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Abstract
Objective
Aim of this study was to investigate the synthesis, release and effects of nerve growth factor (NGF) in human
synovial cellsisolated from synovial tissue specimen from healthy and osteoarthritis (OA) patients.

Methods
Human synovial fibroblasts cultures were established starting from tissues from healthy and osteoarthritis
patients. NGF protein levelsin the culture medium, NGFmMRNA and high-affinity NGF receptor (Tyrosine kinase
A: TrkA) expression in the cells were evaluated in basal conditions and after stimulation with pro-inflammatory
cytokines or with the neuropeptide cholecystokinin-8 (CCK-8). The effect of NGF supplement to culture medium
on cell proliferation, TrkA expression, and tumour necrosis factor-alpha (TNF-a) and inducible-nitric oxide
synthase (iNOS) production was investigated.

Results
Under basal conditions human synovial cells produce and release NGF. Both interleukin-1-beta (IL-1f) and
TNF-a, but not CCK-8 promote NGF synthesis and rel ease from OA cells. TrkA NGF receptors are also
expressed in both normal and OA synovial cells. NGF, but not IL-1, TNF-a and CCK-8, enhances the expression
of TrkA in isolated synovial cells. NGF down-regulates | L-1f-induced TNF-o. and iNOS production by OA
synovial fibroblasts.

Conclusions
NGF is produced and released and TrkA receptors are expressed in synovial inflammation. Overexpression of
NGF in inflamed joints might be involved in the modulation rather than in the induction of the joint inflammatory
response.
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Introduction

In vitro and in vivo studies have pro-
duced a substantial body of knowledge
on nerve growth factor (NGF) involve-
ment in inflammatory responses (1, 2).
Basal levels of NGF are significantly
enhanced in a dose-dependent manner
in cells exposed to interleukin 1 beta
(IL-1b) and tumour necrosis factor
alpha (TNF-a) two pro-inflammatory
cytokines, suggesting that this mole-
cule might participate in inflammatory
response (3, 4). This hypothesis seems
to be in line with the evidence that
inflammatory responses is associated
with an elevated local concentration of
NGF (5).

Indeed, studies demonstrating that
NGF is overexpressed by inflammatory
cells and in inflammatory areas led to
divergent interpretation ranging from
the conclusion that NGF contribute
and/or exacerbate the pathological
manifestation of inflammatory disorder
(6, 7) to the suggestion that NGF plays
arole as anti-inflammatory agent (2,8).
Studies on animal model carried out in
our laboratory and in collaboration
with other groups indicated that NGF
exerts anti-inflammatory action (8-10).
The hypothesis of the anti-inflammato-
ry role of NGF is supported by evi-
dence that joint-induced inflammation
is enhanced after inhibition of endoge-
nous NGF (9) and that the topical
application of NGF promotes healing
in human ocular inflammation (8). We
and others have previously shown that
synovia fluid and tissue from inflamed
joint of human and animal model of
arthritis, are characterised by an elevat-
ed concentration of NGF (11-13) and
that the increase of NGF is associated
with presence of inflammatory
cytokines, particularly 1L-1b and TNF-
a (14) and with an increased local
expression of NGF high-affinity recep-
tor [Tyrosine-kinase A, TrkA; (15)].
Thus it has been hypothesized that the
elevated level of NGF in inflamed joint
may have a role in anti-inflammatory
response and be implicated in promot-
ing tissue repair and remodelling rather
than in triggering the inflammatory
response (2, 9). Better knowledge of
the regulation of NGF at the cellular
level and the effect of NGF on synovial
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fibroblasts might provide important
insights to identify the mechanisms
implicated in these events.

