with the BD + HLI group
possessing qualitatively more bone tissue and less ﬁbrous tissue
(Figs. 2D, E, G & H). In both groups, small pockets of alginate
persisted at week 12. Safranin-O staining was used to assess cartilage
composition in repaired defects. Small pockets of cartilage persisted
in each group, but no notable differences between groups were observed (Fig. S2).
Torsional testing to failure was used to assess functional restoration
of the regenerated bone at week 12. The BD + HLI group exhibited
greater maximum torque (77% increase) and torsional stiffness (59%
increase) compared to the BD group (Fig. 3), but differences were not

Fig. 1. Longitudinal analysis of bone regeneration. (A) Representative digital radiographs acquired at post-surgery weeks 2, 4, 8, and 12. (B) Quantiﬁcation of new mineral volume in
the defect obtained from longitudinal in vivo micro-CT scans. (C) Representative 3D reconstructions of ex vivo micro-CT scans with cross-sectional mineral density maps. Native
cortical bone ends have been included for reference. Scale bars: density = 2.5–5 1/cm, length = 1 mm. *: p b 0.01, **: p b 0.001. n = 13–15 per group.
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Fig. 2. H&E histology of bone healing at 12 weeks. (A, B) Mosaic images of H&E stained mid-defect sagittal sections from the BD (A) and BD + HLI (B) groups conﬁrmed increased bone
regeneration in BD + HLI group. (C–H) Higher magniﬁcation ﬁelds from mosaic images demonstrating more robust bone formation in BD + HLI group. Magniﬁcation = 4× (A, B) and
10× (C–H). Scale bars = 1 mm (A, B) and 100 μm (C–H). Annotations: a = alginate, bm = bone marrow, ft = ﬁbrous tissue, nb = new bone.

statistically signiﬁcant (p = 0.214 and p = 0.434, respectively). Compared to historical data of age-matched, naïve intact femur controls
(maximum torque = 0.31 ± 0.04 N∗m, torsional stiffness = 0.030 ±
0.003 N∗m/deg, n = 6 [16]), the BD group achieved only 42% of maximum torque and 77% of torsional stiffness, whereas the BD + HLI
group achieved 74% of maximum torque and 123% of torsional stiffness.
Lower rhBMP-2 dose bone regeneration
To further investigate these ﬁndings, an experiment was conducted using a lower 0.5 μg treatment dose of BMP-2, a dose previously demonstrated to be insufﬁcient for consistent bridging [17]. In
agreement with the ﬁndings at 2 μg dose, improved bone healing
was observed in the BD + HLI group. Radiograph evaluation determined only 2 of 4 defects in the BD group achieved bony bridging;
in contrast bridging was achieved in 4 of 4 BD + HLI samples
(Fig. 4A). Micro-CT results also showed an increase in regenerated
bone volume in the BD + HLI group compared to BD alone, but did
not reach statistical signiﬁcance (p = 0.069 and 67% increase at
week 12, Figs. 4A & B). Torsional testing revealed additional differences between groups (Fig. 4C), as the BD + HLI group displayed signiﬁcantly increased maximum torque (p b 0.05, 118% increase) and a
nearly 14-fold increase in torsional stiffness (p = 0.1146, 1382% increase). Compared to historical data of age-matched, naïve intact
femur controls (maximum torque = 0.31 ± 0.04 N ∗ m, torsional
stiffness = 0.030 ± 0.003 N ∗m/deg, n = 6 [16]), the BD group
achieved only 19% of maximum torque and 7% of torsional stiffness,
whereas the BD + HLI group achieved 42% of maximum torque and
83% of torsional stiffness.

Fig. 3. Torsional testing mechanical properties of regenerated bone at 12 weeks.
(A) Maximum torque to failure and (B) torsional stiffness. Dashed lines indicate
mean values for historical naïve intact controls [16]. n = 3–4 per group.

