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Stereological analysis of subchondral angiogenesis induced by chitosan and
coagulation factors in microdrilled articular cartilage defects
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Objective: Cartilage repair elicited by bone marrow stimulation can be enhanced by a chitosan-glycerol
phosphate (GP)/blood implant, through mechanisms involving therapeutic inflammatory angiogenesis.
The implant is formed by in situ coagulation, which can be accelerated by adding coagulation factors. We
hypothesized that coagulation factors enhance acute subchondral angiogenesis in repairing drilled
defects.
Design: Full-thickness cartilage defects were created bilaterally in 12 skeletally mature rabbit knee
trochlea, microdrilled, then allowed to bleed as a control (N ¼ 6) or treated with chitosan-GP/blood
implant (N ¼ 6), or implant solidified with thrombin (IIa), tissue factor (TF) with recombinant human
factor VIIa (rhFVIIa), or rhFVIIa alone (N ¼ 4 each condition). At 3 weeks post-operative, quantitative
stereology was used to obtain blood vessel length (LV), surface (SV), and volume (VV) density at systematic
depths in two microdrill holes per defect. Collagen type I, type II and glycosaminoglycan (GAG) percent
stain in non-mineralized repair tissue were analysed by histomorphometry.
Results: All drill holes were healing, and showed a depth-dependent increase in granulation tissue blood
vessel density (Lv, Sv, and Vv, P < 0.005). Residual chitosan implant locally suppressed blood vessel
ingrowth into the granulation tissue, whereas holes completely cleared of chitosan amplified angio-
genesis vs microdrill-only (P ¼ 0.049), an effect enhanced by IIa. Chitosan implant suppressed strong Col-
I, Col-II, and GAG accumulation that occurred spontaneously in drill-only bone defects (P < 0.005) and
coagulation factors did not alter this effect.
Conclusions: Subchondral angiogenesis is promoted by chitosan implant clearance. Chitosan implant
treatment suppresses fibrocartilage scar tissue formation, and promotes bone remodeling, which allows
more blood vessel migration and woven bone repair towards the cartilage lesion area.

� 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

In wound repair, damaged tissue becomes infiltrated with a
blood clot scaffold that supports the ingrowth of immune cells and
progenitor cells for the next stages of inflammation: granulation
tissue formation, angiogenesis, and remodeling, followed by new
tissue formation (reviewed in1,2). Bone marrow stimulation tech-
niques for articular cartilage repair, such as microfracture and
microdrilling, have been developed to create access channels be-
tween the cartilage lesion and subchondral bone cells3e5.
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Residency and adhesion of the blood clot to bone at the base of the
cartilage lesion is believed to be an important factor for good
repair5. To improve the wound repair response to marrow stimu-
lation, a stabilized blood clot implant was previously developed
using a mixture of liquid chitosan, glycerol phosphate (GP) and
autologous blood (chitosan-GP/blood)6e8. The mixture gels and
clots in situ over the microfracture holes, adheres better to the
defect, and elicits a more hyaline repair thanmicrofracture-alone in
animal models6. The beneficial effects of the chitosan/blood
implant were previously tied to increased subchondral angiogen-
esis at the early stages of microfracture repair7e9, but the role of
early angiogenesis is still not fully understood.

Angiogenesis is the growth of new blood vessels (BVs) from
existing vessels10. Acute angiogenesis is commonly required for
tissue regeneration and repair, since stem cells and stromal cells
ublished by Elsevier Ltd. All rights reserved.
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Table I
Experimental design of the in vivo cartilage repair study 21 days post-operative in
NZW Rabbits

Group* Number of animalsy Treated knee Control knee

1 Female, N ¼ 2;
Male, N ¼ 2

Implant with
rhFVIIax

Chitosan-GP/blood
implant-only

2az Female, N ¼ 1;
Male N ¼ 1

Implant with
TF þ rhFVIIak

Chitosan-GP/blood
implant-only

2b Female, N ¼ 1;
Male, N ¼ 1

Implant with
TF þ rhFVIIak

Drilled defect only

3 Female, N ¼ 3;
Male, N ¼ 1

Implant with
thrombin{

Drilled defect only

* Groups 1 and 2a used implant “mini-kits” (500 mL chitosan-GP þ 1.5 mL whole
blood) due to bilateral implant treatment, while groups 2b and 3 used the implant
volume employed in the clinic (1.5 mL chitosan-GP þ 4.5 mL whole blood) and
unilateral implant treatment.

y Alternating left-right full-thickness cartilage defects were treated as follows:
N¼ 6 drill-only, or drilling with N¼ 6 implant, or N¼ 4 implantþ coagulation factor
(rhFVIIa, TFþrhFVIIa, or thrombin).

z This group originally had N ¼ 2 females but 1 had an unscheduled death at 13
days post-op and was removed from the analysis, leaving N ¼ 1 female.

x 10 mg/mL (200 nM) rhFVIIa pre-mixed with whole blood prior to combining
with chitosan-GP.

k 3 mL of a mixture of 500 ng/mL TFþ 5 mg/mL (100 nM) rhFVIIa pre-loaded on the
drill defect prior to applying chitosan-GP, w60s delay.

