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Summary

Objective: We have previously described angiogenesis at the osteochondral junction and in synovium of knees from patients with osteoarthritis
(OA), but little is known about how closely animal models of OA resemble human disease with respect to vascular growth. This study aimed to
characterise two animal models of knee OA with particular respect to osteochondral and synovial angiogenesis.

Method: We examined the spontaneous DunkineHartley (DH) guinea pig and medial meniscal transection (MNX) rat models of OA. Vessels
at the osteochondral junction and in the synovium were identified by lectin immunohistochemistry and quantified by computer-assisted image
analysis. Disease severity was assessed using a scoring system.

Results: Blood vessels crossed the osteochondral junction in juvenile rats and guinea pigs, with higher densities in the lateral than medial tibial
plateau, the number decreasing with maturation in the absence of other OA changes. In the rat model, increased vascular density was ob-
served both at the osteochondral junction and in the synovium, whilst osteochondral vascularity in control rats decreased with maturation,
OA rats showed a persistence of blood vessels at the osteochondral junction. In rat synovium, blood vessel fractional area was increased
in the hypertrophied synovium 14 days after surgery, then decreased to control levels by day 28. Significant differences in vascularity
were not observed between affected (medial) and spared (lateral) compartments of guinea pig knees.

Conclusion: The rat meniscal transection model of OA reproducibly displays both osteochondral and synovial angiogenesis comparable to our
previous observations in human knee OA. DH guinea pigs, by contrast, display low vascularity throughout their protracted course of OA de-
velopment. Changes in vascularisation occur early during the development of OA in the rat, and may contribute to the pathogenesis of OA.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

It is widely thought that osteoarthritis (OA) is primarily a dis-
order of the cartilage with associated subchondral changes.
However, this view is held in question and it has been hy-
pothesised that the primary disorder is in the subchondral
vasculature with secondary changes in the cartilage1. Nor-
mal adult human articular cartilage is believed to be avascu-
lar2. Vascularisation of the articular cartilage and of
osteophytes is characteristic of the pathology of OA3. Previ-
ous studies, including those by our group, have indicated
that the progression of OA might be facilitated by growth
of blood vessels from the subchondral bone into the carti-
lage, osteochondral angiogenesis4. Blood vessels breach
the tidemark in proximal tibial articular cartilages from pa-
tients with OA. Furthermore, the growth of osteophytes at
the joint margin occurs when cartilaginous extensions of

the articular surface become invaded by blood vessels,
and bone extends from the subchondral structures5.

Vascular growth is also increased in synovium from pa-
tients with knee OA, where it is associated with chronic
synovitis6. Synovial angiogenesis in man results in a redistri-
bution of blood vessels away from the synovial surface, with
increased vascular densities in the deeper synovium. Vas-
cular rarefaction at the synovial surface may contribute to
articular hypoxia, and angiogenesis also may further facili-
tate synovitis.

Much has been learnt about the characteristics of both
angiogenesis and inflammation in human OA, reviewed re-
cently7. However, osteochondral samples are rarely avail-
able from patients with early OA due to ethical
limitations8. Thus, we have recourse to animal models of
OA to help understand the pathological role of angiogene-
sis. Numerous animal models of OA have been reviewed
recently9. These have been developed principally with the
pathology of the cartilage in mind. This study aimed to char-
acterise two models of OA with particular respect to syno-
vial and osteochondral angiogenesis, and to determine
the sequence of vascularisation in relation to other aspects
of OA pathology. We therefore examined two well charac-
terised models, the DunkineHartley (DH) guinea pig model
of spontaneous OA10,11, and OA induced in Lewis rats by
meniscal transection12e14.
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Methods

DH GUINEA PIGS

Animals were supplied by David Hall, Newchurch, Staf-
fordshire, UK. Right knees were obtained from DH guinea
pigs aged 3, 6, 9, and 12 months (n¼ 6 at each time point).