Fig. 4. Bone repair at lower 0.5 μg rhBMP-2 dose. (A) Representative digital radiographs from week 12 and 3D micro-CT reconstructions with mineral density mapping.
(B) Quantiﬁcation of new mineral volume in the defect obtained from longitudinal in
vivo micro-CT scans. (C) Maximum torque to failure and (D) torsional stiffness.
Dashed lines indicate mean values for historical naïve intact controls [16]. Scale
bars: density = 2.5–5 1/cm, length = 1 mm. *: p b 0.05. n = 3–4 per group.
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Fig. 5. Thigh blood vessel volume and morphology at week 12. (A) Illustration of thigh VOI. (B) Representative 3D micro-CT reconstructions with vessel diameter mapping. (C–H) Angiography
parameters in the thigh VOI: blood vessel volume (C), tissue vessel volume fraction (D), connectivity density (E), mean vessel number (F), mean vessel lumen diameter (G), and mean vessel
separation (H). Dashed lines indicate mean values for contralateral controls. Scale bars: diameter 0–1 mm, length = 5 mm. *: p b 0.001, **: p b 0.0001. n = 8 per group.

Vascular networks
A micro-CT angiography technique was used at week 12 to quantitatively evaluate vascular volume and morphology. In the Thigh VOI
(Figs. 5A & B), no differences in vessel volume or vessel volume fraction
were evident between groups (Figs. 5C & D), suggesting a robust
neovascular recovery response and only transient ischemia. Morphological differences were observed, however, with a more interconnected
(p b 0.001) network of smaller diameter (p b 0.0001) vessels apparent
in the BD + HLI group compared to BD alone (Figs. 5E–H). Compared
to contralateral controls, both groups exhibited an approximately 60%
increase in vessel volume. Both groups also showed increased vessel
connectivity and number of vessels, with a decrease in vessel separation.
The BD group exhibited an increase in mean vessel diameter compared
to contralateral controls, while the BD + HLI group was decreased.
Voxel count histograms provided an indication of vessel size frequency distribution. The BD + HLI group displayed a distribution
skewed toward smaller diameter vessels, with an increase in vessels
of luminal diameter less than ~ 500 μm and a lack of vessels with
luminal diameter greater than ~ 1 mm (Fig. 6A). Furthermore, while
the overall vessel volume was comparable between groups, the contributions to vessel volume based on vessel diameter were signiﬁcantly different between groups (Fig. 6B). Speciﬁcally, the BD + HLI group had a
signiﬁcantly greater contribution from vessels with diameters of
~ 200–500 μm compared to BD alone (p b 0.005) and signiﬁcantly
less contribution from vessels with diameter larger than ~ 1 mm
(p b 0.0001). While contributions to vessel volume were rather uniform in the BD group (22%–28% across the 4 bins of analysis), 75% of
vessel volume in the BD + HLI group came from vessels with diameter less than ~ 500 μm (Fig. 6C).
Analysis of the defect VOI revealed no differences between groups
in terms of blood vessel volume or morphology (Fig. 7).
Discussion
The established relationships between vascular tissues and bone
repair provide compelling motivation for new research models to

Fig. 6. Thigh blood vessel diameter frequency distributions and contributions to vessel
volume at week 12. (A) Frequency distribution of blood vessel voxel sizes from the
thigh VOI that give a representative distribution of blood vessel diameter. (Inset)
Magniﬁcation of the 0–494 μm bins. (B) Contributions to blood vessel volume from different vessel diameter ranges. (C) Contributions to vessel volume expressed as a percent of
total vessel volume. *: p b 0.005, **: p b 0.0001. n = 8 per group.
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Fig. 7. Bone defect blood vessel volume and morphology at week 12. (A) Illustration of defect VOI. (B) Representative 3D micro-CT reconstructions with vessel diameter mapping.
Side views (upper) and proximal top down views (lower) of the cylindrical volume are shown. (C–H) Angiography parameters in the Defect VOI: blood vessel volume (C), connectivity
density (D), mean vessel number (E), mean vessel lumen diameter (F), mean vessel separation (G), and vessel diameter frequency distribution (H). Scale bars: diameter 0–200 μm,
length = 1 mm. n = 8 per group.

