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Abstract
Objective
The contribution of local VEGF production and subsequent angiogenesis within the synovial membrane to the prop-
agation of arthritisis unclear. The relationship between synovial oxygenation and blood flow in the devel opment of
arthritic disease is unknown. We have therefore measured oxygen levels and perfusion ratesin the synovial spacein
a murine model of arthritis.

Methods
Arthritis was induced in DBA/1 mice by immunisation with type Il collagen. Oxygen and perfusion level s were mea-
sured polarographically using silver needle microel ectrodes within the knee joints prior to and 10 days after the
onset of arthritis. In addition, synovial cells were isolated from knee joints of naive, pre-arthritic and arthritic mice.

Results
Onset of arthritis was associated with a marked reduction in synovial oxygen tensions (pO,). The perfusion ratesin
naive and arthritic animals were not significantly different: in naive mice, therate was 0.58 + 0.11 ml/min/g and in
arthritic joints, 0.64 + 0.17 ml/min/g. Furthermore, synovial cellsisolated from the knee joints of naive animals did
not express mRNA for VEGF, but significant |evels were detected in cells from non-arthritic mice immunised with
collagen. The onset of arthritis was associated with expression of VEGF mRNA and protein, and correlated nega-
tively with pO, levels.

Conclusion
These data demonstrate that decreasesin intra-articular pO, occur in established arthritic conditions and may be
the stimulus for local VEGF production. However, perfusion was not increased in arthritic animals and vascular
density was unaltered, suggesting that the neovascularisation associated with inflammatory arthritis, isinsufficient
to restore oxygen homeostasis in the joint.
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Introduction

The potentia role of the vasculature in
perpetuation of inflammatory joint dis-
ease has aroused much interest in re-
cent years (for reviews see 1, 2). Nor-
mal physiological functioning of syn-
ovial membranes is dependent upon the
vasculature for adequate delivery of
oxygen and nutrients. In human inflam-
matory joint disease, such as RA, the
vasculature plays a key role in recruit-
ment of circulating immune cellsto the
site of inflammation. When in RA, the
metabolic capacity of the synovid tis
sue increases, the demand for oxygen
and nutrients also increases, thus ren-
dering the tissue hypoxic.

Oxygen tensions (pO,) are reported to
be low in aspirated synovial fluid sam-
ples taken from human knee joints,
with the lowest pO, reported in fluids
taken from patients with RA (3). Fur-
thermore, several studies have demon-
strated that the oxygen consumption in
the RA synovium is increased and that
glucose is oxidised through the anaero-
bic, as opposed to the aerobic pathway
(4, 5). Oedema is likely to increase
intra-articular pressure and occlude
blood flow through the existing capil-
lary bed, thus exacerbating the hypoxic
state. The homeostatic response is an-
giogenesis (6) and endothelial cellslin-
ing the small blood vessals within RA
synovia vasculature have been shown
to express cell cycle-associated anti-
gensaswell as markers of angiogenesis
(7, 8).

A key player in the pathogenesis of an-
giogenesis-dependent diseases is vas
cular endothelia growth factor (VEGF)
(9-11). VEGF can be detected in syn-
ovia fluids from RA patients, and is
expressed by RA synovial macropha
ges and fibroblasts, in addition to vas-
cular endothelial cells in the sublining
(12-14). Moreover, both VEGF recep-
tors (FIt-1 and KDR) are expressed on
microvascular endothelial cells within
the RA synovium (12). Hypoxia is
known to be a potent stimulus for
VEGF production (15) and its produc-
tion could be an important adaptation
of tissue to hypoxic stress. We and oth-
ers have reported that in collagen-
induced arthritis (CIA) in DBA/1 mice
expression of VEGF correlates with
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disease (16,17). This observation sub-
stantiates the hypothesis that VEGF
production is closely associated with
the manifestation of arthritis. Although
reduced pO, has been demonstrated in
RA joints, it is unclear whether pO,
levels correlate with blood flow, vascu-
larity or disease severity.

In the present study, we used a micro-
electrode technique to measure oxygen
within the articular space. The tech-
nigque is useful tool for measuring both
regional perfusion (local blood flow)
and tissue pO, simultaneously at exact-
ly the same site in the joint, with good
spatia resolution and also allows the
interrelationship between the 2 vari-
ables to be examined. It was therefore
possible to investigate the relationship
between synovial oxygenation, perfu-
sion, production of VEGF and vascu-
larity. Accordingly, our aim was to
determine whether the pro-angiogenic
phenotype in arthritis corrects for the
hypoperfusion of the synovial tissue
and can appropriately restore the oxy-
gen homeostasis.