{ 3 mL of 15 or 45 U/mL thrombin pre-loaded on the drill defect prior to applying
chitosan-GP, w60s delay.
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need a constant nutrient and oxygen supply to proliferate, migrate,
and survive10,11. In a subchondral bone wound, granulation tissue
will form along with the spontaneous appearance of chondrogenic
foci12,13. When chondrogenic foci arise in the trabecular bone, they
form a callus that proceeds to ossify into endochondral bone. When
they arise at the level of the bone plate, chondrogenic foci are the
precursor structures of hyaline articular cartilage repair8,9,12,13.
Because woven bone repair is promoted by angiogenesis9, treat-
ments that stimulate acute angiogenesis in a bone marrow stimu-
lation defect may help displace the formation of chondrogenic foci
to the bone plate area12, and improve the osteochondral cartilage
repair response.

Coagulation factors are known to promote angiogenesis, cell
chemotaxis and cell proliferation in vitro14e17. Furthermore,
thrombin (IIa), tissue factor (TF), and recombinant human factor
VIIa (rhFVIIa) were shown to accelerate in situ coagulation of the
chitosan-GP/blood implant over microdrilled cartilage defects in a
rabbit cartilage repair model18. However the effect of coagulation
factors on early angiogenesis in marrow stimulation repair is un-
known. The purpose of this study was to investigate the influence
of coagulation factors and chitosan-GP/blood implant, in early
osteochondral repair. We tested the hypothesis that coagulation
factors increase chitosan-based angiogenesis at 3 weeks post-
operative in rabbit microdrill holes, when drill-only holes are
starting to form subchondral chondrogenic foci, and chitosan-
treated holes are still in the angiogenic phase8.

Another goal of this study was to use stereology measures to
elucidate angiogenesis mechanisms in subchondral drill holes.
Stereology is a mathematical method to estimate densities of 3D
structures in a matrix with only its 2D representation8,19e21. The
referential matrix in this case, consists in microscopic drill hole
granulation tissue images in histological sections19,21e23, from
which one may analyse BV length density (LV, mm length of vessels
per mm3

field), surface density (SV, mm2 vessel perimeter per mm3

field, or per mm3 BV) and volume density (VV, mm3 area of vessels
per mm3

field). To account for an anisotropic shape of the repairing
drill hole, a depth-wise sampling of the repair tissue in the middle
of each hole was used to analyse the ingrowth of BVs into the
repairing bone defect.

Materials and methods

Materials and implant generation

Purified human IIa (T4393, SigmaeAldrich, ON, Canada), was
reconstituted at 100 U/mL, stored as frozen aliquots and diluted to
15 or 45 U/mL the day of surgery, TF (Innovin�, Product No. B4212-
50, Dade/Cedarlane, Mississauga, ON, Canada), was reconstituted in
2cc sterile Water For Injection, WFI, and rhFVIIa (Novonordisk,
Copenhagen, Denmark) was reconstituted in WFI at 500 mg/mL and
stored at �80 �C until the day of surgery. TF with rhFVIIa was
prepared by mixing 100 mL Innovin� with 5 mL 500 mg/mL rhFVIIa.
Sterile 500 mM disodium b-GP/50 mM HCl pH 7.1 (GP: Lots
CG5790601A1, CG5790606A) and certified autoclave-sterile 2.1%w/
w chitosan-HCl solutions (pH 6.0, 81.0% and 81.7% DDA chitosan,
dynamic viscosity 1,100e1,410 mPa-s, medical-grade, Lots
CG3020602B, CG3020603A, CG3020612A) were from Biosyntech,
Laval QC, Canada, now Piramal Healthcare, Laval QC, Canada.
Chitosan-GP solutions were prepared in a sterile vial containing
three or six depyrogenized stainless steel mixing beads the day of
surgery, by combining 0.4 mL chitosan-HCl and 0.1 mL GP (“mini-
kit”, for rabbits with bilateral implant treatment, see Groups 1 and
2a, Table I), or 1.2 mL chitosan and 0.3 mL GP. Mini-kits were used
for bilateral implants to minimize intra-operative whole blood
collected from the rabbit. After trochlear defects were drilled,
sterile autologous whole rabbit blood drawn intra-operatively for
each implant was mixed at a 3:1 v/v ratio with chitosan-GP by
manual shaking for 10 s, as described18.