advance our understanding of the coupling mechanisms, as well as
methods to improve treatment for orthopaedic trauma patients
with concomitant vascular insults. Here we sought to address the
speciﬁc lack of a small animal model of severe composite bone and vascular trauma by pairing a critically-sized mid-femoral defect with
surgically-induced hind limb ischemia in the rat. Interestingly, our data
did not support our original hypothesis, as recovery from transient HLI
enhanced bone regeneration compared to bone defects without concomitant vascular injury. These observations were both repeatable
and robust across varying levels of rhBMP-2 stimulation. Although initially unexpected, these ﬁndings are notable, and understanding the underlying mechanisms may have important implications for clinical
therapeutics.
Bone regeneration and mechanical properties for the BD group
here were consistent with previously published data for both the
2 μg and 0.5 μg rhBMP-2 doses [16,17]. Importantly, with no treatment,
or vehicle alone, these defects will not heal and reliably progress to
non-union [16,19]. One of the most interesting observations here was
the transformation of the non-healing 0.5 μg rhBMP-2 dose to a healing
one with concomitant HLI. In general, bone healing in the BD + HLI
group was comparable with results historically observed in bone defects treated with higher rhBMP-2 doses (e.g., 2 μg similar to 5 μg;
0.5 μg similar to 1–2.5 μg) [16,17]. These historical comparisons were
consistent with the results here, as both bone regeneration and
mechanical properties for the 0.5 μg BD + HLI group were comparable
to those of the 2 μg BD group. This is an interesting point for future consideration given the high costs and incompletely understood (and at
times negative) effects associated with current supraphysiologic doses
of BMPs administered to human patients [23–26]. Furthermore, the
delivery hydrogel used here provides more prolonged growth factor
release kinetics than the clinical gold standard for rhBMP-2 delivery
(absorbable collagen sponge) [16,17], which may be important in
allowing for crosstalk between vascular growth processes and bone repair. In addition, given the wide variety of physiological processes that
BMP-2 has been implicated in, including blood vessel growth and remodeling [27,28], it is conceivable that in this speciﬁc model the

rhBMP-2 provided an additional indirect bone healing stimulus by
augmenting the vascular tissue response to ischemia. A better understanding of the coupling mechanisms involved in the model presented
here may produce new therapeutic strategies that would allow for
lower doses of rhBMP-2 to be used in humans without sacriﬁcing
efﬁcacy.
One potential explanation for the enhanced bone regeneration in
the BD + HLI group is a robust endogenous vascular response to
ischemia. While the HLI surgical procedure was demonstrated to
effectively create an initial substantial reduction in perfusion of the
leg, it is understood from other work that this is a transient effect
due primarily to arteriogenic growth of collateral vessels in the limb
[20,21]. Murine models of HLI are widely used in the ﬁeld of vascular
biology and recovery from HLI induced by femoral artery ligation has
been shown to be background strain dependent in mice, ranging from
necrosis of the limb to restoration of perfusion within a few days [29].
In rat models of femoral artery ligation, restoration of resting perfusion appears to possess an intermediate recovery length, having
been reported at 5–7 days [30,31]. Deﬁcits in reserve blood ﬂow have
longer duration, extending beyond 14 days [31], and it is unknown
what inﬂuence a concomitant orthopaedic injury may have on the recovery time. As evidenced by the micro-CT angiography results, blood
vessel volume was not different between groups at week 12. One limitation of the micro-CT angiography technique (as with other angiography techniques), however, is an inability to distinguish between arterial
and venous supply, perhaps obscuring important insights regarding
vascular networks. Vessels with luminal diameters larger than 1 mm
are almost exclusively the femoral artery and vein (especially the latter).
This vessel size range exhibited signiﬁcantly different contributions to
vessel volume between groups (25% for BD, 1% for BD + HLI). The
fact that the femoral vessels were excised in the BD + HLI group, yet
no differences in total blood vessel volume were observed, may suggest
increased arterial blood supply to the thigh in this group. The increases
in vessel volume, connectivity, number of vessels, and decrease in
vessel separation in each group compared to contralateral controls is
an expected wound healing response. Whereas the BD + HLI group