INDUCTION OF OA IN LEWIS RATS BY MENISCAL

TRANSECTION

All in vivo procedures were carried out in accordance to
the UK Animals (Scientific Procedures) Act 1986. Male
Lewis rats (Harlan, Bicester, UK), aged 11e12 weeks at
surgery were housed three per cage in standard conditions,
with unlimited access to food and water. One-hour prior and
12, 24, and 36 h after surgery, the rats received a dose of
Cefalexin antibiotic and subcutaneous analgesia prior to
and up to 48 h post surgery.

OA was induced by medial meniscal transection (MNX)
as previously described14. Briefly, animals were anaesthe-
tised (Isofluorane), the left leg was shaved and surgically
prepped with pevidine scrub (National Vet Supplies, UK;
814714), then wiped with a pevidine antiseptic solution (Na-
tional Vet Supplies; 844032). The medial collateral ligament
was exposed by cautery of the connective tissue and mus-
cle layers and part removed to uncover the meniscus. The
joint space was visualised and the meniscus cut through the
full thickness at its narrowest point.

The synovium and muscle layer were closed with 8-0
braided suture. The connective tissue layer was then closed
in the same manner and the skin was closed using 5-0
braided suture.

For control tissues, medial collateral ligament transection
without meniscal transection (SHAM) surgery was performed.

Animals were euthanased at 7, 14, and 28 days post sur-
gery, with a 1 ml i.p. injection of euthatal (Merial Animal
Health Ltd, Harlow, Essex, UK). In addition, knees were re-
moved from Na€ıve littermates at day 0. Six rats were used
for each group at each time point.

HISTOLOGY

For each animal, skin was removed and the tibiofemoral
joints were isolated by cutting mid femur and tibia. The intact
joints were preserved in 10% neutral buffered formalin for
48e72 h and subsequently decalcified for 24e36 h in rapid
decalcification fluid (Surgipath decalcifier II e Surgipath
Europe Ltd, Peterborough, UK). Trimmed joint tissues
were processed by standard histological techniques and
mounted in wax blocks for sectioning. Coronal sections
(5 mm) were taken through the midpoint of the joint and
stained with either Haematoxylin and eosin (H/E), Toluidine
blue or Safranin O.

LECTIN IMMUNOHISTOCHEMISTRY

Lectin immunohistochemistry was performed in order to
identify endothelial cells using Griffonia simplicifolia lectin-1
(GS-1) as previously described15,16. Briefly, after neuramin-
idase digestion the sections were incubated with lectin
GS-1 (L1100) used at a dilution of 1:6000 in (N-(2-hydroxy-
ethyl)piperazine-N 0-(2-ethanesulfonic acid); 4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid) (HEPES) buffer pH
7.5 overnight at 4�C in a moist chamber. The lectin was de-
tected using goat anti-lectin (AS 2104) followed by
biotinylated rabbit anti-goat (BA 5000) antibodies and

avidinealkaline phosphatase or avidineperoxidase biotin
complexes (all Vector Laboratories, Burlington, CA, USA).
Alkaline phosphatase was visualised using Fast Red�
and peroxidase using Fast Diaminobenzidene� (both
Sigma, Poole, UK). Preparations were mounted in Aqua-
mount� and DePeX�, respectively.

QUANTIFICATION

Osteochondral vascular density was determined by
counting the number of blood vessels crossing the osteo-
chondral junction in the rat and guinea pig, along the entire
medial or lateral tibial plateau of the mid-coronal section.

Synovial area and blood vessel fractional area were
quantified using a Zeiss KS300 image analysis system
with the 20� objective lens of a Zeiss Axiophot microscope.
One section per case and four fields per section were quan-
tified as previously determined17. The area of interest quan-
tified in the synovium was determined as two adjacent
microscopic fields each, proximal and distal to the coronal
midline of the lateral or medial tibiofemoral compartment
of the joint (i.e., four microscopic fields per measurement).

