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Abstract

The aim of this study is the histological characterisation of angiogenesis in a macroporous biomaterial with quantification
techniques used in oncology. Porous tricalcium phosphate implants were seated in the tibias of 12 rabbits. This work allows (1)
morphological study with photonic microscopy, transmission electron microscopic and immunohistochemistry labelling for (2)
quantification of vascularisation using anti-CD31 monoclonal antibody (3) quantification of proliferation using anti-PCNA
polyclonal antibody (4) study of two angiogenic growth factors: VEGF and FGF-2.

Quantification of angiogenesis revealed an outbreak kinetic with early vascular growth in first several days and a second growth
phase after 4 weeks. This study reveals in macropores many isolated cells without adjacent vascular lumen, with endothelial
phenotype. Expression of angiogenic growth factors reveals that all endothelial cells were VEGF-negative throughout the test
period. FGF-2 expression by endothelial cells began 2 weeks post-implantation. Osteoblasts strongly expressed two markers
throughout the test period.

Furthermore, the procedure described here can be used to compare angiogenesis in different biomaterials or in the same

biomaterial with the influence of macroporosities.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Vascularisation is essential to development, increase
and functioning of all tissue. This process, particularly
important in tissue repair, represents an essential
preliminary condition in osseous reconstruction. Tissue
injuries cause an inflammatory response whose intensity
depends on numerous parameters, especially the causa-
tive agent and the tissue involved. The implantation of
macroporous resorbable bone substitute biomaterials
also causes those lesions, and the nature of the local
tissue reaction induced determines the degree of
tolerance [1-3]. Vascular involvement occurs at every
stage of biomaterial/tissue interactions. Osteoconduc-
tion, and thus biomaterial substitution, depends on the
quality of the colonisation. Angiogenesis is an essential
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step in the colonisation of macroporous biomaterials
and during osteointegration. Capillaries bring osteopro-
genitor cells and the nutriments that are required for
their growth. They transport especially numerous
angiogenic growth factors.

Few researchers have specifically studied angiogenesis
in osteo-implants [4-10]. Neovascularisation in macro-
porous biomaterials implanted in osseous tissue devel-
oped from the medullary and periosteal vascular
network in a centripetal direction [4]. Macroporous
biomaterial consists of a framework in microvessel
development. Vascular increase necessarily preceded
osseous elaboration [9]. If impact of growth factors on
vascularisation is now well known, their rules in
capillaries development of macropores is unclear. King
et al. [7] showed the interest of VEGF in endothelial cell
growth in polymer contact.

The aim of this study is to highlight the mechanisms
of vascular development in biomaterial macropores. We
studied the blood vessels that colonised a macroporous
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ceramic biomaterial, tricalcium phosphate, implanted in
rabbit tibias by adapting analytic methods used in
oncology [11-15]. Vascularisation developed in the
macropores of the biomaterial was studied and quanti-
fied with morphological techniques using histology on
paraffin-embedded tissue and transmission electron
microscopic (TEM). The proliferation and expression
of angiogenic substances was then evaluated at the
molecular level using immunohistochemical techniques.

2. Materials and methods
2.1. Animals

Twelve adult male New Zealand rabbits of the same
age were distributed into four identical groups corre-
sponding to four implantation periods (D15, D30, D45
and D60). We chose short periods because angiogenesis
begins as soon as the biomaterial is implanted. The
animals were kept in individual cages with appropriate
temperature, ventilation, and hygrometric conditions in
compliance with laboratory animal welfare regulations.

2.2. Biomaterial

A porous pure synthetic resorbable ceramic composed
of f-tricalcium phosphate (TCP) (Calciresorb, Ceraver
Osteal™) with a macroporosity of 45% was used. The
implants were 20mm in length and 6 mm in diameter.
The macropores were 100400 um in diameter.

2.3. Biomaterial implantation

The biomaterial was implanted using the technique
described by Lambotte et al. [16]. The rabbits were
anaesthetised with intramuscularly injected Ketalar®.
The lateral surfaces of the right and left knees were
shaved. Local intradermal and subcutaneous anaesthe-
sia was accomplished using Xylocaine®™. Lateral, long-
itudinal incisions were made in the metaphyseal zone. A
6-mm diameter bit was used to bore the implantation
sites. The implants were inserted and securely anchored.

2.4. Bone sample removal

The rabbits were euthanised on days 15, 30, 45, and
60. The tibias were dissected and removed. Transverse
sections 1cm above and below the implant sites were
performed. Longitudinal sections through the centres of
the implants were also cut.

