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Substance P Activation of Rheumatoid Synoviocytes: 
Neural Pathway in Pathogenesis of Arthritis 

Several clinical features are consistent with nervous system involvement in the 
pathogenesis of rheumatoid arthritis. The neuropeptide substance P is one possible 
mediator of this interaction, since it can be released into joint tissues from primary 
sensory nerve fibers. The potential effects of the peptide on rheumatoid synoviocytes 
were examined. The results show that substance P stimulates prostaglandin E2 and 
collagenase release from synoviocytes. Furthermore, synoviocyte proliferation was 
increased in the presence of the neuropeptide. Similar effects were observed with a 
truncated form of substance P. Synoviocytes were sensitive to very small doses of the 
neuropeptide (10-9M), and its effects were inhibited by a specific antagonist. Thus, the 
specific stimulation of synoviocytes by the neuropeptide substance P represents a 
pathway by which the nervous system might be directly involved in the pathogenesis of 
rheumatoid arthritis. 

M ULTIPLE FACTORS APPEAR TO 

contribute to the pathogenesis of 
rheumatoid arthritis (RA), in- 

cluding genetic predisposition, impaired im- 
munological control of virus infection, and 
autoantibody formation (1). In the syno- 
viurn, activated lymphocytes and monocytes 
interact to generate interleukin- 1 (IL- 1). 
This lymphokine and monocyte-derived tu- 
mor necrosis factor-alpha (TNF-a) stimu- 
late release of collagenase and prostaglandin 
E2 (PGE2) from synoviocytes (2). 

Certain clinical findings are consistent 
with nervous system involvement in RA: (i) 
the distribution of synovitis is usually sym- 
metric (3);  (ii) joints in the paretic side of 

hemiplegic patients who later develop RA 
are spared from the inflammatory process 
(4); and (iii) onset and exacerbation of the 
disease are often preceded by psychological 
trauma (5). The basis for such effects in RA 
is unknown. Joints are innervated by cor- 
puscular mechanoreceptors and as 
well as by free endings of small unmyelinat- 
ed sensorv afferent nerve fibers (6). These 

\ ,  

sensory fibers contain the neuropeptide sub- 
stance P, which is involved in transmission 
of pain signals (7). Substance P is released in 
the spinal tract upon orthodromic stimula- 
tion, but is also released antidromically from 
the peripheral nerve terminals (8). This 
neuropeptide has multiple proinflammatory 
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properties (9) and has been shown to in- 
crease the severity of adjuvant-induced ar- 
thritis in rats (10). The relative susceptibil- 
ities of knee and ankle joints to adjuvant 
arthritis are correlated with the densities of 
their sensory afferent nerve fibers (10). The 
nonneural target cell for the effects of sub- 
stance P in joints is unknown, and the role 
of the peptide in RA has not been explored. 
We now report that in RA synoviocytes are 
stimulated by substance P. 

The effect of substance P on the h c t i o n  
of synoviocytes in RA was tested by measur- 
ing PGE2 and collagenase production (11). 
Synoviocytes were isolated by collagenase- 
deoxyribonuclease treatment of synovial tis- 
sues obtained from RA patients undergoing 
joint replacement and were passaged once in 
culture before use in the experiments. We 
quantified by radioirnmunoassay the levels 
of PGE2 secreted during 48 hours of cul- 
ture. Substance P. truncated substance P 
containing amino acids 4 to 11, and the 
antagonist [D-pro2, ~-Phe' ,  ~ - T r ~ ~ ] s u b -  
stance P (>substance P) were added at start 
of culture. 

Synoviocytes spontaneously released 
PGE2 at 92 i 14 nglml during 48 hours of 
culture (Fig. 1A). The addition of substance 
P increased PGE2 release in a dose-depen- 
dent manner, with maximal stimulation oc- 
curring at 10~~11.1. A similar dose-response 
curve was obtained with substance P frag- 
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ment 4-11, but its maximal effect was less 
than that of the full-length peptide. 

-Substance P has been shown to antago- 
nize specifically the effects of substance P 
(12). T o  test for specificity of the substance 
P stimulation of synoviocytes, we titrated 
-substance P against substance P at 
and ~ o - ~ M .  At both concentrations, the 
antagonist reduced the levels of PGE2 (Fig. 
1B). These results indicate that stimulation 
of synoviocytes by substance P is a specific 
function of this peptide. 