To address these questions, we used
human synovial fibroblasts obtained
from hedlthy and osteoarthritis (OA)
patients. Dose-response studies were
carried out to investigate the effect of
pro-inflammatory cytokines IL-1b and
TNF-a and of the neuropeptide chole-
cystokinin-8 (CCK-8), which are both
known to induce NGF synthesis and
release (3,4, 16). We then evaluated the
effect of NGF and of the above cited
NGF-inducers on TrkA expression by
healthy and OA synovial fibroblasts.
The functional role of the NGF synthe-
sis and release by synovial fibroblasts
was investigated comparing the action
of NGF and pro-inflammatory cyto-
kines on cells proliferation and study-
ing the production and release of
inflammatory molecules — namely
TNF-a and inducible-nitric oxide syn-
thase (INOS) — by healthy and OA cells
under basal conditions and after stimu-
lation with I1L-1b.

Materials and methods

Chemicals

Since NGF is a highly-conserved mole-
cule throughout species, for these stud-
ieswe used murine NGF 2.5 S, purified
following the method of Bocchini and
Angeletti (17). Human recombinant IL-
1b and TNF-a were purchased from
Chemicon International (Prodotti Gian
ni, Milano, Italy). Sulphated and unsul-
phated cholecystokinin-8 (CCK-8)
were purchased from Sigma Aldrich
(Sigma-Aldrich S.R.L., Milan, Italy).

Cell cultures

Synovial cells were isolated from syn-
ovial tissue specimens collected during
total hip prosthesis from 3 osteoarthri-
tis patients and during arthroscopy for a
late meniscal lesion from 5 healthy
patients, as described by Moreschini
and co-workers (18). Cells were main-
tained at 37°C in an humidified atmos-
phere of 95% air and 5% CO, and cul-
tured in RPMI containing 20% heat
inactivated foetal bovine serum (FBS),
2 mmol/l L-glutamine, 100 U/ml peni-
cillin and 10 ng/ml streptomycin. All
culture cells were shown to be positive



for fibroblast specific marker ASO2
(19). No expression of the specific
macrophage marker CD31 (20) has
been detected in synovia culture, thus
excluding possible contaminations of
synovial fibroblasts by synovial macro-
phage. All experiments were performed
with cells between the 3d and 5th pas-
sages seeded into 24-well plates. When
the cdls reached confluence the culture
media was replaced with serum-free
media for 24 hours to render the cels
quiescent. For the experiments cell
were stimulated with IL-1b (0.1-10
ng/ml), TNF-a (0.01-1 ng/ml), CCK-8
(10 to0 10 M) and/or NGF (10 and 100
ng/ml) dissolved in RPMI containing
2% FBS unless otherwiseindicated (see
below). All of the substances and doses
were tested in five different wells of the
multi-well plates (n=5) unless other-
wiseindicated.

NGF assay

The levels of NGF were measured in
cell culture media by a highly sensitive
two-site enzyme-linked immunosor-
bent assay (ELISA) which recognises
human and murine NGF and does not
crossreact with brain-derived neurotro-
phic factor, as previoudy described (21).

RT-PCR-ELISA

Therelative variations in NGF mRNA
levels among the experimental groups
were evaluated in cultured synovial
fibroblasts using the semi-quantitative
RT-PCR Elisa protocol described by
Tirassa and co-workers (22). The Glyc-
eraldeyde-3-Phosphate-Deydrogenase
(GAPDH) mRNA level was used to
normalise for the relative differencesin
sample size, the integrity of theindivid-
ual RNA and variations in reverse tran-
scription efficiency. For methodol ogical
details and the primer/probe sequences
see Tirassa et al. (22).

Immunocytochemical analysis of high
affinity NGF receptor

Normal and arthritic cells, either
unstimulated or stimulated for 48 hours
with IL-1b (10 ng/ml) or TNF-a (1
ng/ml), or NGF (100 ng/ml) or CCK-8
(10 M) were fixed with 4% parafor-
maldheyde dissolved in 0.1% phos-
phate buffer (pH 7.4) after washing in
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PBS solution. The cells were centri-
fuged on special dlides, and processed
for immunofluorescence. The specific
antiserum rabbit anti-human TrkA anti-
body (2 ng/ml, Santa Cruz, CA, USA)
which does not cross-react with TrkB
or TrkC was used. The specific binding
of the primary antibody was detected
using a fluorescein isothiocynate-con-
jugated anti-rabbit 1gG antibody (200
mgr Chemicon Internationa Inc. CA,
USA). Briefly, for immunofluores-
cence dides were pre-incubated with
10% BSA and 10% normal goat serum
in PBS solution containing 0.1%
saponin for 2 hours and then incubated
overnight at 4°C with primary anti-
body. To assess the specificity in con-
trol slides the first antibody was
replaced by purified rabbit 1gG. After
washing with PBS 0.1% saponin, the
slides were incubated for 3 hours at
room temperature with fluorescein
isothiocynate-conjugated anti-rabbit
IgG. Sections were examined under a
fluorescence microscope.