In vivo articular bone marrow stimulation rabbit model

All protocols involving animals were approved by institutional
ethics committees, and analysed five test conditions in four groups
of skeletally mature animals (12 New Zealand White rabbit retired
breeders, up to 24 months old and one 7 month-old naive spare,
4.5 � 0.7 kg, male and female, Table I). During the study, one rabbit
(a female retired breeder w24 months old) had an unscheduled
death at 13 days post-operatively. Macroscopic necropsy did not
reveal any anatomical cause for death. Histopathology of kidney, GI
tract, liver, spleen, and lung was reviewed by an independent
pathologist at Université de Montréal, who concluded that he could
not identify any microscopic finding that could explain the death of
the animal. This rabbit was replaced by the spare rabbit, for N ¼ 12
rabbits total (see Table I). As previously described18, rabbits were
anesthetized and given small knee arthrotomies one at a time, to
create bilateral 3.5 mm� 4 mm full-thickness cartilage defects that
were microdrilled (six 0.5 mm proximal, two 0.9 mm diameter
distal hole bone defects), then left to bleed (controls, N ¼ 6) or
treated by in situ coagulation of w25 mL liquid chitosan-GP/blood
implant over the drill defect (N ¼ 6) or applied in combination
with a coagulation factor pre-applied to the defect surface [3 mL IIa,
N ¼ 4, Fig. 1(C)], (3 mL Innovin�þrhFVIIa, N ¼ 4), or chitosan-GP
combined with whole blood containing 200 nM rhFVIIa (N ¼ 4)19

(see Table I). Knees were closed in three sutured layers, bupre-
norphine administered for 3 days (post-operative pain manage-
ment) and rabbits allowed immediate unrestrained cage activity. At
21 days post-operative rabbits were euthanized under anaesthesia.
All knee joints were verified as free of exudates or infection at
necropsy.

Histology

Femur ends were fixed in 4% paraformaldehyde/0.1% glutaral-
dehyde/100 mM cacodylate pH 7.2, decalcified in 0.5 N HCl/0.1%



Fig. 1. Articular cartilage repair model before and after coagulation factor-enhanced implant delivery. In this example, (A) a full-thickness cartilage defect was created in the rabbit
knee trochlea by debriding into the calcified layer, after which (B) microdrill holes (6 proximal 0.5 mm diameter, and 2 distal 0.9 mm diameter) were created under constant
irrigation with isotonic saline and finally (C) a IIa-chitosan-GP/blood implant was added and solidified over the microdrilled defect.
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paraformaldehyde, post-fixed for 2e3 days, trimmed transversely
through the defect, equilibrated in sucrose, and embedded in
Tissue-Tek OCT compound (Cedarlane, Hornby, ON, Canada). After
generating the histological cryosections, it was discovered that the
small proximal holes were only partly captured in many sections.
Thus only cryosections collected through the middle of the two
0.9 mm drill holes were used (Fig. 1). Immunohistochemistry was
performed with anti-collagen type I monoclonal I-8H5 (MAB6616,
Abnova, Walnut, CA, USA) and anti-collagen type II monoclonal II-
II6B3 (Developmental Studies Hybridoma Bank, DSHB, Iowa, USA),
with biotinylated anti-mouse secondary antibody and ABC-AP red
substrate detection (Vector/Cedarlane, Mississauga, ON, Canada)
and light haematoxylin counterstain. Sections were also stained
with Safranin O/fast green/Weigert iron haematoxylin and Gomori
Trichrome24.

BV stereology

Gomori-stained slides were blinded and 40� magnification
digital images were systematically acquired at up to four specific
depths in the middle of each drill hole using a calibrated histo-
morphometric software (Northern Eclipse, Empix, Mississauga,
ON, Canada). The drill hole edges and central axis were defined for
each hole. Top-down measures used the surface of the granulation
tissue as a reference line [Fig. 2(A), left schematic], to acquire
images at 0.0 mm, 0.5 mm, 1.0 mm and 1.5 mm deep, excluding
images that occurred in bone. This Top-down method slightly dif-
fers from a previous study where the projected tidemark was the
top reference line and images were acquired at 0.5, 1.25 and
2.0 mmwithin the drill hole towards the bone8. Because most BVs
were observed at the base of the repairing microdrill holes, a
second method was tested: Bottom-up, which places the reference
line at the base of the hole [Fig. 2(A), right schematic], and acquires
images at 100 mm from the bottom, and at 0.5 mm intervals
towards the surface [i.e., at 0.1, 0.6, 1.1, 1.6 mm, Fig. 2(A)].
BV were scored when at least a few erythrocytes were present and
enclosed in a defined structure of endothelial cells. Infrequent
vessel structures missing erythrocytes were not taken in consid-
eration (<2% of the total vessels scored), nor were clusters of
erythrocytes clearly dissociated from endothelial cells. To quantify
LV (mm/mm3; vessels/mm2), the number of BV cross-sections
(QBV) in the image was counted, excluding vessels that crossed
the two “forbidden lines”, in a total image area of 0.041 mm2