2.5. Immunohistochemistry

The two bone samples from the right tibias were fixed
in 10% formaldehyde for 24 h and then demineralised in

5% nitric acid for 6h. They were rinsed, refixed in
formaldehyde for 24h, and demineralised again for
4-6 h. They were then embedded in paraffin and cut into
4-5-um-thick sections. One section was stained with
hematoxylin—eosin—safranine (HES). Four sections were
placed on silanised slides for the immunohistochemical
techniques. After removing the paraffin, the sections
were rehydrated, placed in a citrate solution (pH 6), and
heated in a microwave oven for three 5-min treatments.
Endogenous peroxidases were inhibited with hydrogen
peroxide, and biotin was inhibited using an endogenous
avidin/biotin blocking kit (ZYMED®). Immunodetec-
tion of antigens was performed using the streptavidine/
biotin/peroxidase technique (LSAB kit, DAKO™). All
the primary antibodies were incubated for 30 min at
room temperature: (i) anti-CD31 (JC/70A monoclonal
antibody, DAKO®™) diluted 1/20, (ii) anti-PCNA (5A10
monoclonal antibody, IMMUNOTECH®™) diluted
1/250, (ii1) anti-VEGF (monoclonal antibody, SANTA
CRUZ™) diluted 1/200, and (iv) anti-FGF-2 (polyclonal
antibody, SANTA CRUZ™) diluted 1/400.

After counterstaining with Mayer’s haematoxylin, the
sections were mounted in glycergel (DAKO®™). Positive
(a muscle sample rich in blood vessels for CD31 and
FGF-2 and a liver sample for VEGF) and negative
controls (primary antibody replaced by buffer) were
included with each reaction.

2.6. Transmission electron microscopy

Sections from the left tibias were placed on binocular
magnifying glass. One-mm-square blocks of biomaterial
were removed from the biomaterial/bone interface and
fixed in 2.5% glutaraldehyde for 10h at 4°C. They were
rinsed in 0.2 M cacodylate buffer and demineralised for
30min in 5% nitric acid. The blocks were post-fixed in
osmic acid for 1h at 4°C, placed in agarose, and
dehydrated in graded alcohol baths. The blocks were
then embedded in epon/propylene oxide, which was left
to polymerise for 12h at room temperature. The
embedded blocks were incubated for 48 h at 60°C. Thin
and semi-thin (0.15um) sections were cut and stained
with uranyl acetate for 30min and lead citrate for
15 min.

2.7. FEvaluation of angiogenesis

2.7.1. Morphological analysis

The HES-stained sections were examined using a light
microscope. The uranyl acetate/lead citrate-stained
sections were examined using a transmission electron
microscope in order to localise endothelial cells.

2.7.2. Quantification of vascularisation
CD31 is a cell adhesion molecule that is strongly
expressed by endothelial cells. The CD31-labelled and
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HES-stained sections were examined using a microscope
connected to a computer equipped with image analysis
software (Histolab, MICROVISION®™) that allowed
semi-automatic measurements to be taken. To limit
counting bias, we calculated densities and areas on
complete implant sections. The counts of the total
number of vessels and vascular sections were done on
immunolabelled sections. A vessel was defined as any
structure that was immunolabelled with the anti-CD31
antibody, whether or not a recognisable lumen could be
seen. A vascular section was defined as a vessel with a
recognisable lumen. HES-stained sections were used for
the measurements of total vascular surface and average
vascular perimeters and diameters.

2.7.3. Quantification of vascular proliferation

Given that endothelial cells proliferate slowly, we
selected PCNA as a proliferation marker since it has a
long half-life. While all proliferating cells express
PCNA, we only counted endothelial cells. The total
number of labelled endothelial cells with respect to the
total number of endothelial cells was assessed at a
magnification of 400. The entire biomaterial surface was
examined on each section and the result was expressed
as a percentage of labelled cells.

2.7.4. FEvaluation of angiogenic factors

Expression of VEGF and FGF-2 by the various cell
types was evaluated qualitatively as a function of
sampling day.

3. Results
3.1. Morphological analysis

Progressive colonisation from the periphery to the
centre of the macropores of the biomaterial could be
seen on the HES-stained slides from D15 to D60. The
TCP was gradually replaced by bone tissue over the
same period. On D15, osteoformation and highly
vascularised connective tissue could be seen in the most
peripheral macropores (Fig. 1). The capillaries were
small and surrounded by turgid endothelial cells.
Osteoblasts formed a palisade-like border at the
periphery of the macropores. On D30, the capillaries
were larger in size (Fig. 2) and by D60, almost all the
pores were colonised.