The rat and guinea pig sections were scored semi-
quantitatively for osteophytes on the basis of their size.
0¼ none, 1¼ small, 2¼medium, 3¼ large.

Rat cartilage damage was determined by the method of
Janusz et al.14 on a scale of 0e5. Guinea pig cartilage dam-
age was determined by the slightly more sensitive method
of Heubner et al.18 on a scale of 0e8, to take account of
the fact that only one animal at any time point had a score
of more than 4 out of 8 (equivalent to 1 out of 5 by the
method of Janusz et al.).

Synovial inflammation was scored according to the thick-
ness of the synovial lining layer and synovial cellularity in
the medial or lateral tibiofemoral compartment, as

0 Lining cell layer 1e2 cells thick.
1 Lining cell layer 3e5 cells thick.
2 Lining cell layer 6e8 cells thick and/or mild increase in

cellularity.
3 Lining cell layer >9 cells thick and/or severe increase in

cellularity.

Measurements were made blinded to diagnostic group or
surgical procedure, and with sections in random order.

ANALYSIS

For rats, comparisons were made for the medial tibial pla-
teau or medial tibiofemoral synovia between Operated,
SHAM and Na€ıve animals. For guinea pigs, comparisons
were made between the affected (medial) and spared (lat-
eral) tibial plateaux or tibiofemoral synovia. Data were ana-
lysed using SPSS v.11 (SPSS Inc., Chicago, IL, USA);
ManneWhitney test was used for comparisons between
groups and associations are reported as Spearman’s rank
correlation coefficients. A two-tailed P< 0.05 was taken to
indicate statistical significance.

Results

DH GUINEA PIGS

Histological changes in guinea pig knees are shown in
Fig. 1(A) and (B). At 9 months some animals displayed dis-
ruption of the articular surface, reduced chondrocyte den-
sity in the superficial articular cartilage and osteophyte

62 P. I. Mapp et al.: Angiogenesis in animal models of OA



formation. Lesions in the articular surface of the medial tibial
plateaux were greater than in the lateral tibial plateaux in
both 9- and 12-month-old animals [z¼�2.99, P¼ 0.002
and z¼�2.6, P¼ 0.009, respectively, Fig. 2(A) and (B)].
Lesion scores increased with increasing age in the medial
tibiofemoral compartment (r¼ 0.8, P< 0.001), but not in
the lateral tibiofemoral compartment (r¼ 0.2, P¼ 0.32).

Osteophytes were observed in the medial tibiofemoral
compartment of some animals from 3 months and in the lat-
eral compartment from 6 months [Fig. 2(B)]. Osteophyte
scores were greater in the medial than lateral compartment
in 9-month-old animals (z¼�2.2, P¼ 0.04). Osteophyte
scores increased with increasing age in the medial tibio-
femoral compartment (r¼ 0.5, P¼ 0.014), but not in the
lateral tibiofemoral compartment (r¼ 0.22, P¼ 0.28).

There was little or no synovial inflammation (grade� 1)
in most (21 of 24) animals. However, in three of 24 animals
inflammation was seen in the synovium; these knees also
displayed osteophytes [Figs. 1(B) and 2(C)]. No significant
difference in synovial inflammation grade was observed be-
tween medial and lateral tibiofemoral compartments.

Channels crossing the tidemark into the non-calcified car-
tilage contained cellular structures that bound GS-1 lectin,
indicating that they were of endothelial origin [Fig. 3(A)
and (B)]. Osteochondral vascular densities were greater in
the lateral as compared to the medial tibial plateaux both

in 3- and 6-month-old animals [Fig. 4(A), z¼�2.75,
P¼ 0.04 and z¼�2.9, P¼ 0.02, respectively].

In the synovium [Fig. 5(A) and (B)] there was an overall
increase in the synovial area with time but the blood vessel
fractional area remained constant. Significant differences
were not observed between the medial and lateral tibiofe-
moral compartments in terms of total synovial area or frac-
tional area of the synovium occupied by blood vessels.