[Fig. 2(B)], then the equation LV ¼ 2*QBV/(total area)19,22 was
applied. For VV (mm3/mm3), a 5.97 mm � 5.97 mm grid with 1,200
total points (PT) was applied on each image. All points (grid
intersections) overlapping the BV (PBV) were counted to obtain
VV ¼ PBV/PT19,22[Fig. 2(C)]. For BV surface density, SV (mm2/mm3;
surface/mm) two approaches were used: Castello’s method (SVC),
where the granulation tissue matrix is the reference volume23, and
Griffith’s method (SVG), where the BV volume is the reference
volume19. For SV, a grid with 30 horizontal lines, 0.233 mm long
at 5.97 mm spacing was randomly placed on the image [Fig. 2(D)],
and all intersections between the lines and the BV endothelial
cell perimeter were quantified (IBV). Since a horizontal line
grid is used, the IBV is multiplied by 2 (2*IBV). Therefore
SVC¼ 2*IBV/(total length)23, with granulation tissue represented by
total length ¼ 0.233 mm � 30, the number of grid lines. SVG
(mm2 BV/mm3 BV) employs the same 2*IBV value but divided by all
points inside of BVs (PBV) times the distance between grid points
(d) [Fig. 2(C)], and SVG ¼ 2*IBV/(d*PBV)19. Note that the average SVG
per hole was calculated strictly from fields that contained at least
one BV, which resulted in missing values for some Top-down
measures with no BVs at the surface [square 1, Fig. 2(A)].

Histomorphometric analysis of repair tissue collagen type II,
collagen type I and GAG content

Blinded sections were used to analyse drill hole soft tissue cross-
sectional area and percent Safranin O (SafO), Collagen type I (Col-I)
and type II (Col-II) staining by threshold analysis with the HSV color
system7. Soft tissue within each hole was cropped from digital
images using Northern Eclipse calibrated software to obtain total
area (TA, mm2) by training the threshold on all colours, then the
thresholds adjusted to total pink and red-stained area (TS), using
thresholds for Col-II Hue[30; 205] and Saturation[35; 255]; for Col-I
Hue[0; 220] and Saturation[30; 255] and for SafO Hue[20; 210] and
Saturation[50; 255]. Percent stained areawas obtained according to
% stain ¼ (TS)/TA (%)25. Hole depth was quantified in Gomori-
stained sections, using calibrated line measures in the middle of
the hole that spanned from the surface of the granulation tissue to
new bone at the base of the defect.



Fig. 2. Stereological analysis of BVs. Depth measurements and image acquisition within the drill hole tissue (A) for the Top-Down method (red) and the Bottom-Up method (blue);
BV quantification in an example 40� magnification digital image showing measures of (B) the number of BV cross-sections (QBV) to calculate LV (black arrows; forbidden lines and
excluded BV in red), (C) the grid intersections (points) contained in BV (white dots, PBV) to calculate VV and also used as the reference volume to calculate SV by Griffith’s method,
and (D) the number of intersections between the test lines and the BV wall (black crosses, IBV) to calculate both Castello’s and Griffith’s SV.
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Statistical analysis

