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Dual effect of nitric oxide in articular inflammatory pain in
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1 The contribution of nitric oxide (NO) to articular pain in arthritis induced by zymosan (1 mg,
intra articular) in rats was assessed by measuring articular incapacitation (Al).

2 Systemic treatment with the non-selective NO synthase (NOS) inhibitor L-NAME (10—
100 mg kg~! i.p.) or with the selective iNOS inhibitors aminoguanidine (AG; 10—100 mg kg="'i.p.)
or 1400W (0.5—1 mg kg~' s.c.) inhibited the AI induced by injection of zymosan 30 min later.

3 Local (intra articular) treatment with the NOS inhibitors (L-NAME or AG, 0.1-1 umol; 1400W,
0.01 (umol) 30 min before zymosan also inhibited the Al.

4 Systemic or local treatment with the NOS inhibibitors (L-NAME; AG, 100 mg kg~'i.p. or
0.1 umol joint~'; 1400W, 1 mg kg~' s.c. or 0.01 umol joint~"), 2 h after zymosan did not affect the
subsequent Al.

5 Local treatment with the NO donors SNP or SIN-1, 2 h after zymosan did inhibit Al

6 L-NAME and AG, given i.p. inhibited nitrite but not prostaglandin E, (PGE,) levels in the
joints. L-NAME (100 mg kg~') but not AG (100 mg kg~"') increased mean arterial blood pressure.
Neither L-NAME, AG nor the NO donor SIN-1 altered articular oedema induced by zymosan.

7 In conclusion, inhibitors of iNOS decrease pain in zymosan arthritis only when given before the
zymosan. This was not due to inhibition of articular PGE, release or oedema. NO donors also

promoted antinociception in zymosan arthritis without affecting oedema.
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mean arterial pressure; NGF, nerve growth factor; NMDA, N-methyl-D-aspartate; NO, nitric oxide; NOS,
nitric oxide synthase; NSAID, non-steroidal antiinflammatory drug; NT, non-treated; p.o., per os; PET, paw
elevation time; PGE,, prostaglandin E,; s.c., subcutaneous; SAL, saline; SIN-1 (3-morpholinosydnonimine);

SNP, sodium nitroprusside; Zy, zymosan

Introduction

Nitric oxide (NO) is produced by nitric oxide synthase (NOS)
using L-arginine as substrate. Three isoforms of NOS have
been described. Endothelial (NOS1) and neuronal (NOS3)
isoforms are constitutive (cNOS) whereas NOS2 is the
inducible isoform (iNOS). The c¢cNOS produces NO in
picomolar amounts for short periods, operating through a
calcium dependent mechanism, whereas iNOS produces large
and sustained amounts of NO after cell activation by
inflammatory stimuli. Production of NO via cNOS has been
linked to homeostasis, for instance, the regulation of arterial
blood pressure, whereas NO produced after iNOS induction
appears to be involved in pathophysiological phenomena
(Moncada et al., 1991).

There is considerable evidence for the involvement of NO
in experimental models of arthritis. Increased NO levels
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were associated with the development of streptococcal cell
wall arthritis (McCartney-Francis et al., 1999) whereas
administration of NOS inhibitors reversed inflammatory
changes in experimental arthritis (lalenti er al., 1993;
Stefanovic-Racic et al., 1994; 1995). Limitation of move-
ment is a serious burden to patients presenting with
inflammatory arthropathies. Although pain relief is fre-
quently the main goal in the acute treatment of these
conditions, little is known about the mechanisms involved
in pain development in arthropathies. The rat knee-joint
incapacitation test was designed to study articular incapa-
citation (AI), defined as the inability of a rat with an
experimentally induced arthritis to walk normally (Tonussi
& Ferreira, 1992). In this test, Al is assumed to be due to
altered nociception following injection of an inflammatory
stimulus into the joints. Using this test, we have, in a
previous paper, demonstrated the development of gait
disturbances (AI) in rats with zymosan (Zy)-induced
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arthritis (Rocha et al., 1999), with the animals developing
Al from 2 h, reaching a maximal value between 3 and 4 h,
after the injection of zymosan (Rocha et al., 1999).