Materials and methods

Induction and assessment of arthritis
Arthritis was induced in male DBA/1
mice (8-10 weeks old) by id injection
of bovinetypell collagen (18) in com-
plete Freund's adjuvant (Difco). Joint
swelling and/or erythema signified the
onset of arthritis and this occurred
between day 14 and day 40 after immu-
nisation. Clinical score, acomposite of
disease severity and the number of limbs
affected, was monitored daily from onset
of disease and used as an assessment of
disease progress. Arthritis increased
progressively over 10 days, as reflected
by consistent changes in both clinical
score and paw swelling.

Synovial membrane cell preparation
and culture

Animas were sacrificed and the hind
limbs were removed. The synovium was
dissected out from the knee joints with
the aid of a dissecting microscope, as
described previoudy (19, 20). The syn-
ovid tissue was digested with collage-
nase A (1 mg/ml; Boehringer Mann-
heim, UK) and DNAase (type IV 150
nmy/ml; Sigma, UK) in the presence of
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1. Representative
trace of electrochemical
current generated in vivo. A
microelectrode was insert-
ed into the hind knee joint
=12 of an anaesthetised mouse.

A current was generated by
-1.0 the reduction of oxygen at
an applied voltage of —0.6V
and recorded over 5 min-
utes. The voltage was then
changed to 1.1V to reduce
N,O, delivered to the mouse
viaanose cup. The N,O mix-
ture was inhaled until equi -
€02 librium was reached, at

which point the animal was
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0 then switched to breathing
air. The current was record-
24 ed continuously.

polymixin B sulphate (Sigma, UK) to
produce a single cell suspension. Cdls
were cultured in RPMI (BioWhittaker,
UK) containing 10% foetal caf serum
(Sigma, UK) at adensity of 4 x 10° cells
in 30 mn? wells in flat-bottomed plates
at 37°C. Synovid cells isolated from
pre-arthritic mice were dso transferred
to hypoxic chambersand cultured at 37°
C. After 24 hours, the supernatants were
removed and assayed by ELISA for
mouse VEGF (R&D Systems, UK; sen-
sitivity =5 pg/ml).

VEGF mRNA isolation and poly-
merase chain reaction (PCR)
amplification

Total cytoplasmic RNA was prepared
from isolated synovial cells and PCR
amplification was used to detect VEGF
MRNA as previously described (17).

Measurement of pO, and blood flow
invivo

Microelectrodes were constructed in-
house as follows: 125 nm insulated sil-
ver wire (Goodfellow, Huntingdon,
UK) was embedded with epoxy resin
in 29G hypodermic needles. Electrical
connection to the silver wire was
achieved via lightweight and insulated
coaxial cable (Radio Spares, UK). The
electrochemically active surface was
prepared as described previously (21).
Mice were anaesthetised (Hypnom 3.3
mi/kg) alowing accurate and repro-
ducible insertion of the needle micro-

electrodes into the knee joint. Oncein
situ, the electrode was polarised
against a calomel reference electrode
(Russdll pH Ltd, Fife, UK) placed in a
sdline bath in which the animal’s tail
was immersed. The voltage was held
congtant and generated currents dis-
played using a potentiostat (EMS Ltd,
Oxford, UK). The current generated at
apotential of 0.6V isameasure of the
oxygen concentration in a sampling
zone of approximately 1 mm3. The ad-
ditional current generated at —1.1V is
proportional to the concentration of
dissolved nitrous oxide (N,O) gas
within a similar sampling zone (22).
By switching between these two volt-
ages, it is possible to assay for both O,
and N,O at exactly the same point in
the tissue (22-25). A typical N,O cur-
rent versus time trace is illustrated in
Figure 1.

The pO, was calculated from the cur-
rents obtained, immediately after the
experiment in saline equilibrated with
0%, 10% and 21% oxygen saturation.
In order to determine synovia perfu-
sion, animals were allowed to breath a
30% N,,0, 21% O,, 5% CO, and 44%
N, gas mixture administered via a nose
cup with the electrode polarised to
—1.1V. When the current was steady,
the animal was returned to air. The
N,O then cleared from the tissue and
perfusion was calculated from the ex-
ponent of the current-time wash-out
curve tissue (23-25).
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CD31 immunostaining

Synovial tissue was dissected with the
aid of amicroscope from the hind knee
joints of pre-arthritic and arthritic ani-
mals and snap frozen. Cryostat sec-
tions (7 um) were cut and processed
for immunostaining of CD31, a marker
for blood vessels. Briefly, rat anti-
mouse 1gG2a clone MEC13.3 (Pharm-
ingen) was applied overnight at 4°C
and secondary antibody (Amersham
Life Science, UK) was applied for 1
hour. The sections were then stained
with DAB and counterstained with
Mayer's hematoxylin.