A repeated measures Analysis of the Variance (ANOVA) model
was used to evaluate the effect of treatment condition on depth-
wise angiogenesis and matrix deposition. The computations were
donewith the Statistica software version 10 (Statsoft Inc., Tulsa, OK,
USA). Knees in different treatment conditions came from different
rabbits (Table I). Therefore the knees were defined as the statistical
units26. The response variables LV, VV, SVC and SVG were analysed
using three factors: treatment condition, drill hole, depth level.
Treatment condition is a between factor, set at five levels (drill-
only; implant-only, implant with rhFVIIa, implant with TFþrhFVIIa,
implant with IIa, N ¼ 4 or N ¼ 6). The other two factors are within
factors: holes at two levels (medial, lateral), depth level at three
levels (0, 0.5, and 1.0 mm from the reference line). To evaluate the
effects of the three factors on each of the response variables, a
repeated measures analysis of variance model was used. Factors
treatment condition and hole were not significant, but depth was
significant. To investigate why the clearly angiogenic implant-
treated holes were not giving significantly higher BV features, we
performed a second ANOVA, to test the hypothesis that residual
chitosan implant suppresses angiogenesis locally. Because implant
deposits were found to occur at discrete levels in the holes (mainly
at the top), and some histology fields in a given hole overlapped
with residual implant and others did not, we performed these an-
alyses using histology field as the statistical unit, with VV measures
at three depths (0, 0.5, 1.0 from the surface) and two conditions
(residual implant: yes/no) as between-effect factors, to observe the
effect of residual implant, in treated defects-only. Differences in VV
were also analysed for histology fields taken at three depths from
the surface (0, 0.5, 1.0) for only those implant-treated drill holes
completely cleared of chitosan particles vs drill-only as the two
conditions.We also analysed themean LV, VV, SV (up to 1.5 mm from
the surface), the soft tissue % stain (Col-I, Col-II, SafO), the hole
cross-sectional area and the residual hole depth, and using
repeated analysis of variance model with treatment condition as a
between factor and hole as the repeated measure. All analyses were
completed with a post-hoc Tukey HSD test to analyse differences.
The study design assumes that the observed outcomes are inde-
pendent of animal, knee (left-right), age, and sex (male-female).
The usual assumptions of a repeated measure analysis of variance
model: constancy of variance, normality of residuals, Mauchley
Sphericity test of compound symmetry (intraclass coefficient) were
all checked and proved to be satisfied. A P-value of 0.05 or smaller
was considered statistically significant. Confidence intervals were
also computed.

Results

Macroscopic observations of knees and microdrilled cartilage defect
appearance

Marrow stimulation surgery and arthrotomy, with or without
implant, elicited sterile inflammation as shown by soft tissue par-
apatellar swelling at 1 week post-operative in roughly half the
operated knees, that persisted in 30% of drill-only, and 50% of
implant-treated knees (�coagulation factors) at 21 days post-
operative, without signs of infection. At necropsy, almost all con-
trol drill holes were filled with a white repair tissue while most
treated drill holes were filled with either a red or dull white-grey
repair tissue. The macroscopic “reddish” appearance coincided
with the presence of large BVs at the base of the hole in the his-
tology sections, while white repair tissues had abundant extracel-
lular matrix at the top of the hole (Fig. 3).



Fig. 3. Macroscopic defect appearance and corresponding microscopic features. Image at necropsy of the cartilage defect in a representative control sample (drill-only, AeE) and a
treated sample (chitosan implant with rhFVIIa, FeJ) and the corresponding histology of the two distal holes (Gomori trichrome stain, SafraninO/Fast Green stain; or pink collagen
immunostain as indicated). Big BVs (red arrows) and low collagen seen on the histologic sections give the reddish colour to the repair tissue at necropsy.
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BV stereology revealed depth-dependent angiogenesis and implant
effects

Top-down stereology measures revealed a strong depth-
dependent increase in angiogenic vessels in all healing drill holes,
for all BV features, LV, VV, SVC and SVG [P < 0.005, Fig. 4(A1-D1)]. At
1 mm deep in the hole, soft tissues contained w60 to 120 BV/mm2

that occupied 8e24% of the tissue volume [LV, VV, Fig. 4(A1eB1)].
Towards the surface of the hole, BVs were smaller, and provided a
lower surface area [P < 0.005, SVG, SVC, Fig. 4(C1eD1)]. Altogether,
these data illustrate clearly the anisotropic BV growth in the
microdrilled hole from the base of the hole towards the surface and
indicate the location of larger vessels deeper in the holes. Coagu-
lation factors approximately doubled VV and SVC at 0.5 mm deep vs
controls, but the effect was not significant with N ¼ 4 vs N ¼ 6

The Bottom-up method produced more variation in the data for
each condition, compared to the Top-downmethod [Fig. 4(A2eD2)].
These measures slightly farther down in the hole showed a depth-
dependent increase for VV, SVC and SVG [P < 0.05, Fig. 4(B2eD2)],
but not for LV. The analysis also revealed a significant interaction of
treatment condition and depth, for VV, SVC and SVG (P ¼ 0.040,
P¼ 0.049, P¼ 0.010, respectively), related to bigger BVs in implant-
treated vs drill-only repair tissues, formeasures collected at 0.6mm
from the base of the drill hole [Fig. 4(B2eD2)]. Vessels elicited by
implant allow a higher blood inflow in the granulation tissue in
comparison to microdrilling-alone.