Fig. 1. Prostaglandin E2 release from rheumatoid 
arthritis synoviocytes. In their second passage in 400 - 

culture, synoviocytes were dislodged by trypsin- 
EDTA from tissue culture flasks. Cells were then 300 - 

cultured at 2 x lo4 per milliliter in 24-well cluster 
plates. The culture medium contained RPMI- 

- 

1640, 2% heat-inactivated (56"C, 30 minutes) F 
fetal bovine serum, penicillin (100 unittml), strep- $ loo 

tomycin (100 pglml), 2 mM L-glutamine, and 
polymixin B (12.5 pglml). (A) Synoviocytes were =. 

I\ 0 A 10-'0 10.8 10-6 

stimulated with substance P ( 0 )  and fragment 4- 5 Substance P(M)  

Collagenase release from RA synoviocytes 
is an important pathogenetic process that 
leads to connective tissue destruction. To 

11 of substance P (U) (Peninsula Laboratories, g 400 - 
Belmont, California). (B) The antagonist ~ s u b -  $ 
stance P was titrated against substance P at 2? 300 . 
10-'M ( 0 )  and 10-9M (U). Cells were cultured 
for 48 hours in an atmosphere of 5% COz- 95% 

200 - 
air. Culture supernatants were collected, filtered 
through 0 . 4 5 - ~ m  filters, and stored at -70°C. loo - 
Prostaglandins in the culture supernatants were 
extracted by adding HCI to reduce pH to 3.5. 

evaluate the effects of substance P on colla- 
genase release, we collected synoviocyte cul- 
ture supernatants and activated latent colla- 

+-- 

genase by short trypsin treatment (11). 
These activated su ernatants were then ex- 
posed to a film of 'Clabeled collagen (13). 
Collagen degradation was measured as 14c 
released into the fluid phase in the collagen- 
coated plates. Synoviocytes spontaneously 

Three the supernatant, volumes of and ethyl the acetate organic were and mixed aqueous with k L D - P ~ ~  10.~0 ~-phe', D - ~ r p ' ]  lo.8 substance P 10.6 (M) 

phases were separated by centrifugation. The 
organic phase was removed and the ethyl acetate was evaporated. The residue was dissolved in buffer 
containing 0.0LM phosphate and 0.1% bovine gamma globulin. PGE2 was then quantified by 
radioimrnunoassay (Seragen, Boston, Massachusetts). A standard curve was established for each assay 
with serial dilutions of PGE2 between 2000 and 8.2 pg per 0.1 ml. Data from five separate experiments 
performed in triplicate are shown as PGE2 in nanograms per milliliter, with bars indicating SEM. 

Table 1. Colla enase release from rheumatoid arthritis synoviocytes cultured in medium alone 
(control) or in t fe  presence of recombinant human IL-1P (100 nglml) or substance P (lo-%). D- 
Substance P was added to the cultures at the indicated concentrations. Collagenase was assayed by the 
method of Johnson-Wint (13) as digestion of a I4C-labeled collagen film. Type I11 collagen from calf 
skin (Sigma, St. Louis, Missouri) was labeled with [I4C]acetic anhydride (10 mCiimmol). Fifty 
microliters of a [14C]collagen solution (2 mglml) was added to each well in 96-well, flat-bottom tissue 
culture plates at a 45" angle. The plates were incubated for 1 hour at 37°C to polymerize the collagen 
and were then immersed in distilled water. The plates were then left overnight at room temperature to 
permit drying of the collagen films. Supernatants from synoviocytes that had been cultured for 48 hours 
were treated with trypsin (100 pglml) for 10 minutes at 25°C to activate latent collagenase. Soybean 
trypsin inhibitor was added to attain a final concentration of 500 pglml and the solution was left for 20 
minutes at room temperature. Two hundred-microliter portions of solution were added in triplicate to 
the [14C]collagen-coated wells. The plates were incubated at 37°C for 3 hours; 150 ml of the solution 
was then carefully removed and 14C activity was counted by scintillation spectrophotometry. Each assay 
included a control consisting of fresh tissue culture medium that had been treated with trypsin and 
soybean trypsin inhibitor. The amount of radioactivity detected in these solutions after a 3-hour 
incubation on [14C]collagen films was subtracted from the values obtained for the synoviocyte 
supernatants. Data from five experiments performed in triplicate are expressed as counts per 
minute + SEM of degraded collagen. 