The TEM examination revealed that the morphology
of the endothelial cells bordering the capillaries was
normal and that their cytoplasm contained numerous
organites (Fig. 3). Weibel-Pallade bodies were not
observed. Isolated elongated cells were also observed
in a collagen matrix devoid of vascular lumen (Fig. 4).

Fig. 1. Colonisation of a macropore on D30: large capillary at the
centre of the pore (%), mineralised bone replacing the biomaterial
along the border of a macropore (HES, x 400).
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Fig. 2. Detail of a macropore on D60: endothelial cell nuclei (—),

osteoblasts bordering a macropore (V) (HES, x 1000).
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Fig. 3. Isolated endothelial cell on D15 in connective tissue with no
identifiable vascular lumen (TEM, x 4000).

3.2. Quantification of vascularisation

The results are shown in Table 1. Vascularisation was
quantified using CD31-labelled sections (Fig.5). The
biomaterial surface that was replaced by organic tissue
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Fig. 4. Endothelial cell on D60 bordering a vessel containing
erythrocytes (TEM, X 6700).

increased over time. It represented an average of 3.7% of
the total surface on D15, and 38.5% on D60. Vessels
made up 5.5% on average of the organic tissue colonising
the macropores. Vascular density (D/A) decreased over
time. Fewer vascular sections and vessels were seen at
D30 than D15, but increased at D45 and D60 (Fig. 6).
C — D, which corresponds to vascular structures devoid
of lumen, decreased over time (averages: D15=17%;
D30=12.8%; D45=5%; D60=2.8%). Average vascular
diameters and perimeters had a similar progression and
were greatest at D30 (Fig. 7).

3.3. Quantification of vascular proliferation

The results are shown in Table 1 and are based on
nuclei labelling (Fig. 8). The overall average for the
expression of proliferation markers was 7.8% (8% at
D15, 8.7% at D30, 8% at D45, and 6.7% at D60).

3.4. Evaluation of angiogenesis factors

The endothelial cells did not express the VEGF
marker, while intense, diffuse cytoplasmic labelling
was seen in almost all the osteoblasts bordering the
TCP macropores on all sampling days (Fig. 9).

The endothelial cells did not express FGF-2 marker
on D15. On D30 and D60, labelling in the most
peripheral macropores could be seen in a few cells
(Fig. 10). The osteoblasts bordering the TCP macro-
pores strongly expressed FGF-2 on all sampling days.

4. Discussion

We chose the rabbit model because it has been widely
used in studies on osteo-integrated biomaterial implants
[10,16-22]. Tricalcium phosphate ceramic, which is
commonly used as a bone substitute, was implanted in

Table 1

Results of morphological analysis

PCNA

Average
(%)

D/A Average

D=total
number of
vascular

total

C=

B/A

total
vascular surface

B=
(mm?)

A=

Total implant

surface

(mm?)

Duration of

vascular

vascular
diameter
(pm)

(sections/mm?)

(%)

number of
vessels

(%)

biomaterial
surface

implantation

(days)

perimeter
(nm)
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sections

colonised (mm?)

9.1

63.9

15.5

212
249
188

13

187
217

215
267
201

59
8.7
5.0
6.2

7.3

0.052

0.88
0.87
0.86
1.45
1.21
1.04
2.31
4.47
3.69
8.63
8.69
8.26

234

15
15
15
30
30
30
45

9.7
5.2

17.6 72.7
13

15
27.9

18.7

0.062
0.038

22.9
23

61.1

108

19.4

162
109

111

75

15.5

129
129
132
250
399
296
617
607
557

0.090
0.089

19

5.7
7.3

180.7

132

51.3

92
115

101

13.9

22.8

26.2

120
233
374
287
612
587
533

5.9
3.8
43

0.062
0.088

23.1

18.9 74 9.7

20.9

6.8
5.2

27.5

84.6
97

113

83
78
71

0.093

28.2

45

8.2
10

23.2

2.4
6.9

4.9

0.090
0.60
0.47
0.43

26.9

45

30.0
28

0.8

223

60
60
60

10

4.3

111.4

107

3

67
64

33
4.4

23.8

5.7

26

5.7

20.4

12
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Fig. 5. CD31-immunolabelled endothelial cells bordering two vascular
sections ( x 1000).
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Fig. 6. Change in the average number of vessels and vascular sections.

both tibias of the rabbits to ensure a sufficient amount
of material for both the immunohistochemical and
electron microscopic studies. This bioactive, biocompa-
tible, osteoconductive biomaterial has already been
characterised in detail.