Cdll proliferation assay

The cdlls, resuspended at a concentra-
tion of 2.5 x 10° cellsml in DMEM
medium containing 5% FCS, antibi-
otics and fresh glutamine, were added
in 100 m/well diquots in a 96-well
sterile plate and Ieft in the cell incuba-
tor at 37°C and 5% CO.,. After 24 h the
cells had attained about 70-80% con-
fluence and were ready to undergo the
viability test by MTT assay (23). After
24 hours incubation with NGF (10-100
ng/ml), IL-1b (0.1 — 10 ng/ml) or TNF-
a (0.01 -1 ngml), 10 m of PBS-dilut-
ed MTT (5 mg/ml) was added to each
well and the plate was incubated for 4
hours. Acid-isopropanol (0.04 N HCI
in isopropanol, 100 m/well) was added.
The plates were maintained at room
temperature for 5 min and then read on
a microtiter plate reader (Multiskan
MCC/340, Labsystem, Finland) at
A570/690 nm.

TNFo assay

TNFa activity in the culture media of
synovial fibroblasts stimulated with IL-
1b (1 ng/ml) and/or NGF (10 ng/ml)
was determined by a cytotoxicity assay
using the TNF-sensitive WEHI 164
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clone 13 cell line asdescribed (23). The
amount of biologically active TNF-a in
the test samples was calculated on the
basis of a human recombinant TNF-a
standard curve.

Western blotting analysis

For western blotting analysis of iNOS,
cells stimulated with IL-1b (1 ng/ml)
and/or NGF (10 ng/ml) were homoge-
nized in sample buffer (0.01 M TRIS-
HCI buffer pH 7.6, containing 0.25 M
sucrose, 0.1 M NaCl, 1 mM EDTA ,and
1 mM PMSF) at 4°C. After 8,000 g
centrifugation for 10 min, the super-
natants were used for western blotting.
Samples (30 g total protein) were dis-
solved with loading buffer (0.1 M
TRIS-HCI buffer (pH 6.8) containing
0.2 M DTT, 4% SDS, 20% glycerol,
and 0.1% bromophenol blue), separat-
ed by 12,5% SDS-PAGE, and elec-
trophoretically transferred to PVDF
membrane for 3 hr.

The membranes were incubated for 40
min at room temperature with blocking
buffer (5% non-fat dry milk, 10 mM
TRIS pH 7.5, 100 mM NaCl, 0.1%
Tween 20). Membranes were washed
three times for 10 min each at room
temperaturein TTBS (10 mM TRIS pH
7.5, 100 mM NaCl, 0.1% Tween 20)
followed by an incubation for 1 hour at
room temperature with rabbit anti
iNOS (Cayman Chemical, Ann Arbor,
MI, USA) (24) or with rabbit anti b-
actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Membranes were
washed three times for 10 min each at
room temperature in TTBS and incu-
bated for 1 h with horseradish peroxy-
dase-conjugated anti-rabbit 1gG (Cell
Signalling, Beverly, Mass., USA) as
the secondary antibody. The blots were
developed with ECL (Amersham Bio-
science) as the chromophore. The opti-
cal density of the b-actin bands was
used as an internal control for differ-
ences in sample loading.