There is also evidence supporting a role for NO in
nociception. A NOS inhibitor, L-NMMA (L-N¢-monomethy-
larginine), blocked acetylcholine induced peripheral analgesia
(Duarte et al., 1990). Peripheral antinociception induced by
morphine in rats with PGE,-induced hyperalgesia was shown
to be mediated by NO release leading to cGMP activation
(Ferreira et al., 1991). However, controversies regarding NO
role in pain have arisen. For instance, injection of NO in
humans produces pain, presumably through direct stimula-
tion of local nociceptors (Holthusen & Arndt, 1994).
Additionally, administration of L-NAME (L-N®-nitroarginine
methyl ester), a non-selective NOS inhibitor, had antinoci-
ceptive effects in mice and reversed thermal hyperalgesia in
rats with carrageenan arthritis (Lawand et al., 1997). More
recently, it was shown that the NO donor 3-morpholino-
sydnonimine (SIN-1) produced either analgesia or nocicep-
tion in rats, depending on the dose and the pain model
studied (Sousa & Prado, 2001).

Considering that both the exact role of NO in pain
development and the mediators involved in pain mechanisms
during inflammatory arthropathies are still not fully defined,
we decided to investigate NO participation in Al in zymosan-
induced arthritis. The results reported herein show that
administration of an NO donor in ongoing zymosan arthritis
produced analgesia. On the other hand, NOS inhibitors,
acting via iNOS inhibition, exerted antinociceptive effects in
this model only when given prior to the injection of zymosan
into the joint. Moreover, these anti-nociceptive effects were
not secondary to an inhibition of oedema or of prostaglandin
(PG) release into the affected joint.

Methods
Animals

Male Wistar rats (180—220 g) from our own animal facilities
were used throughout the experiments. All efforts were made
to minimize animal suffering and the number of animals
used. Surgical procedures and animal treatments were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (DHEW Publication, Bethesda,
MD, U.S.A)).

Evaluation of articular incapacitation (Al)

During light ether anaesthesia, rats received a standard intra-
articular (i.art.) injection of zymosan (1 mg in 50 ul total
volume), dissolved in sterile saline, into their right knee
joints. Control animals received saline. We used the rat knee
joint incapacitation test, as described previously (Tonussi &
Ferreira, 1992). Briefly, after zymosan injection, animals were
put to walk on a steel rotary drum (30 cm wide x 50 cm
diameter), covered with a fine-mesh non-oxidizable wire
screen, which rotates at 3 r.p.m. Specially designed metal
gaiters were wrapped around both hind paws. After
placement of the gaiters, the animals were allowed to walk
freely to accustom themselves to the gaiters. The right paw

was then connected via a simple circuit to a microcomputer
data input/output port. The paw elevation time (PET) is the
time that during a 60 s period the inflamed hind paw is not in
contact with the cylinder. This is directly proportional to the
articular incapacitation.

Evaluation of articular oedema and PGE release

The animals were anaesthetized (chloral hydrate
(400 mg kg~'i.p.), killed by cervical dislocation, and ex-
sanguinated. The synovial cavity of the knee joints was then
washed with 0.4 ml saline containing 5 U ml~" heparin. The
synovial exudates were collected by aspiration. After
centrifugation (500 x g, for 10 min~'), the supernatant was
stored at —70°C and used for determination of PGE,
concentration using a commercially available ELISA kit
(Cayman Chem. Co., Ann Arbor, U.S.A.) and also for
assessing total nitrite released into the joints. After the
synovial fluid was collected, the synovial membranes were
surgically removed and the wet weight (g) was recorded. This
material was dried (80°C) overnight and the dry weight (g)
was recorded. The wet/dry (g) weight ratio was used as
reflecting synovial oedema.

Measurement of mean arterial pressure (MAP)

In an attempt to disclose microcirculatory blood flow
alterations due to cNOS inhibition, MAP was measured.
Briefly, rats were anaesthetized and a cannula placed in the
carotid artery. The rats were allowed to recover and the
MAP was recorded by connecting the arterial cannula to a
pressure transducer and recording the blood pressure in a
polygraph. MAP was measured 30 min after i.p. injection of
either L-NAME 100 mg kg='i.p. or aminoguanidine
100 mg kg~' i.p. and then subsequently at hourly intervals
for a period of 6 h and compared to the baseline values.