Staining was evaluated using an
Olympus BH2 microscope (Olympus
Optical; Tokyo, Japan), coupled to a
JVC KY-F55BE video camera (Victor
Company of Japan, Tokyo, Japan)
linked to a PC computer as previously
described (26). Briefly, digital images
were acquired at a magnification of
200x and processed using AnalySIS
image analysis software (Soft Imag-
ing Software GmbH, Munster, Ger-
many). Each microscope field was
quantified using selected colour de-
tection threshold values for single
pixels in the digital image. Multiple
fields were analyzed, the total immun-
opositive area was determined and
then expressed as a percentage of the
total tissue area.

Satistical analysis

Statistical analyses were performed
using the GraphPad Prism software
package (GraphPad Software, San
Diego, CA, USA). Mann-Whitney U
test was used to compare the differ-
ences between groups of animals with
non-Gaussian populations. The para-
metric Pearson correlation was used to
examine the degree of linear associa-
tion between VEGF production and
pO, measurements.

Results

Synovial VEGF proteinisonly
produced after arthritis onset

In the current study, we found that the
mRNA for VEGF was present in syn-
ovia cells of mice not exhibiting clini-
cal arthritis and in those with arthritic
symptoms (Fig. 2A). No mRNA was
detected in synovia cells taken from
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Fig. 2. Synovia cells from mice immunised with collagen type 11 express VEGF mRNA. (A) PCR
amplification of VEGF mRNA from synovial cells from either naive controls or mice immunised with
collagen with or without clinical arthritis and from spleen cells from arthritic mice. Standard DNA lad-
der of 100-660 bp. All samples were probed and standardised for mouse GAPDH mRNA (not shown).
(B) Synovial cellsfrom naive (n = 5) or pre-arthritic (n = 5) mice cultured either in normoxiaor hypox-
ia. The supernatants were assayed by ELISA for mouse VEGF.
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naive pre-arthritic arthritic

Fig. 3. Oxygen tensions
(pO,) measured in mouse
knee joints. Microelec-
trodes were inserted into
the hind knee joints of
anaesthetised naive (n =
16), pre-arthritic (n =
14), and arthritic mice (n
= 18). The results are
expressed as mean +
SEM.
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naive mice or in spleen cells taken
from arthritic mice. Subsequently, syn-
ovia cells from naive and pre-arthritic
mice were placed in hypoxic chambers
for culture over 24 hours at 37°C. We
observed that exposure to hypoxia of
the cultured synovia cells had no sig-
nificant effect on the production of
VEGF protein as measured by ELISA
from either the naive or pre-arthritic
animals (Fig. 2B).

Oxygen tension correlates with
arthritis severity and VEGF
production

pO, was determined in the hind limb
knee joints of naive, immunised but
non-arthritic and arthritic (day 10 after
disease onset) mice. The joint pO,
level in naive mice was not significant-
ly different from that seen immunised
but non-arthritic animals. However
joint pO, was significantly lower in
arthritic mice (p<0.001 compared with
immunised, non-arthritic by Mann-
Whitney U test, Fig. 3).

The effect of mechanica movement/
mobilisation of the joints was then
examined ie. when the generated cur-
rent reached a steady level after inser-
tion, the equilibrium state where the O,
diffusion field at the electrode tip was
established and any transient perturba
tions resulting from needle insertion
had subsided. When the joints of naive
mice were mobilised, the pO, increased
immediately to a mean of 40 mmHg
and then decayed to pre-mobilisation
levels after 5 mins (Fig. 4A). In con-
trast the steady state pO, in arthritic
mice was initialy lower and further-
more upon mobilisation, no change in
pO, was observed (Fig. 4B).

At the end of the experimentsin a por-
tion of each group, isolated synovial
cells were cultured and supernatants
were assayed for VEGF protein. We
found that cells from knees with high
pO, levels produced markedly lower
VEGF levels than those with alow pO,
(Pearson correlation co-efficient =
0.97, p < 0.05; Fig. 5).

Perfusion and vascular density are

not altered in arthritic knee

The mean perfusion rate calculated for
in the naive control group was not sig-
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Fig. 4. Effect of mobilisation of the knee joints on synovial tissue oxygen. pO, measurements were

made in the hind knee joints of (A) naive and (B) arthritic mice pre- and post- mobilisation as described
in Materials and methods. Results are a mean of 8 animals.
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Fig. 5. VEGF production correlates with pO,.
After pO, measurements synovial cells wereiso-
lated from the knee joints and cultured for 24
hours. VEGF levelsin culture supernatants were
determined by ELISA.

nificantly different from that measured
in arthritic animals as determined by
N,O clearance from synovid tissue. In
the naive mice, perfusion was calculat-
ed to be 0.58 + 0.11 ml/min/g, whereas
in the arthritic mice the mean perfusion
rate was 0.64 £ 0.17 mi/min/g.