The mean Top-down stereology measures showed a similar LV
(w70/mm2) for all treatment conditions [Fig. 5(A)]. Compared to
drill-only, coagulation factor implants elicited w3-fold higher
mean VV, a higher surface area (i.e., branching, SVC), and w30%
lower surface-to-volume ratio (i.e., bigger vessels, SVG), [Fig. 5(Be
D)]. These data agreed with macroscopic evidence of angiogenesis
[Fig. 2(A)], but the differences were not significant.

In closer inspection of the histology, we noticed that some
implant-treated drill holes contained focal areas with residual
chitosan particles flanked by neutrophils, and few BVs. Stratifying
VV measures for residual chitosan particles revealed that residual
implant significantly suppressed angiogenesis locally [P ¼ 0.027,
Fig. 6(A)]. Treated drill holes completely cleared of chitosan parti-
cles had a significantly higher BV volume compared to drill-only
holes, particularly at 1 mm deep [P ¼ 0.049, Fig. 6(B)].
Chitosan implant delays collagen type II and GAG deposition in
healing drill holes

All bone defects were healing, as the average soft tissue areawas
smaller than the initial defect area (w3.6 mm2) and shallower than
the initial depth (w3e4 mm) [Fig. 7(A)]. The average hole depth
ranged from w1.7 to 2.0 mm (drill-only, rhFVIIa-implant,
TFþrhFVIIa-implant), 2.3 mm (implant), and 2.6 mm [IIa-implant,
Fig. 7(A)]. IIa-implant-treated drill holes had the largest cross-
sectional area and deepest holes, of all treatment groups
[Fig. 7(A)]. These data were consistent with a previous report that
IIa-chitosan implant induces transient osteoclast activity at the
edges of the drill hole27.

In all defects treated with chitosan implant, only traces of GAG
and Col-II were found, whereas defects that were only microdrilled
had about 20% of the tissue area on the histological sections stained
positively for both GAG and Col-II [P < 0.005 and P < 0.0005
respectively drill-only vs all implant conditions, Fig. 7(BeC)]. For
Col-I deposition, the mean percent Col-I for the drill-only group
was about twice higher than the other treatment conditions, and
the addition of coagulation factors to the implant did not alter these
results [Fig. 7(D)]. GAG and Col-II mixed with Col-I consist of
fibrocartilage, therefore fibrocartilage formationwas suppressed by
the use of chitosan implant irrespective of the addition of coagu-
lation factor. Accumulation of Col-I and Col-II in the matrix of
control holes around 0.5 mm from the surface was mutually
exclusive of BV growth in this area (Fig. 8). In addition, the lack of
bone plate remodeling in control defects and poor lateral integra-
tion of fibrocartilage with the bone plate seems to prevent
ingrowth of vessels from trabeculae at the bone plate level. The
collective data in this study are consistent with a model where
smaller BV form less frequently at the surface of the repair tissue,
due to build-up of fibrocartilage and lack of bone plate integration
(drill-only), or to residual implant near the surface of the defect,
whose clearance amplifies the angiogenic response (schematic,
Fig. 9).

Discussion

This study reports the novel finding of spatial guidance of BVs
towards the surface of repairing microdrill holes in a model of bone
marrow stimulation-based articular cartilage repair. Prior analyses



Fig. 4. Depth-dependent angiogenesis in repairing microdrill holes at 3 weeks post-operative with and without implant and coagulation factors. Two stereological approaches were
used to analyse four BV stereology features: Top-down (A1-D1) and Bottom-up (A2-D2), for LV (A), VV (B), SVC (C) and SVG (D). Data are shown as the mean (marker), with the
uncertainty estimated by standard error (S.E., box) and 95% confidence intervals (C.I., whisker). P-values for depth, or significant effects of depth*condition are shown at the top of
each panel. Abbreviations: Drl (drill-only); Imp (implant-only) and implant with coagulation factors, rhFVIIa, TFþrhFVIIa, or IIa (as shown); SVC: Castello’s SV. SVG: Griffith’s SV.
Symbols: x (panel D.1) indicates that none of the histology images at the top of drill hole (0 mm) in drill-only defects had BVs and therefore there are no data for SVG at 0 mm, drill-
only. Only fields containing BVs were used to calculate Griffith’s SV and no value was attributed to fields without any BVs.
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of angiogenesis have been limited to mainly fracture repair, and
confined to qualitative observations or cross-sections of BVs in a
selected area28,29,30, which fall short of demonstrating spatial or
volume-dependent changes in angiogenesis. In this study, depth-
wise stereological measures revealed that the chitosan-GP/blood
implant promotes the formation of larger BVs in healing micro-
drill holes [Fig. 4], particularly after residual chitosan particles are
cleared [Fig. 6(B)]. The Top-down method is both quantitative and
reproducible, since the average LV results obtained are in the same
range as those obtained in a similar model at 21 days post-surgery8.
BV stereology standardizes the data, which permits direct com-
parison of the data to other studies.