RAT MENISCAL TRANSECTION MODEL

The features characteristic of OA in the rat model, loss of
surface integrity, loss of chondrocytes and developing os-
teophytes, increased with time in the medial but not lateral
tibial plateaux of MNX and not in SHAM knees [Fig. 1(C)
and (D)]. Medial OA articular cartilage lesion scores were
higher in MNX than in SHAM and Na€ıve knees, and did
not differ between SHAM and Na€ıve knees [Fig. 2(D)].
The medial tibial osteophyte score increased with time in
MNX knees. MNX knee osteophyte scores were signifi-
cantly higher than Na€ıve (Mean¼ 0.08) and SHAM knees
at 14 and 28 days [Fig. 2(E)]. Discrete tidemarks were rarely
observed in the tibial articular cartilage of rats. Tidemarks
were absent in all of the Na€ıve knees and were only ob-
served in one of the six SHAM knees 28 days after opera-
tion. However, tidemarks were present in one of six MNX

Fig. 1. Microscopic histological changes in guinea pig and rat knees. (A) Lateral tibial plateau of a DH guinea pig at 9 months. Displaying
normal appearance comparable to that at 3 months. The articular surface is smooth and chondrocytes are homogenously distributed through-
out the articular cartilage. There is no inflammation in the synovium (asterisk). (B) Medial tibial plateau of a DH guinea pig at 9 months. Small
arrows indicate disruption of the articular surface and decreased superficial chondrocyte density. Ringed area shows a developing osteophyte
and the asterisk indicates the presence of inflammation in the synovium. (C) Lateral tibial plateau of a rat 28 days after MNX. The appearance
is normal. (D) Medial tibial plateau of a rat 28 days after MNX. Small arrows indicate disruption of the articular surface with a decrease
in chondrocyte density. Ringed area shows the formation of an osteophyte and the asterisk indicates the presence of inflammation in the

synovium. Staining, H/E. Scale bars¼ 200 mm.
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knees 7 days after operation, and in three of six knees each
14 and 28 days after operation.

Synovial inflammation was observed in rats with OA fol-
lowing meniscal transection, manifested as an increase in
synovial lining thickness and synovial hypercellularity

[Fig. 1(D)]. Synovial inflammation was significantly greater
in the medial tibiofemoral compartment of MNX knees
than Na€ıve knees at all time points [Fig. 2(F)]. This inflam-
matory response was seen in 14 of the 18 MNX knees,
but was infrequently observed in the SHAM knees (two of
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Fig. 2. Severity scores for the guinea pig (AeC) and rat (DeF) models of OA. (A) Lesion score. Articular cartilage lesion scores for the medial
tibiofemoral compartment were greater than those for the lateral side at 9 and 12 months (P¼ 0.002 and P¼ 0.009, respectively). (B) Osteo-
phyte score. Osteophyte scores for the medial tibiofemoral compartment were higher than those for the lateral compartment at 9 months
(P¼ 0.04). (C) Inflammation. Values for inflammation in the synovium were low and there were no significant differences between the medial
and lateral synovia at any time point. (D) Lesion score. Tibial medial cartilage lesion score increased with time post-operation in MNX knees
(r¼ 0.49, P¼ 0.04,) but not in SHAM knees (r¼�0.20, P¼ 0.42). Medial lesion scores were higher in MNX than Na€ıve knees 7 days after
operation (P¼ 0.04, 14 and 28 days, each P< 0.01) and were higher in MNX than in SHAM knees (7 days P¼ 0.009, 14 days P¼ 0.004, 28
days P¼ 0.002, asterisks). No significant differences were observed between Na€ıve and SHAM knees. (E) Osteophyte score. Medial tibial
osteophyte score increased with increasing time in MNX knees (r¼ 0.89, P< 0.01) but not SHAM knees (r¼�0.17, P¼ 0.5). MNX knee me-
dial osteophyte scores were higher than Na€ıve and SHAM scores at 14 and 28 days but not 7 days (from Na€ıve P¼ 0.008, P< 0.001 and
P¼ 0.69, respectively, from SHAM P¼ 0.03 P¼ 0.02 and P¼ 0.59, respectively). There was no significant difference between the medial os-
teophyte scores of SHAM and Na€ıve knees at each time point after operation. (F) Synovial inflammation grade. Based on a 0e3 inflammation
grade, synovial inflammation was greater in the MNX knees than Na€ıve knees at all time points (7 days P¼ 0.05, 14 and 28 days P< 0.01)