4.1. Morphological evaluation

TCP implants that we used present a size between 100
and 400 pum. Their size allows the colonisation by

Micrometers
40

20 +

DIs D30 D4s D60

Days
Diameter
Micrometers
160
120
80 +
40 +
0 t t t
DIs D30 D4s D60
Days
Perimeter

Fig. 7. Change in average vascular diameters and perimeters.

v &

Fig. 8. PCNA-immunolabelled endothelial cell (—) and osteoblast
(V) nuclei ( x 1000).

neovessels. The interconnection of these pores leads to
the emergence of a vascular anastomotic network. The
biomaterial is gradually degraded with an accompany-
ing enlargement of the macropores [23], which contain
numerous vascular sections [5]. Osteoformation can be
seen within 2 weeks of implantation [24], and practically
all the pores of the biomaterial are colonised within 2
months [25]. The morphological results indicating a
progressive replacement of TCP by bone tissue were in
agreement with those reported in the literature.

4.2. Vascularisation quantification

In oncology, high microvessel density is frequently
associated with a poor prognosis. The techniques used
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Fig. 9. Unlabelled (VEGF) endothelial cells (¥), VEGF-immunola-
belled osteoblasts bordering a pore ( x 400).

i

.

Fig. 10. Detail of the FGF-2-immunolabelled cytoplasm of an
endothelial cell on D45 ( x 1000).

in oncology have never been tested with inflammatory
pathologies, especially for evaluating biomaterial con-
tact angiogenesis. In 1972, before the advent of
immunohistochemical techniques, Brem et al. [26]
emphasised the limits of solely using morphological
examinations to count the number of vessels. This was
confirmed by our study since a larger number of vessels
were detected on CD31-labelled sections than on HES-
stained sections. This is even more evident during the
early stages of angiogenesis.

The total vascular surface represented a small
percentage (2.4-8.7%) of the tissue colonising the pores.
The percentage remained constant throughout the
experimental period, indicating that vessel growth
matched that of the other cells colonising the pores.
The number of vascular sections was lowest at D30, but
the average vascular diameter and perimeter increased
substantially, resulting in larger capillaries in the pores.
The decrease in average vascular diameter and perimeter
at D45 combined with a large increase in the number of
vascular sections indicated that a second phase of

0 J

o )

D15 D30 D45

Fig. 11. Evolution of vascular outgrowth.

vascular outgrowth from existing capillaries occurred
after D30 and continued until D60 (insertion of Fig. 11).

The fusion of capillary sprouts to form vessels with
larger lumen during angiogenesis has been described
previously [27,28]. However, our results must be
interpreted with care because of the small number of
samples.

There is a close relationship between the intimacy of
bone apposition and the adjacent vascular surface
during growth [29]. By analogy, an identical mechanism
may be a work in macroporous biomaterials. The
quality of vascularisation in terms of density and surface
area would thus be a good indicator of osteointegration.
Other results provide additional support for this
hypothesis. For example, Ohgushi et al. [30] have
reported that cell reactions in the pores of macroporous
ceramics differ depending on the nature of the ceramic.
A recent histological study looked at cell reactions
around two biomaterials (aluminium calcium phosphate
and hydroxyapatite) implanted subcutanecously and
intraperitoneally in rats [31]. The authors observed a
difference in vascular density between the two bioma-
terials.

4.3. Vascular development in macropores

New blood vessels in implant macropores grow from
the vessels at the biomaterial interface. It has also been
shown that apparently isolated cells migrate into
connective tissue [27]. These microvessels, which are
devoid of lumen, are not always easy to identify on
histological sections, which is why immunohistochem-
ical techniques are so important. Immunolabelling with
CD31 reveals with accuracy the development of the
vascular network. This labelling identifies not only the
vessels with a lumen, which are visible on standard
stainings, but also some isolated cellular elements,
particularly in early stages (D15 and D30). The isolated
cells with an endothelial-like morphology expressed CD-
31 and FGF-2, but not VEGF, which is the immuno-
histochemical phenotype of endothelial cells. These
isolated progenitor cells are also revealed in our TEM
observations. Most likely these isolated cells migrate
from adjacent newly formed vessels in order to lead to
the formation of other vessels. Thus, it is necessary to
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modify their adhesion ability, may be in GAP junction.
Their role in the control of angiogenesis has been
demonstrated [32].

Very few ultrastructural studies of endothelial cells
involved in angiogenesis have been published. However,
Mompeo et al. [33] have reported the presence of
isolated, migrating endothelial cells in the tissues of
diabetic patients. The morphology of the endothelial
cells was modified during this pathological angiogenesis
process. We observed no apparent morphological
modifications of vessels and endothelial cells by TEM
from D15 to D60. Care must be used in interpreting this
result given the small number of samples examined and
the changes induced by the demineralisation. Further-
more, a morphological study, even at the ultrastructural
level, is insufficient to identify endothelial cells with
certainty [34]. As was the case with the histological
sections, we observed cells by TEM that had the
morphological properties of endothelial cells. However,
they were limited to the collagen matrix and did not
border the vascular lumen. These cells corresponded to
the migrating cells in the connective tissue.