Statistical evaluation

NGF ELISA and NGFMRNA RT-PCR-
ELISA datawere evaluated by analysis
of variance (ANOVA). Post-hoc com-
parisons within logical sets of means
were performed using the Tukey’ s test.
TNF-a bioassay data were evaluated
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by means of the unpaired t-test. A p <
0.05 was considered statistically signif-
icant. All the statistical evaluations
were performed using the StatView
package for Macintosh (Abacus Con-
cepts Inc., Berkeley, CA, USA) and
data expressed as mean = S.E.M.

Results

Production and release of NGF by
synovial fibroblasts
AsshowninTable |, NGF levelsin cul-
ture medium of OA human synovial
fibroblasts were three-fold higher than
in the medium from control cells. To
identify potential biological mediators
involved in the regulation of NGF pro-
duction and release, synovia fibrob-
lasts were cultured in the presence of
different concentrations of molecules

Table I. NGF levels and NGFmMRNA expression in synovia fibroblasts from healthy and
osteoarthritis patients.

NGF (pg/ml) NGFmMRNA (OD450/690)
Healthy OA Healthy OA
Unstimulated 119+ 26 352+ 2.6* 107 = 0.04 0.56 + 0.08*
IL-1b (ng/ml)
0.1 16.7 + 46 1139 + 11.4* 0.74 + 0.07 3.30 + 0.20*
1 30.8 £115 111.1 + 11.4* 164 + 014 269 + 0.54
10 229+ 53 99.9 + 13.1* 117 £ 020 417 + 0.13*
TNF-a (ng/ml)
0.01 105+ 1.9 250+ 7.0 181 + 0.81 231 + 044
0.1 120+ 22 276+ 70 165 + 0.36 196 + 0.38
1 215+ 37 437 + 6.8 151 + 0.23 223 + 0.35

NGF and NGFmMRNA expression by human synovial fibroblasts under basal conditions (unstimulated)
and after stimulation with different doses of recombinant human IL-1b or recombinant human TNF-a.
NGF levelsin the culture media are expressed as pg/ml. NGFmMRNA data are expressed as normalized
450/690 nm optical density (0.D.450/690; see Materials and Methods section for details). Data are
expressed as mean + SE.M. *p < 0.05 when OA cells are compared with normal cells.

US

NGF

Aspecific
control

Osteoarthritis

Healthy

Fig. 1. Expression of NGF high-af finity receptor (TrkA) in synovia fibroblasts from healthy and OA patients. The fluorescent immunocytochemistry was
performed under basal (unstimulated) conditions (US) and then after NGF was added to the culture medium (see M&M section for details). Incubation with
non-specific rabbit serum was used as the internal control (Aspecific Control). Magnification: X400.
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that are known to promote NGF syn-
thesis such as IL-b, TNF-a or CCK-8.

Effect of IL-18, TNF-a. or CCK-8 on
NGF production by synovial fibrob-
lasts

As reported in Table |, the dose-
response study showed that IL-1b
induced a significant increase in NGF
release into the culture medium from
arthritic cells at concentrations of 0.1 —
10 ng/ml. Likewise, a significant in-
crease of NGF-mRNA was detected in
arthritis synovial fibroblasts when IL-
1b was added to the culture medium
(Table 1).

TNF-a (range 0.01-1 ng ml) was able
to stimulate release of NGF protein at
the highest concentration used (Table
I). No significant changes in NGF-
MRNA were induced by TNF-a in both
norma and arthritic synovia fibrob-
lasts (Tablel).

CCK-8 has been shown to stimulate
NGF synthesis and be implicated in the
joint inflammatory response (9). To
further characterise the role of NGF,
normal and OA synovial cells were
exposed to different concentrations of
CCK-8. No significant difference in
NGF protein and NGF gene expression
by normal and OA cells was observed
(data not shown) in normal or OA cedlls
exposed to CCK-8 at concentrations
ranging from 106 to 10¢ M.