and SHAM knees at 14 and 28 days (7 days P¼ 0.40, 14 and 28 days P¼ 0.01). MNX: after MNX, SHAM: after SHAM operation.
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18 knees, both 7 days post-operation) and never in Na€ıve
knees.

Cartilage changes (including vascularisation) in rats fol-
lowing meniscal transection were more marked in the me-
dial rather than lateral tibial plateaux. Changes were
characterised by the development of channels within sub-
chondral bone of the medial tibial plateau, filled with an
eosinophilic matrix containing mononuclear cells and blood
vessels [Figs. 3(C) and 6(BeD)]. These occurred just below
the osteochondral junction at areas of cartilage surface
damage [Fig. 6(BeD)]. This phenomenon was not observed
in any of the Na€ıve knees and was infrequently seen in
SHAM knees (zero of six knees at 7 days, one of six knees
each at 14 and 28 days), and in lateral tibial plateaux

[Fig. 6(A)] (one channel in each of one of six knees at
day 7, day 14 and day 28. At 7 days after operation, few
vascular channels were seen in the medial tibial articular
cartilage of MNX knees (one of six knees) but by 14 and
28 days this phenomenon was observed in every knee.

Vascular channels breaching the osteochondral junction
were found in Na€ıve rats across the full length of both the
medial and lateral tibial plateaux. Osteochondral vessel
counts in the lateral tibial plateaux were higher than
those in the medial tibial plateaux (median¼ 20, interquar-
tile range (IQR)¼ 14 to 24 and median¼ 11, IQR¼ 7 to
14, respectively P¼ 0.01). Osteochondral vessel counts
decreased with maturation in medial tibial plateaux of
SHAM-operated knees (r¼�0.5, P¼ 0.05), but not in

Fig. 3. Blood vessels at the osteochondral junction in a 9-month-old DH guinea pig (A and B) and a Wistar rat 28 days after meniscal tran-
section (C). (A) Autofluorescence of the bone at the osteochondral junction, showing bone surrounding the base of a vascular channel
(asterisk). Zeiss filter set 10, excitation 450e490 nm, emission 515e565 nm. (B) Positive staining with Griffonia simplicifolia lectin-1 (brown
peroxidase reaction product) of a vascular channel crossing the osteochondral junction (arrow). Nine-month-old guinea pig. (C) Positive stain-
ing with Griffonia simplicifolia lectin-1(red fluorescent alkaline phosphatase reaction product) of a vascular channel crossing the osteochondral

junction (arrow). Rat 28 days after MNX, Zeiss filter set 00, excitation 530e580 nm, emission 615 nm. Scale bars¼ 100 mm.
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Fig. 4. Blood vessels at the osteochondral junction in guinea pig (A) and rat (B) models of OA. (A) In 3-month-old guinea pigs blood vessels
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values are also shown. MNX: after MNX, SHAM: after SHAM operation.
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MNX knees (r¼ 0.06, P> 0.05) [Fig. 4(B)]. Vascular densi-
ties in the medial tibial plateaux of MNX knees were greater
than in SHAM knees at 14 and 28 days [z¼�2.7,
P¼ 0.004 and z¼�2.8, P¼ 0.002, respectively, Fig. 4(B)].