- - 

>Sub- 
stance P 

(M) 

- - - - - - - -- - - - 

Collagen degradation (count/min) in presence of 

Control IL- 1 p Substance P 

released collagenase activity, but this was 
augmented five- to eightfold with ~ O - ~ M  
substance P. The effect of substance P was 
specifically antagonized by D-substance P 
(Table 1). Furthermore, -substance P did 
not have a direct agonist effect. Interleukin- 
1 induces collagenase release from synovio- 
cytes (2). We used recombinant human IL- 
l p  (14) as a positive control and also as a 
test for specificity of the antagonist. D- 
Substance P did not reduce the IL-l-in- 
duced release of collagenase. Thus, -sub- 
stance P specifically competes with sub- 
stance P, and the results suggest that the 
stimulation of synoviocytes by substance P 
and IL-1 occurs through distinct receptors. 

Next, we evaluated whether the stimula- 
tion of collagenase release by substance P is 
selective or part of an overall increase of 
total protein synthesis. For this purpose, 
synoviocytes were stimulated with substance 
P and treated with a mixture of 3~-labeled 
amino acids. Supernatants were collected 
after 48 hours, proteins were precipitated, 
and 3~ activity in the precipitate was mea- 
sured. Total protein synthesis was stimulat- 
ed by substance P, with maximal 5.5-fold 
augmentation occurring at ~ O - ~ M .  This ef- 
fect of substance P on protein synthesis was 
also specifically reduced by the antagonist. 
Since the levels of collagenase were in- 
creased by a similar factor (5.3), it appears 
that substance P increases total protein syn- 
thesis, including collagenase synthesis. 

Finallv, we Lamined the effects of sub- , . 
stance P on proliferation of synoviocytes. 
Cells were cultured for 66 hours in the 
presence of substance P and then treated 
with bromodeoxyuridine (BrdUrd) for 6 
hours. Cells were then trypsinized and 
stained with antibody to BrdUrd. Unstimu- 
lated synoviocytes contained 8.3 k 2.3% of 
BrdUrd-positive cells whereas, in cells stim- 
ulated with substance P at ~ O - ~ M ,  the num- 
ber increased to 29.6 k 3.8%. D-Substance 
P antagonized the effect of substance P on 
proliferation (Table 2). When we used 
[3~]thymidine incorporation as an alterna- 
tive method to quantifj synoviocyte prolif- 
eration, we observed similar effects. 

Our results demonstrate that substance P 
is a potent and specific stimulus for multiple 
functions of RA synoviocytes in vitro. This 
is also likelv to occur in vivo. since substance 
P can be released into tissues from peripher- 
al nerve endings of the primary sensory 
neurons and substance P-irnrnunoreactivity 
has been detected in synovial fluids (15). 

Since the inflammatory process in RA is 
associated with the continued generation of 
mediators that activate the nerve endings of 
the nociceptive afferent nerve fibers, these 
fibers will contain increased concentrations 
of substance P (16) and may continually 
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Table 2. Effect of  substance P and wsubstance P remodeling and destruction may be relevant W. A. Marasco, H. J. Showell, E. L. Becker, ibid. 
on  synoviocyte proliferation. Synoviocytes were also in the response of other organs to 

99, 1065 (1981). 

cultured in the presence of  substance P and D- 
10. J. D. Levine et al., Science 226, 547 (1984). 

substance (lO-~M) for 72 hours, For the last 6 Fflammatory or traumatic injury, as well as 11. J. M. Daver, J. Breard, L. Chess, S. M. Krane, 1. 
Clin. ~ n v t k .  64, 1386 (1979). 