Some authors have suggested that osteoblasts arise
from the differentiation of vascular cells [35]. In a recent
study on pulp vascularisation, Carlile et al. [36] showed
that pericytes migrate from vessels and modify their
morphology to resemble fibroblasts. An analysis of the
literature and our results showed that isolated, me-
senchymal cells with a vascular phenotype can migrate
from vessels and, depending on various stimuli and the
cell microenvironment, can differentiate into osteopro-
genitor or endothelial cells.

4.4. Vascular proliferation

Very few studies in the fields of inflammatory
pathologies and biomaterial implantation have looked
at proliferation markers. Hagerty et al. [37] used
proliferation markers to evaluate cell proliferation
around a biomaterial implanted in rats. On our sections,
the labelling was clearly discernable and the background
(non-specific labelling) was insignificant to non-existent.
PCNA, however, is not specific to a single cell type so all
proliferating cells are labelled. While proliferating
osteoblasts were easily identifiable, and were thus not
included in the cells counts, fibroblasts and endothelial
cells were more difficult to differentiate, especially when
there was no visible vascular lumen. The cell counts
showed that the percentage of proliferating endothelial
cells labelled with anti-PCNA remained relatively
constant over time and never exceeded an average of
9%. This can be used as a reference for comparing the
results obtained with other biomaterials in order to
determine which architectural and chemical properties
influence vascular proliferation. Angiogenesis markers

have already been evaluated using tissues from numer-
ous human tumour and non-tumour pathologies.

4.5. Angiogenic growth factor

VEGF is considered the driving force behind the
angiogenesis process [38]. It acts in conjunction with
FGF-2 in the proliferation and migration phases of
endothelial cells [39]. Numerous cell types express
VEGF and FGF-2 [40-42], including osteoblasts and
certain inflammatory cells. Studies using FGF-2 must be
conducted with care since only endothelial cells (positive
and negative) must be counted. The stimulation of
endothelial cells by angiogenic factors is an extremely
complex phenomenon. Certain authors consider FGF-2
the main angiogenic factor in capillaries [43]. The fact
that the endothelial cells were not labelled at D15
suggests that the expression of FGF-2 was delayed. We
observed strong neovascularisation between D15 and
D30. This strong growth may have been due to FGF-2,
which comes into play mainly 15 days post-implanta-
tion. Osteoblasts express constant, high levels of VGEF,
which are FGF-2 and dose-dependent [44]. In our study,
the endothelial cells did not express FGF-2 during the
first 15 days post-implantation, which suggests that
osteoblasts are the main source of angiogenic factors in
the early phase of angiogenesis. Many growth factors
demonstrate pro-angiogenic activity, and a number of
reports have indicated that it would be useful to use
them in conjunction with biomaterials to improve
osteointegration. TGF-B1 [45] and IGF1 [46], which
are known pro-angiogenic factors, have both been
shown to enhance bone growth in TCP implants.
However, Bland et al. [47] have reported that FGF-2
has no positive impact on fracture repair in rabbits, and
so further testing is required.

5. Conclusion

The understanding of angiogenesis mechanisms in
macropores needs a better characterisation of osteointe-
gration in macroporous biomaterials.

As far as this biomaterial, frequently used in
orthopaedic surgery, is concerned, this study makes it
possible to define the mechanisms of capillary develop-
ment in macropores. Quantification of angiogenesis
revealed an outbreak kinetic with early vascular growth
in first several days and a second growth phase after 4
weeks with fusion of vascular buds. Isolated cells with
endothelial phenotype have been highlighted. The
migration mechanisms of these cells and their role in
angiogenesis and osteogenesis still have to be defined
more accurately. Lastly, the role of angiogenic growth
factors in the colonisation of macroporosities has been
demonstrated.
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In this, a range of morphological and molecular
evaluations that combine histological, immunohisto-
chemical, and electron microscopic techniques make it
possible not only to better characterise angiogenesis in
resorbable macroporous biomaterial bone substitutes.
These techniques also make it possible to evaluate the
effect of porosity on angiogenesis but also to compare
biomaterials and evaluate the impact of angiogenesis on
osteointegration. Lastly, angiogenic growth factors and
their impact on the speed and quality of bone
substitution must be studied.
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