The synovial area in the medial tibiofemoral compartment
of MNX knees was increased compared to SHAM knees at all
time points [Fig. 5(C)]. Vascular structures that bound GS-1
lectin were detected in the synovium of all animals (Fig. 7).
In Na€ıve and SHAM knees, vessels were predominantly of
small diameter and localised adjacent to the synovial surface
[Fig. 7(A)]. In MNX knees, vascular densities were increased
in the deeper layers of the synovium, despite regions of vas-
cular rarefaction at the synovial intima [Fig. 7(B)]. The medial
synovial blood vessel fraction area of MNX knees was in-
creased when compared to SHAM at 14 days, [Figs. 5(D)
and 7] and returned to normal by 28 days.

Discussion

We have found that rodent models of OA variably resem-
ble certain aspects of human disease. Angiogenesis is
a feature of OA in rats as well as in man, both at the osteo-
chondral junction and within the synovium. Vascularisation
of the articular cartilage and synovial angiogenesis are ap-
parent in the early stages of OA, and are associated with
loss of integrity of the articular cartilage, osteophyte forma-
tion and synovitis.

VASCULARITY IN THE NORMAL KNEE

We have found a similar distribution of blood vessels in
normal rat and guinea pig knees to those previously de-
scribed in man19. Studies in man are complicated by lack
of available tissues that can confidently be ascribed to nor-
mal joints. An inconsistent relationship exists between
symptoms such as pain and pathological changes of OA
within the knee joint, such that the absence of symptoms
does not necessarily exclude early or mild OA20. OA in-
creases in prevalence with increasing age, becoming al-
most ubiquitous in elderly populations, such that
pathology cannot easily be distinguished from age-related
changes. Our findings indicate that in the normal knee
blood vessels are localised to subchondral bone and adja-
cent to the synovial surface.

Vascular channels breach the osteochondral junction in
normal rats and guinea pigs. Similar vascular channels ob-
served in the calcified cartilage of human knees obtained
from post mortem, and without clinical or other pathologi-
cal evidence of OA, may similarly represent normality.
We have found that these vascular channels occur at
higher density in the lateral than medial tibial plateaux of
both rats and guinea pigs. This emphasises the need for
appropriately matched control tissues in studies of osteo-
chondral vascularisation, and comparisons between mac-
roscopically normal and abnormal regions from the same
joint may lack validity. It is unclear whether the relative
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occupied by blood vessels. (B). The total area of medial and lateral synovium combined increased with the age of the animal (r¼ 0.75,
P < 0.005). (C) In the rat the total area of the medial synovium was greater in MNX (C) knees than in SHAM (;) knees at 7 days
(P¼ 0.05), 14 days (P¼ 0.002) and 28 days (P¼ 0.004). SHAM lateral (¤) synovial area was not different from MNX (,) lateral synovium.
Na€ıve medial (-) and lateral (:) synovial area values are also shown. (D) The blood vessel fractional area of the medial synovium was
increased in the MNX (C) knees compared to SHAM (;) knees at 14 days (P¼ 0.002) but returned to similar values as SHAM and Na€ıve

by 28 days. MNX: after MNX, SHAM: after SHAM operation.
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hypovascularity of medial as opposed to lateral tibial pla-
teaux contributes to the predilection that OA has for the
medial tibiofemoral compartment in guinea pigs, as indeed
it has in man.

Immature animals are often used in laboratory studies in
order to minimise the length of time that animals are
maintained in laboratory conditions. We found, as expected,
that osteochondral vascularity normally decreases during

Fig. 6. Wistar rat 28 days after MNX. (A) Lateral tibial plateau showing a smooth cartilage surface and lacunae in the bone filled with bone
marrow cells. Scale bar¼ 200 mm. (B) Medial tibial plateau showing disruption of the cartilage surface and underlying structure. Arrows indi-
cate lacunae in the bone marrow that are now filled with a qualitatively different tissue to that seen in the lateral tibial plateau, with the ap-
pearance of fibrovascular tissue. Scale bar ¼ 200 mm. (C) Disruption of the cartilage surface structure (small arrows). Large arrow
indicates deposition of eosinophilic matrix surrounded by cells. Scale bar¼ 100 mm. (D) A high power view of panel C. Dotted line indicates
the boundary between cartilage and bone. In addition to the matrix, what appear to be blood vessels containing erythrocytes are now clearly

seen within a vascular canal that breaches the osteochondral junction (arrows). Scale bar¼ 50 mm. H/E stains.