NGF-receptor expression by synovial
fibroblasts

To explore whether synovial fibroblasts
are receptive to the action of NGF, cells
were fixed and immunostained for
presence of TrkA. Asindicated in Fig-
ure 1, immunoreactivity for TrkA was
detected in both unstimulated (US)
normal cells and, to a more marked
extent, in US arthritic cells. IL-1b
TNF-a and CCK-8 were unable to
induce the expression of TrkA in nor-
mal and OA cells at the concentration
used (data not shown). On the contrary,
TrkA expresson was enhanced after
exposure of normal and OA synovia
fibroblaststo NGF (Fig. 1).

Effect of IL-1p/TNF-o. and NGF on
synovial fibroblasts survival
To investigate the possible functional
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Fig. 2. Quantification of normal and OA cell survival after exposure to different doses of NGF, IL-1b
or TNF-a. Data (mean + S.E.M) are presented as percent of controls. *p < 0.05 versus unstimulated

(contral) cells.

role of NGF, synovial fibroblasts were
cultured in presence of different con-
centration of NGF, IL-1b or TNF-a. As
illustrated in Figure 2A, NGF (10 and
100 ng/ml) treatment did not induce
any significant variation in cell viabili-
ty in either normal or OA synovia
fibroblasts, suggesting that NGF at
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these concentration neither stimulated
cell proliferation nor promoted cell
death. IL-1b (Fig. 2B) at the dose of
0.1 ng/ml induced a minor increase in
cell viability when added to the medi-
um of normal synovial fibroblasts,
while the effect on OA cell viability
was evident starting at a concentration
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Fig. 3. TNF-a (A) and iNOS (B) expression in normal and OA synovial fibroblasts under basal condi-
tions (US) and after stimulation with IL-1b and/or NGF.

of 0.1 ng/ml and was more significant
at a concentration of 1 ng/ml. Asshown
in Figure 2C, TNF-a decreased the viar
bility of normal cells at the concentra
tion of 0.01 ng/ml while it had no sig-
nificant effect on arthritis synovial
fibroblasts.

NGF-mediated modulation of TNF-a
and iNOS

Treatment with NGF alone induced a
decrease in the basal expression of
TNF-a in arthritic but not in healthy
cells (Fig. 3A). Both healthy and
arthritic cells cultured in the presence
of IL-1b (1 ng/ml) released a statisti-
cally significant amount of TNF-a into
the culture medium. This effect was
downregulated in OA synovia fibrob-
lasts if the cells were cultured in the
presence of 10 ng/ml of NGF. As
showed in Figure 3B, NGF reduced the
basal expression of INOS in both
healthy and arthritic synovia fibrob-
lasts. IL-1b did not exert significant
effects on iNOS expression in normal
synovial fibroblasts, while it induced
an overexpression of iNOS in arthritic
cells. The effect of IL-1b on the over-

expression of iINOS was markedly
reduced (Fig. 3B) if arthritic cellswere
cultured in the presence of NGF.

Discussion

There are a large number of studies
showing that NGF, a neuroimmune
mediator, increases in many types of
inflammation and can play a important
role linking the response of the
immune and nervous system during
inflammation (5, 24). Findings pub-
lished in recent years indicate that syn-
ovial cellsand synovial fluid from joint
tissue with inflammatory arthritis in
humans and in animal models express
elevated concentrations of NGF (11,
13). Our data show that OA synovial
cells produce and release more NGF
than normal synovia cells both under
basal conditions and after stimulation
with pro-inflammatory molecules. This
finding extends to an acute inflamma
tory condition the concept of arole for
NGF previously advocated in chronic
joint inflammation (11, 14), in inflam-
matory joint diseases both in experi-
mental models and in humans.
However, the role played by NGF in
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this inflammatory response is still
unclear. Since inflammatory responses
are commonly associated with a local
increase in IL-1b and TNF-a (25) and
since these pro-inflammatory cytokines
are known to promote local NGF syn-
thesis (12), we investigated whether
these cytokines are implicated in NGF
up-regulation by synovial fibroblasts.
Our findings showed that under basal
conditions, OA cells produce and
release a greater amount of NGF than
that produced by normal cells and that
IL-1b more than TNF-a stimulate not
only NGF protein, but also its mRNA
expression by OA synovia cells, sug-
gesting that NGF is locally produced.
These findings are consistent with pre-
vious in vivo data indicating that the
inflamed joint is characterised by ele-
vated levels of NGF (1) and that resi-
dent cells produce NGF after stimula-
tion with pro-inflammatory cytokines
(12).