Determination of NO production

Production of NO was determined by measuring total nitrite/
nitrate (NO, /NO;~) by the Griess reaction. Total NO,/
NO;~ levels were determined with the NO;~ in the samples
(0.08 ml) converted to NO,~ by incubation of 0.01 ml nitrate
reductase from Aspergillus species (I uml~") and 0.01 ml
NADPH (1 mM) for 30 min at 37°C. NO,~ levels were
determined spectrophotometrically at 540 nm by measuring
the absorbance of test samples (0.1 ml) after adding 0.1 ml
Griess reagent (sulphanilic acid (1% w v~') and N-(1-
naphythyl)ethylenediamine (0.1 w v~') in 5% phosphoric
acid) and comparing these values with those from standard
solutions of NaNO, (1-100 um).

Drug treatments

Prophylactic interventions In order to analyse the effect of
NOS inhibitors injected systemically and administered prior
to induction of zymosan arthritis, groups of rats received L-
NAME (10-100 mg kg='i.p.), aminoguanidine (10—
100 mg kg='i.p.) or 1400W (0.5-1 mg kg 's.c.) 30 min
prior to zymosan injection intra-articularly (i.art.). To
analyse the prophylatic effect of NOS inhibitors administered
locally  either L-NAME 0.1-1 umol joint="  (0.15-
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1.39 mg kg™"), aminoguanidine 0.1—1 umol joint™' (0.06—
0.61 mg kg="), or 1400W 0.01 umol/joint (0.014 mg kg~")
were administered i.art. 30 min prior to arthritis induction.
Two other groups received either D-NAME
(100 mg kg~"i.p.) or L-arginine (1 g kg=2 p.o.) 30 min prior
to L-NAME (100 mg kg=') followed by zymosan i.art.,
30 min later.

Therapeutic interventions In order to evaluate the effects of
NOS inhibitors injected systemically on existing zymosan
arthritis, other groups of rats received either L-NAME
(100 mg kg~ 'i.p.), aminoguanidine (100 mg kg 'i.p.) or
1400W (1 mg kg~'s.c.) 2 h after injection of zymosan i.art.
In order to evaluate the effect of NOS inhibitors injected
locally on existing zymosan-arthritis, groups of rats received
either L-NAME (0.3 umol joint™"'), aminoguanidine
(0.1 umol joint=") or 1400W (0.01 umol joint~') 2 h after
injection of zymosan i.art.

Therapeutic effect of NO donors In order to evaluate the
local therapeutic effect of exogenous NO addition, either of
two NO donors, sodium nitroprusside (SNP 100-—
500 pgi.art.) or 3-morpholinosydnonimine (SIN-1; 1-
10 pg i.art) were given 2 h after the injection of zymosan.

Control groups Non-treated (NT) groups consisted of rats
with zymosan-arthritis that received 0.9% w v~' sterile saline
either systemically or locally. The control groups of rats
received only 0.9% w v~! sterile saline i.art.

Drugs and reagents

All drugs were purchased from Sigma Chemical Co., St.
Louis, U.S.A., except for SIN-1 that was purchased from
Cayman Chemical Co., Ann Arbor, U.S.A.

Statistics

Results are expressed as mean+s.e.mean. Statistically
significant differences between groups were analysed using
one-way ANOVA followed by the Bonferroni test. P<0.05
was considered significant.

Results

Effect of systemic treatment with NOS inhibitors on
articular NO production

The time course of release of nitrite into the joint exudates of
rats with zymosan-arthritis is shown in Figure 1A. The
release started 1 h after zymosan injection and reached a
maximum value at 6 h. In rats whose joints were injected
only with saline (SAL), the nitrite concentrations in the joint
exudates were low and remained at these levels throughout
the experimental period.