Fig. 7. Increased synovial vascularity in osteoarthritic rat synovium. (A) The vascularity of the medial synovium in a SHAM-operated animal at
14 days. Blood vessels are mostly in the intimal layer of the synovium. Arrowheads show the synovial surface. (B) The vascularity in the me-
dial synovium of a rat at 14 days after MNX. The intimal blood vessels in the synovium are further from the joint space. Blood vessels are also
distributed throughout the synovium leading to a measurable increase in vascular density despite areas of vascular rarefaction near the sy-
novial surface (asterisk). Arrowheads show the synovial surface. Immunohistochemical staining with Griffonia simplicifolia lectin-1 (red). Scale

bars¼ 100 mm.
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maturation in both rats and guinea pigs. Juvenile animals
are susceptible to OA, but quantitative changes in osteo-
chondral vascularity may be more easily demonstrated in
more mature animals whose tibial plateaux display smaller
numbers of vessels at baseline. Vascularisation of the juve-
nile articular cartilage may be a residuum from embryologi-
cal development, and may facilitate growth through
remodeling of the osteochondral junction. Neovascularisa-
tion of the osteoarthritic osteochondral junction appears to
recapitulate this immature phenotype.

COMPARABILITY OF RODENT MODELS AND HUMAN OA

Osteochondral vascular densities are increased in me-
dial tibial plateaux from patients undergoing arthroplasty
for OA. Both in man and rodents, blood vessels, mononu-
clear cells and extracellular matrix, occupy channels that
extend from subchondral bone into the articular cartilage21.
Increasing osteochondral vascularisation in man is associ-
ated with increased severity of OA cartilage changes, in-
cluding loss of surface integrity, loss of proteoglycan
staining and chondrocyte depletion22. Similar changes in
the articular cartilage were observed with increased osteo-
chondral vascularity in the rat meniscal transection model
of OA.

Replacement of subchondral marrow spaces with fibro-
vascular tissue following MNX in rats resembles that ob-
served in human OA. These fibrovascular spaces are
similar in appearance to channels that penetrate into the ar-
ticular cartilage and it is likely that they represent a part of
the same pathological process. Further work will be re-
quired to determine their contribution to the pathogenesis
of OA.

Human knee OA also is associated with chronic hist-
ological synovitis, characterised by synovial hyperplasia, in-
creased depth of the synovial lining layer and macrophage
infiltration23. Chronic synovitis in OA is consistent with
symptoms of joint stiffness and mildly raised systemic
markers of inflammation such as C-reactive protein24,25.
Histological evidences of chronic synovial inflammation
were noted both in rat and guinea pig models of OA, but
were more consistent and persistent in the rat model.
Some of this synovitis, particularly at early time points,
may be related to surgery, although persistent synovitis
was associated with developing OA rather than with
SHAM-operated knees.

Angiogenesis accompanies chronic synovitis in human
OA26,27. Synovial endothelial cell proliferation is associated
with increased synovial vascular density in OA, although
concurrent vascular regression and synovial growth limit
any overall increase in vascular density. Early angiogene-
sis, demonstrated as increased endothelial cell prolifera-
tion, was followed by increased synovial vascular
densities 14 days after carrageenan injection into rat
knees17. Vascular densities subsequently returned to nor-
mal, despite continuing endothelial cell proliferation and sy-
novitis in this model. Findings 28 days after carrageenan
injection were comparable with the increased vascular
turnover observed in synovia from patients with OA. The
transient increase in synovial vascular density observed
14 days after MNX in the current study resembles that ob-
served in carrageenan synovitis, and indicates that syno-
vial angiogenesis is a feature of our rat model of OA. We
were unable to show such an increase in vascularity in
the guinea pig model of OA. Age-related changes may
have obscured any OA-related increase in osteochondral
vascularity in this model.