BV VV can vary from 3% (brain tissues), 7% (nasal mucosa) to 29%
(placenta)21,31,32. Therefore, the 20% VV elicited by chitosan implant



Fig. 5.. Mean BV stereology features Lv (A), VV (B), SVC (C) and SVG (D) in repairing microdrill holes from the surface to 1.5 mm deep in the hole (Top-down approach). No significant
differences were found between conditions using a repeated measures ANOVA and Tukey HSD post-hoc analysis (N ¼ 4 or N ¼ 6). Data are shown as the mean (marker) with the
uncertainty estimated by S.E. (box) and 95% C.I. (whisker). Abbreviations: Drl (drill-only); Imp (implant-only) and implant with coagulation factors, rhFVIIa, TFþrhFVIIa, or IIa (as
shown); SVC: Castello’s Sv. SvG: Griffith’s SV.

C. Mathieu et al. / Osteoarthritis and Cartilage 21 (2013) 849e859 855
atw1 mm deep in many drill holes can be considered a very strong
angiogenic response [Figs. 4(B) & 6]. Thrombin peptide TP508 and
thrombin were previously shown to stimulate angiogenesis in
subcutaneous sites, and TP508 stimulated the formation of large
vessels in repairing bone fracture callus, but the actual vessel di-
mensions were not reported33,34. Due to low sample numbers used
in this study, specific effects of coagulation factor on drill hole
angiogenesis could not be demonstrated, although IIa-implant
treated defects were found to have the largest vessels, biggest
drill hole area, and less residual chitosan implant at 3 weeks post-
operative.

In other cartilage repair studies, chitosan has been designed as a
scaffold to promote chondrocyte cell adhesion, or as a carrier for
chondrogenic factors35e38. However, it may be unrealistic to expect
that chitosan can persist in vivo and also deliver a cargo to new
Fig. 6. Residual chitosan delays, and chitosan clearance amplifies, BV ingrowth into repair
individual histology fields significantly delay local ingrowth of BVs (represented by VV). Pan
versus drill-only control defects. Data are shown as the mean (marker) with the uncertaint
chondrocytes, given that subchondral chitosan delays angiogenesis
(Fig. 6) and chondrogenesis (Fig. 8)39 and also given that prolonged
chitosan residency can block cartilage repair40. Improved control
over chitosan localization, amount delivered, and the rate of
clearance from cartilage repair sites that connect with bone
marrow remain important challenges for future work.

Among the four stereology parameters analysed, VV best
revealed differences due to treatment condition, perhaps in part
due to the unbiased nature of point-counting. Stereology theoret-
ically assumes an isotropic structure, and uses random sampling
techniques to reduce bias19e22, but in the case of cartilage repair,
the biological processes of interest occur in an anisotropic granu-
lation tissue therefore traditional sampling techniques cannot be
applied. LV and SV parameters were partially biased by the aniso-
tropic orientation of BV growth from the vascular bone perimeter to
ing subchondral drill holes. Panel A shows that residual chitosan particles present in
el B shows that VV is significantly higher in drill holes completely cleared of chitosan
y estimated by S.E. (box) and 95% C.I. (whisker).



Fig. 7. Extracellular matrix deposition in repairing microdrill holes at 21 days post-operative. Chitosan implant suppressed collagen type II and GAG deposition, and diminished
collagen type I levels, and coagulation factors had no influence. (A) Hole depth and cross-sectional area. Mean Col-II (B) and GAG (C) were significantly lower in each implant-treated
condition compared to drill-only. Mean Col-1 levels (D) were lower in treated defects. Data are shown as the mean (marker), with the uncertainty estimated by S.E. (box) and 95%
C.I. (whiskers). Symbols: Horizontal arrows in Panel A indicate the approximate initial defect depth and cross-sectional area.
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the middle of the microdrilled hole. Applying cycloid lines22 can
further reduce bias in SV measures. We also collected measures in
the middle of the holes to minimize bias due to slight variations in
drill hole angle and sectioning plane. Other limitations in the
methodology were inherent to the wide variation in BV size. Small
capillaries were not visible at lower magnifications, which obliged
us to use 40� magnification images, and very large vessels crossed
the forbidden lines in some 40� magnification images, generating
Lv ¼ 0 and high VV for eight out of 166 measures, which has a very
low impact on the averaged data. Discrete 40� images sometimes
missed the largest BVs. Castello’s and Griffith’s SV methods provide
distinct information on angiogenic vessels: higher SVC values
Fig. 8. BV localisation and collagen type I and type II deposition. Histological images at the
B,D,F,H,J,L) in a representative control sample (drill-only) and a treated sample (chitosan i
tochemistry (Collagen type I and type II) stains. BVs are seen in regions with little collagen de
(AeF, treated) or below the foci (GeL, control).
suggest branching, while lower SVG values indicate a lower surface-
volume ratio thus bigger BVs and more tissue oxygenation in the
chosen reference volume. Future studies may findmore differences
in subchondral angiogenesis through VV and SVC or SVG, rather
than LV.