hours. 5-bromO-2'-deoxvuridine (10 &) inflammation in other diseases. 12. K. Folkers. 1. Horiz. S. Rosell. U. Biorkroth. Acta 
thymikine (32 )*M) werk added t; th; cultures. 
Cells were then dislodged with trypsin. After 
being washed with cold phosphate-buffered sa- 
line, the cells were fixed with 70% ethanol at  P C  
for 3 0  minutes and spun on to  microscope slides. 
DNA was denatured with 0.07M N a O H  at room 
temperature for 2 minutes. Slides were then incu- 
bated with monoclonal antibody t o  BrdUrd 
(1:500). Bound antibodies were visualized with 
fluorescein isothioqanate-labeled afltibody t o  
mouse imrnoglobulin. The  cells were analyzed 
with a Leitz OrthoLux I1 microscope. Results 
from four experiments performed in triplicate are 
expressed as the percentage of  fluorescence posi- 
tive cells -+ SEM. 

Cells stained with antibody 
Sub- t o  BrdUrd 

stance P 
(MI Alone I n  presence of  

*substance P 
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Recombinant Interferon Enhances Monoclonal 
Antibody-Targeting of Carcinoma Lesions in Vivo 

release substance P into the joint tissues. 
From the present results it appears that 
long-term exposure of synoviocytes to sub- 
stance P could contribute to the develop- 
ment of several pathological findings in d. 
By stimulating synoviocyte proliferation, 
substance P can enhance the formation of 
pannus, which represents excessive growth 
of svnovial tissue over the joint surface. This 
hypothesis is consistent with its known 
stimulation of skin fibroblast proliferation 
(1 n. The basis for the effects of substance P 
\ ,  

on these cells may be the amino acid se- 
quence homology between substance P and 
acidic fibroblast growth factor (18). 

The augmentation of collagenase release 
and PGE2 generation from synoviocytes ac- 
tivated by substance P suggests additional 
roles for this neuropeptide in RA. Through 
release of collagenase, substance P may stim- 
ulate loss of cartilage and development of 
lesions in the adjacent bone. Through PGE2 
release, substance P may provide a signal to 
perpetuate the inflammatory process in the 
arthritic joint. The two other known activa- 
tors of synoviocytes, IL-1 and TNF-a, are 
both products of the reticuloendothelial sys- 
tem. An interaction of the nervous and 
reticuloendothelial system involving sub- 
stance P has been proposed (9). 

In summarv. these observations define a 
specific by which substance P, a 
nervous system-derived peptide, can con- 
tribute to the pathogenesis of RA. Similar 
effects of substance P on connective tissue 

Heterogeneity in the expression of tumor-associated antigens, as defined by the 
binding of monoclonal antibodies, is a characteristic common t~ most, if not all, 
human carcinoma cell populations. Antigen-negative cells within the population can 
escape detection and therapy by their failure to bind the appropriate antibody. 
Therefore, the extent of antigenic heterogeneity is an important consideration when 
designing protocols for the management of cancer by administration of monoclonal 
antibodies. One approach to counteracting the effect of antigenic heterogeneity is the 
use of clone A of recombinat human leukocyte interferon (Hu-IFN-aA). Administra- 
tion of Hu-IPN-aA in vivo effectivelv increased the amount of tumor antigen ., 
expressed by a human colon xenograft in situ and augmented the localization of a 
radiolabeled monoclonal antibody to the tumor site. Concomitant administration of 
Hu-IFN-olA and monoclonal &tibody may thus be effective in overcoming the 
antigenic heterogeneity of carcinoma cell populations and in enhancing the efficacy of 
monoclonal antibodies in the detection and treatment of  carcinoma lesions. 

H ETEROGENEITY OF ANTIGEN EX- 

pression is characteristic of human 
carcinoma cell populations (1 ) . 

This phenomenon has far-reaching implica- 
tions for the use of monoclonal antibodies 
(mAbs) in diagnosis or therapy. Rendering 
a human tumor cell population more homo- 
geneous for the expression of an antigen 
could result in an augmentation of mAb 

ed antigens can be modulated by recombi- 
nant human interferons (2, 4-6). Recombi- 
nant human leukocyte interferon (Hu-IFN- 
a) can enhance the expression of histocom- 
patibility antigens (HLA) and of several 
mAb-defined tumor antigens on the surface 
of human breast and colon carcinoma cells 
(5, 7). We reported recently that of eight 
different recombinant species of Hu-IFN-a, 

binding and, thus, more efficient diagnostic 
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