416

B.A. Uhrig et al. / Bone 55 (2013) 410–417

exhibited a decrease in mean vessel lumen diameter compared to contralateral controls, the BD group actually exhibited an increase. This
may be indicative of vasodilation of vessels in this group or some degree
of arteriogenesis. Importantly, the results presented here provide only a
single snapshot of post-injury blood vessel growth and remodeling at
the week 12 end point, and do not preclude additional differences at
earlier time points. Ongoing experiments are studying vessel networks
early in the healing process in order to provide additional insight into
the transient response characteristics and to better interpret these
results.
Post-injury vascular growth in this model likely occurs through a
combination of angiogenesis and arteriogenesis. Angiogenesis is understood to be an essential component to the bone healing processes [4,5].
Previous work has demonstrated the role of hypoxia inducible transcription factor-1α (HIF-1α), an angiogenic transcription factor under
inhibitory control in normoxic conditions, in coupling angiogenesis
and osteogenesis during bone repair primarily through a VEGFmediated mode of action [32,33]. The HLI surgery may affect tissue
oxygen tension which would implicate a role for HIF-1α and VEGF in
the results observed here. Endogenous VEGF is known to be essential
in both intramembranous and endochondral bone healing processes,
and delivery of exogenous VEGF has been shown to improve fracture
and bone defect repair [6]. VEGF may also up-regulate BMP-2 expression in vascular tissues via paracrine signaling [34,35] or act through
direct binding with osteoblast VEGF receptors [36,37].
Arteriogenesis offers a viable additional, if not alternative, method of
augmented post-injury vascular growth. In small animal models of HLI,
the upper leg is thought to primarily undergo arteriogenic growth of collateral arteries due to increased shear stress experienced by arterioles as
they attempt to compensate for greater blood ﬂow demands, whereas
the lower leg primarily experiences angiogenesis in response to hypoxia
[38]. This would seem to imply that although new vessel formation in
the bone defect may be due to angiogenesis, arteriogenesis may be the
predominant vascular tissue growth process in our model; however, a direct role for arteriogenesis in bone repair is not yet well-deﬁned. In
agreement with this hypothesis, recent work from Morgan et al. demonstrated that the vascular growth associated with distraction osteogenesis is characterized by initial arteriogenic remodeling of vessels in
the surrounding skeletal muscle compartment with subsequent vessel
ingrowth to the regenerating distraction space [39].
It is also possible that HLI augments the gene expression, soluble
factor bioavailability, cellular populations mobilized to the injury
site and surrounding areas, or some combination thereof. In this
way, the endogenous vascular response to HLI may play more of an
indirect role in enhancing the bone repair process in the BD + HLI
group as opposed to exerting a direct inﬂuence. The extracellular matrix protein osteopontin is signiﬁcantly up-regulated in response to
HLI [40], plays a deﬁnitive role in collateral vessel development and
recovery from ischemia [41], and is involved in regulating several aspects of fracture healing [42]. Other growth factors associated with
arteriogenesis such as platelet derived growth factor, transforming
growth factor-β, and ﬁbroblast growth factor-2 [43], have also been
implicated in bone regeneration [44], and provide additional means
of molecular cross-talk in these processes. At a cellular level, monocyte/macrophage invasion plays a signiﬁcant role in collateral vessel
growth following arterial occlusion [45]. Arteriogenic macrophages
have been reported to be of an M2/wound-healing phenotype [46],
and macrophages may possess a capacity for osteoinductive signaling
through BMP-2 secretion [47]. Through such mechanisms, activation
or mobilization of an augmented macrophage population due to concomitant HLI may have had downstream effects on bone repair in our
model. Vascular smooth muscle cells (SMC) also play a critical cellular
role in arteriogenic vessel remodeling, with phenotypic changes
and proliferation initiating early in the process [38]. Additionally,
SMCs are considered at least partially responsible for vascular tissue
calciﬁcation [48], potentially in a process also involving macrophages