Fibrocartilage is a type of scar tissue found in non-union long
bone fractures that resists remodeling and does not naturally
proceed to hypertrophy and vascular invasion41. In large osteo-
chondral drill holes in young rabbit knees, rapid angiogenesis at 1
week post-operativewas previously found by Furokawa et al (1980)
to elicit abundant collagen deposition in the drill hole at 3 weeks
(w30% per dry weight collagen, and around twice as much Col-I as
surface of the soft repair tissue (10�, A,C,E,G,I,K) and at 0.4 mm from the surface (20x,
mplant with factor rhFVIIa) with histochemistry (Gomori trichrome) and immunohis-
position, whether it is type I or type II, and occurred either above the chondrogenic foci



Fig. 9. Schematic depicting angiogenesis into healing microdrill holes without and with chitosan-GP/blood implant treatment, and corresponding averaged BV stereology pa-
rameters for the drill holes in the three conditions: Drill holes from drill-only defects (N ¼ 12), implant-treated drill holes with residual chitosan deposits (N ¼ 14), and implant-
treated drill holes completely cleared of implant (N ¼ 22). Stereology parameters were averaged from three histology fields acquired at the surface, 0.5 mm and 1.0 mm deep in the
hole.
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Col-II)13,42. The delay of collagen type II deposition by chitosan
implant is highly reproducible8,9,12 (Fig. 7), and partly explains the
macroscopic red hue of the granulation tissue in the absence of
collagen accumulation. Suppression of fibrocartilage could be
considered a therapeutic response that permits other repair pro-
cesses to take place. Suppression of Col-II accompanied by large BVs
occurred more frequently, when initial chitosan residency18,43, was
followed by rapid chitosan clearance (Fig. 6). Thrombin is chemo-
tactic for neutrophils44, which degrade chitosan. Thrombin and
FVIIa also activate protease-activated receptors PAR1 and PAR2,
respectively45, which are found in platelets, bone lineage precursor
cells and stromal cells (reviewed in46). Bone remodeling, which is
enhanced by chitosan27, especially at the bone plate level39,43,47

(Fig. 8) also favours angiogenesis into the drill hole. Diffusion of
angiogenic factors from the synovial cavity could also partly explain
the anisotropic, depth-dependent BV LV, VV and SV.

Because IIa-chitosan-GP/blood implant elicits a more hyaline
repair tissue in microdrilled defects compared to surgical controls
at later repair periods27,48, higher subchondral angiogenesis at 3
weeks post-operative due to IIa could be an indicator of better
cartilage repair. But in a cortical fracture-repair model, higher
thrombin dosages stimulated too much angiogenesis and remod-
eling45. In this study, only a few coagulation factors, currently used
in clinical applications49e51, have been tested and at only one or
two concentrations. It seems obvious that angiogenesis is necessary
in microfracture and bone fracture repair52, if only to provide nu-
trients and gas exchange in the repairing tissue; but many factors
influence angiogenesis45, through mechanisms that are not yet
completely understood. Thus, it is necessary to improve our
knowledge of angiogenesis to be able to determine when it works
in favour of microfracture-based cartilage repair or when it can be
harmful. It is difficult to anticipate the appropriate biological factor
and dosage that could be applied to an acute, bleeding defect, to
stimulate an adequate cartilage repair, without the full under-
standing of the cross-talk between the various cellular and mo-
lecular players of tissue repair and angiogenesis2. This study shows
that purified thrombin has the potential to exert beneficial effects
at doses sufficient to promote rapid in situ clotting of the hybrid
clot18. For future studies it will be important to determine when
BVs should optimally regress, to restore the subchondral bone,
articular cartilage, and the tidemark.
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