SEQUENCE OF VASCULAR CHANGES IN THE PATHOGENESIS

OF OA

Increased vascular densities were noted both at the
osteochondral junction and within the synovium in rats 14
days after MNX. These changes were preceded by synovial
hypertrophy and inflammation, and by early cartilage le-
sions that were restricted to the articular surface. Increases
in vascular density were observed at the same time as early
osteophyte development, while cartilage changes remained
mild. Demonstrable increases in vascular density occur
days or weeks after the onset of angiogenesis, and it is
likely that angiogenesis, synovitis and cartilage changes
are initiated together near surgical induction of OA. This
corroborates findings in cross-sectional studies of cadaveric
human knees, where synovitis, synovial angiogenesis and
osteochondral vascularisation may accompany mild (possi-
bly early) cartilage changes of OA. A possible early contri-
bution of osteochondral and synovial angiogenesis to the
pathogenesis of OA therefore deserves further study.

UTILITY OF ANIMAL MODELS FOR INTERVENTIONAL STUDIES

Guinea pig and rat models of OA each have their advan-
tages and disadvantages. Although DH guinea pigs de-
velop OA spontaneously, as do humans, the time course
of their OA may be protracted. Also as with humans, no
clear boundary can be determined between pathological
and age-related changes, and normal controls can be diffi-
cult to determine as other strains of guinea pigs may also
display OA changes, even if of a milder nature. We found
that DH guinea pigs display only infrequent blood vessels
crossing the osteochondral junction, in contrast to observa-
tions both in rat and human OA.

The rat MNX model of OA may aetiologically resemble
post-traumatic OA in man, more closely than the more com-
mon human spontaneous OA. However, vascularisation in
the tibial plateaux and synovia of rats following MNX resem-
bled idiopathic human OA, more than did the guinea pig
model. Furthermore, the rat model was found to be repro-
ducible and robust, both with respect to cartilage and osteo-
phyte changes, and to osteochondral and synovial
angiogenesis, and developed over a time frame that would
permit pharmacological interventions.

Conclusions

The rat MNX model of OA should prove useful in determin-
ing the causes and consequences of synovial and osteo-
chondral angiogenesis in OA. Osteochondral angiogenesis
may contribute to the degradation of the weight-bearing artic-
ular cartilage by modulating adjacent chondrocyte function
and degrading articular cartilage. Angiogenesis is an essen-
tial component of endochondral ossification, and vascular in-
vasion of the articular cartilage may contribute to thickening
of the subchondral bone plate in OA. Angiogenesis is fol-
lowed by innervation of the new blood vessels by fine, unmy-
elinated sensory nerves. Neovascularisation of the articular
cartilage may therefore contribute to pain in OA6.

Synovitis has been associated with progressive OA, and
synovial vascular turnover may either mediate this effect,
or exacerbate it. The activation of synovial inflammatory
cells, particularly macrophages, has been linked to the dam-
age to cartilage and formation of osteophytes in a murine
model of OA28. This effect is thought to be mediated by trans
forming growth factor-beta (TGF b)29. Furthermore, vascular
redistribution within the synovium may exacerbate hypoxia in
the articular cartilage, further compromising its homeostasis.

68 P. I. Mapp et al.: Angiogenesis in animal models of OA



The rat MNX model may be useful in exploring the role of
angiogenesis in OA. However, as animal models rarely, if
ever, entirely resemble human disease, their use in re-
search should always be grounded by reference to obser-
vations in man.
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