[48,49]. Pericytes, which are more commonly associated with the
microvessels, may also play some role in the bone regeneration
results observed here as a perivascular source of osteoprogenitor cells
[50–52].
Consideration should also be given to the role that the surrounding
skeletal muscle envelope plays in this model, given that at the very least
it is the site of extensive vascular growth and remodeling. In related
work, our group recently demonstrated that volumetric muscle loss
attenuated rhBMP-2-mediated segmental bone defect repair in a rat
model of composite bone and skeletal muscle injury [53]. This effect is
thought to be at least partially attributable to diminished vascular
growth, but may also involve reduced availability of skeletal muscle resident osteoprogenitor cells and cytokines/growth factors involved in
transmitting the necessary signaling cascades—factors that could also
be affected by HLI.
To our knowledge, the work here is the ﬁrst to combine segmental
bone defect repair with concomitant vascular injury. Two previously
published models have investigated fracture healing in combination
with an ischemic injury. Lu et al. found that ischemia induced by femoral artery resection impaired healing of murine tibial fractures, with
reduced blood vessels in and around ischemic leg fractures [12]. Kase
et al. reported no differences in rat tibial fracture healing when acute
ischemia/reperfusion was incorporated via tourniquet and microvascular clip application/removal [11]. The disparity in results from those
two studies is most likely attributable to the varying degrees of ischemia induced. The model of Lu et al. is most similar to our own, with
the inverse bone repair ﬁndings perhaps resulting from the location
of orthopaedic injury, and the implications this would have on the
relevant vascular growth processes. In our model, the bone defect is
adjacent to the vascular injury by design in order to mimic a localized
injury, whereas in the model of Lu et al., the fracture is further downstream of the vascular injury, perhaps producing a more hypoxic environment. The other confounding factor between the models is the
rhBMP-2 delivery included here. Interestingly, in a follow-up study,
Lu et al. found that delivery of rhBMP-7 improved ischemic fracture
healing and was associated with increased tissue vascularity [54].
Overall, our results did not validate our original hypothesis and
suggest that this model does not recapitulate complications associated
with vascular compromised clinical bone healing. This is most likely
due to differences in scale of human patients versus small animal
models, and the observation that the rat HLI injury induced a robust
vascular response and only transient limb ischemia. However, the unexpected results of this study are important as they shed further light on
the complex interactions between bone healing and vascular tissue
growth. Future work to improve understanding of the underlying
mechanisms could provide useful insight to exploit this interaction
and guide development of novel therapeutic strategies for challenging
clinical bone healing scenarios.
Conclusions
Bone repair is intimately linked to vascular growth and remodeling
processes. Here we describe a novel model of composite tissue trauma
combining a segmental bone defect with concomitant vascular injury.
Contrary to our original hypothesis, our results demonstrated that the recovery response to HLI signiﬁcantly enhanced BMP-2-mediated segmental bone defect repair in this model. Despite a robust neovascular
response in the thigh of the group with HLI, differences were not observed
between groups for bone defect blood vessel volume and morphology.
These results suggest additional mechanisms of interaction beyond the
direct vascular response, perhaps inclusive of augmented cellular exchange, gene expression, soluble factor availability, or some combination
thereof. In sum, the work presented here provides additional complexity
to the relationship between vascular tissues and bone healing, and a better understanding of the associated coupling mechanisms may reveal important new strategies for promoting bone healing.
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