Systemic prophylactic (30 min before zymosan) or ther-
apeutic (2 h after zymosan) administration of the NOS
inhibitors (L-NAME, AG, and 1400W) reduced this nitrite
release into the joint exudates. At 6 h after zymosan, this
reduction was to almost control (saline injected) levels at the

a
75=

50

NO,INO;™ (uM)

25+

SAL 1h 3h 6h 24h $86h
Time (h)

60«

o 1

40+

NO,/NO;(u M)
(&)
(-]
[

204

Ia mmm@

SAL NT LN AG 1400W LN AG 1400W

(-]

Figure 1 (A) Time—course of the release of NO into the joint
exudate of rats with zymosan arthritis. Zymosan was injected intra-
articularly (i.art.) and the NO release in exudates (as NO, /
NO; ) was measured at different times, as shown, after zymosan.
Control (SAL) animals received only saline i.art. There was a rapid
increase in NO release after zymosan, which was still raised at 96 h.
Injection of saline into the joints did not increase NO release
throughout the experiment. Results are expressed as the mean+
s.e.mean of values for each group of six animals. * P <0.05 compared
to control rats. (B) Effect of systemic prophylactic (dotted bars) or
therapeutic (hatched bars) administration of NOS inhibitors on
nitrite release into the joint exudates in zymosan arthritis. Either
L-NAME (LN) (100 mg kg~ ' i.p.), AG (100 mg kg~ " i.p.) or 1400W
(1 mg kg~' s.c.) were injected 30 min before (prophylactic) or 2 h
after (therapeutic) zymosan. Non-treated (NT) rats were given saline
i.p. 30 min prior to zymosan. Control (SAL) animals received only
saline i.art. Release of NO was measured at 6 h after zymosan. All
three inhibitors reduced the NO release to almost control levels at
this time. Results are expressed as the mean +s.e.mean of values for
each group of six animals. *P <0.05 compared to NT rats.

highest doses of inhibitors used (Figure 1B). Similar data
were obtained when these compounds were injected locally,
whether administered in a prophylactic or therapeutic
strategy (data not shown).
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Effect of systemic treatment with NOS inhibitors on
articular incapacitation (Al)

The effect of treatment with the NOS inhibitors (L-NAME,
aminoguanidine or 1400W), given before the zymosan, on Al
is shown in Figure 2A. Injection of zymosan into the
articular joints of rats provoked an increase in paw elevation
time (PET), starting 2 h, and peaking between 3—4 h, after
zymosan injection. Increase in PET is assumed to reflect
articular inflammatory pain and is due to stimulation of
periarticular nociceptors (Rocha et al., 1999). All three
inhibitors of NOS dose-dependently reduced AI, measured
between 3—4 h after zymosan. The reduction of Al observed
after L-NAME or AG was about equal at the highest dose
used, whereas the NOS inhibitor 1400W appeared more
potent and to reduce Al almost to control level, i.e., to
completely reverse the Al induced by zymosan. However, as
shown in Figure 2B, when the NOS inhibitors were given 2 h
after the zymosan, at the highest doses, none of them
modified Al

Figure 3 shows that administration of D-NAME
(100 mg kg~' i.p.), the inactive enantiomer of L-NAME, did
not alter Al and also that combined administration of the
NOS substrate L-arginine (I g kg=' p.o.) and L-NAME
(100 mg kg~' i.p.) reversed the inhibitory effect of L-NAME
on Al. Note that all these treatments were given before the
zymosan.

Effect of local treatment with NOS inhibitors on Al

In a further series of experiments, the NOS inhibitors
L-NAME 0.1-1 umol joint™" (0.15-1.39 mg kg=', AG
0.1-1 ymol joint~"  (0.06—-0.6l mgkg~') or  1400W
0.01 umol joint=" (0.014 mg kg~') were given locally, i.e.,
by injection into the joint. Given 30 min before the zymosan,
these inhibitors markedly decreased the Al (Figure 4A).
However, as noted with systemic treatment, giving the
inhibitors locally, 2 h after zymosan injection, had no effect
on the Al (Figure 4B).