Since the neuropeptide CCK-8 is able
to promote NGF synthesis in the cen-
tral and peripheral nervous systems
(26, 27), we investigated whether this
neuropeptide was also implicated in the
regulation of NGF production by syn-
ovial cells. The result showed that
CCK-8 has no effect on the NGF pro-
tein concentration and NGF gene
expression. Why CCK-8 is able to
induce NGF synthesis in the brain and
peripheral tissues, but not in human
synovia fibroblasts is not known. One
possible explanation isthat CCK recep-
tors are not expressed by synovial
fibroblasts. This hypothesis seemsto be
consistent with preliminary in vivo
observations showing that these cells
do not express CCK receptors (Manni
et al. unpublished).

To investigate the possible functional
correlation between NGF and NGF-
receptor presence in human synovial
fibroblasts, stimulated and unstimulat-
ed cells were immunostained for local-
isation of TrkA. Our studies showed
that normal and OA synovia fibrob-
lasts express TrkA, indicating that
these cells are receptive to the action of
NGF and that they may require this
molecule for survival and functioning.
The results also showed that IL-1b and
TNF-a stimulated NGF synthesis but



failed to enhance the expression of
high-affinity NGF-receptor, while the
addition of exogenous NGF to cultured
synovial cells enhanced the expression
of TrkA receptor. This differential
effect indicates that the amount of
endogenous NGF induced by IL-1b
and TNF-a might be not sufficient to
stimulate NGF-receptor expression.
Thefact that the amount of NGF stimu-
lated by these cytokinesis significantly
lower than 100 ng/ml, which is the
amount of NGF added to cultured syn-
ovial fibroblasts to stimulate the upreg-
ulation of TrkA expression, supports
this hypothesis. One important ques-
tion raised by the present observations
is the functional role of NGF synthesis
and release by synovial cells under nor-
mal and pathological conditions and
whether NGF plays a pro- or anti-
inflammatory role in the pathogenesis
of joint inflammation.

It has been shown that disregulation of
cell proliferation/death controlling
mechanisms induced by pro-inflamma-
tory cytokines might play a central role
in the pathogenesis of arthritis (28).
Our studies clearly showed that NGF
fails and IL-1b promotes synovial cell
proliferation. These results confirm
previous findings indicating that 1L-1b
affect synovial cell viability by increas-
ing the percentage of living cells (28)
suggesting that NGF and IL-1b may
mediate different actions on human
synovial fibroblasts. Different effects
were also observed after stimulation of
norma and arthritic cells with IL-1b
and/or NGF on TNF-a and iNOS pro-
duction and release. Indeed, exposure
to NGF reduced and/or blocked the
action of IL-1b on TNF-a and iNOS,
two well known inflammatory media-
tors (25). It is known that IL-1b, TNF-
a and iNOS play a crucia role in
inflammatory arthritis (25, 29) and that
IL-1b stimulates NGF synthesis in
knee joint of animal models of arthritis
(12). Our findings, obtained on isolated
synovia cells, support the hypothesis
that the effect of IL-1b on NGF synthe-
sis and release is not associated with a
pro-inflammatory response but most
probably to other mechanisms. Previ-
ous studies showed that NGF exerts a
protective action on autoimmune
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inflammatory disorders of the CNS
(30, 31), ocular surface (8) and isolated
inflammatory cells (10). Our study
clearly indicating that NGF is able to
counteract the expression of pro-
inflammatory markers by isolated
human synovia fibroblasts and that it
does not affect cell proliferation,
implies that NGF does not promote
joint inflammation. It also provide evi-
dence supporting previous in vitro and
in vivo findings suggesting that NGF, at
least under certain conditions, exerts an
anti-inflammatory action (8, 10, 30)
and/or participatesin the process of tis
sue repair and remodelling (32).
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