In addition, synovial tissue vascular
density was assessed by the level of tis
sue staining for CD31 and quantified
using an image analysis program
which measured the fraction of total
tissue area expressing CD31. The per-
centage of synovial tissue which was
vascular was not significantly different
in immunised, pre-arthritic animals
and arthritic animals.
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Discussion

In the present study, we have demon-
strated that in CIA, intra-articular pO,
does not decrease until clinically evi-
dent arthritis is established. Further-
more, VEGF production was only
observed in synovia cell populations
derived from mice with arthritis and
was noted to vary inversely with intra-
articular pO,. VEGF is a potent pro-
angiogenic mitogen and yet we found
neither perfusion/blood flow nor syn-
ovia vascular density to be increased
in the arthritic animals. Although we
were able to detect VEGF mRNA in
isolated synovial cellsfrom immunised
non-arthritic mice, hypoxic culture
conditions ex vivo were insufficient to
promote VEGF gene transcription and
release of protein. We have previously
reported that VEGF production from
synovia cells isolated from mice with
established arthritis (day 10) was 445
pa/ml, a 10-fold increase when com-
pared with the levels measured in the
present study. Berseet al. (27) reported
that synovia or dermal fibroblasts cul -
tured in hypoxic conditions secreted
significantly lower amounts of VEGF
as compared with cells cultured in
hypoxia and simultaneously exposed
to cytokines. In the CIA model, isolat-
ed synovia cells from pre-arthritic ani-
mals do not secrete TNFa (unpub-
lished observation). This may explain
the absence of VEGF protein upregula-
tion at 24 hoursin hypoxic culture con-
ditions despite the presence of VEGF
mMRNA.

We have previously reported that spe-
cific blockade of VEGF activity ame-
liorates both the clinical and histologi-
cal features of CIA disease (17).
Although VEGF blockade would be
predicted to deprive the inflammatory
cell mass of essential nutrients and to
reduce tissue oedema, it might also be
considered potentially detrimental by
retarding any restoration of oxygen
homeostasisin the joint. Under hypox-
ic conditions, anaerobic glycolysis
begins to take place as does the pro-
duction of reactive oxygen species
which have capability to damage carti-
lage and bone. In addition, reduced
glycosaminoglycan metabolism and
disregulation of cartilage homeostasis
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can occur. Thus an adequate blood sup-
ply is needed to ensure the removal of
harmful metabolites as well as ddlivery
of substrates. The observed therapeutic
effect of VEGF inhibition in CIA may
also be a consequence of inhibiting leu-
kocyte chemotaxis. VEGF has been
demonstrated to mediate chemotaxis of
monocytes and neutrophils through its
action on Flt-1 receptor (29). In situ
hybridization and immunohistochemi-
cal studies indicated that the cells
expressing VEGF are macrophage-like
synovial lining cells and spindle-
shaped cells in the sublining cell layer
(12). In addition, neutrophils from RA
synovial fluids are reported to contain
significant amounts of both VEGF pro-
tein and mRNA when compared with
peripheral blood neutrophils from
either RA patients or healthy controls
(30). Bath of these cell sources can be
considered as important contributors to
the pro-angiogenic phenotype observed
in RA synovitis. Thus blockade of
VEGF, in addition to down-regulating
angiogenesis and vascular permeabili-
ty, may have a significant effect on
reducing macrophage recruitment.
Thus, the beneficia effects of TNFa
blockade in RA (31, 32) may beduein
part to downregulation of TNFa-
inducible VEGF expression in mono-
cytes found within the synovial tissue
and fluid (28).

We have found that the perfusion in the
arthritic joint was not increased when
compared with controls and thisis con
sistent with our finding that vessel den
sity in the synovid tissueis not signifi-
cantly increased in arthritic mice. In
support of our findings, a previous
study also reported that blood flow
changes in the joints were almost ab-
sent in CIA in the rat and found that
any changes in blood flow coincided
with an increase in tissue mass (33).
The authors used a microsphere me-
thod, which gives an average blood
flow through the tissue sampled. In
contrast, synovial hyperaemiawas seen
in the knees of carrageenan-induced
arthritis in the dog (34). Differencesin
the species used and/or the nature of
the model could explain the discrepan-
cy. So, despite a pro-angiogenic pheno-
type arising in the arthritic synovium

may perpetuate the hypoxic state in
RA. This effect would be exarcebated
during movement of joint. Indeed, this
was found in the present study where
mobilisation of the arthritic joints did
not enhance oxygen levels, whereas
there was an instant but transient in-
crease in pO, in the joints of naive con-
trol mice.

In summary, these observations indi-
cate that intra-articular pO,is an impor-
tant stimulus for local VEGF produc-
tion and yet we found neither perfu-
sion/blood flow nor synovia vascular
density to be increased in the arthritic
animals. These findings suggest that
neovascul arisation known to be associ-
ated with inflammatory arthritis is
probably insufficient to restore oxygen
homeostasisin the joint.
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