Effect of local therapeutic administration of two NO
donors, SNP and SIN-1, on Al

To assess the effect of exogenous NO in our model of
articular inflammatory pain, we used two NO donors, sodium
nitroprusside (SNP:) or 3-morpholynosydnonimine (SIN-1).
The sources of NO were given after the induction of the
arthritis, locally, 2 h after zymosan. Figure 5 shows that, over
a range of doses, both SNP (100—500 ug i.art.) and SIN-1
(10—100 pumol, i.art.) inhibited Al, to a degree comparable
with that obtained with the local application of NOS
inhibitors, when given before zymosan (Figure 2A).

Effect of NOS inhibitors on PGE, release, synovial
oedema, and mean arterial pressure (MAP)

Because of the interaction between NOS and PG synthesis
(Salvemini et al., 1993) and because PG-induced oedema
could affect the incapacitation we were measuring, we
assayed for PGE, in the joint exudates and for articular
oedema. Since the maximal inhibition of AI was achieved
with L-NAME or AG, at 100 mg kg~' i.p., we decided to use
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Figure 2 (A) Dose-dependent effects of systemic prophylactic
administration of NOS inhibitors on articular incapacitation (AI)
in zymosan arthritis. The Al was measured hourly over 4 h after
zymosan injection as the increase in paw elevation time (PET)
assessed using the rat knee joint incapacitation test (see text for
details). Either L-NAME (LN - 10, 30, 100 mg kg~ 'i.p.), amino-
guanidine (AG - 10, 30, 100 mg kg 'ip.) or 1400W (0.5—
1 mg kg~' s.c.) were injected 30 min prior to zymosan 1 mg injection
i.a. Non-treated (NT) rats were given saline i.p. followed by
zymosan. Control (SAL) animals received saline i.art. There was a
dose dependent reduction of the Al response after treatment with any
of the inhibitors. Results are expressed as the mean+s.e.mean of
maximal PET obtained during 3—4 h of arthritis; n=6 animals for
each group. ¥*P<0.05 compared to NT rats. (B) Effect of systemic
therapeutic administration of L-NAME (LN), aminoguanidine (AG)
or 1400W on Al in zymosan arthritis. The AI was measured hourly
over 4h after zymosan. LN (100 mgkg 'ip.), AG
(100 mg kg~ ' i.p.) or 1400W (1 mg kg~ 's.c.) was given 2 h after
zymosan. Non-treated (NT) rats were given saline (i.p.), 2 h after
zymosan. Control rats (SAL) received saline i.art. The inhibitors were
no longer effective in reducing AI when given after the zymosan.
Results are expressed as the mean+s.e.mean of maximal PET
measured 3—4 h after the zymosan; n=6 animals for each group.
*P<0.05 compared to NT rats.

these doses in these further experiments. As shown in Table
1, neither L-NAME nor AG, when administered prophylacti-
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Figure 3 Effect of systemic prophylactic combined administration
of L-arginine (L-ARG) and L-NAME (LN) and p-NAME (DN) on
Al in zymosan arthritis. The AI was measured as previously
described. LN or DN (100 mg kg~ 'i.p.) was given 30 min before
zymosan. L-ARG (1 g kg™") was given p.o., 30 min before the L-
NAME. Non-treated (NT) rats received saline i.p. followed by
zymosan. Control (SAL) animals received saline i.art. Results are
expressed as the mean+s.e.mean of maximal PET obtained during
3—4 h of arthritis; n=6 animals for each group. *P <0.05 compared
to NT rats.

cally, modified the increase in PGE, content in the affected
joint at 6 h. The marked synovial oedema induced by
zymosan was also unaffected by NOS inhibition. Treatment
after zymosan (2 h) with systemic L-NAME or AG (which
did not affect AI; see Figure 2B) or the nitric oxide donor
SIN-1 locally (which reduced AI; see Figure 5) also did not
modify articular oedema. Table 1 also shows that L-NAME
(100 mg kg~'i.p.) but not AG (100 mg kg'i.p.) admini-
stration caused a marked increase in MAP.

Discussion

Our experiments have shown that inhibitors of NOS decrease
articular inflammatory pain when given early, before
induction of the arthritis, but not when given late, after the
arthritis had been induced. However, treatment with NO
donors after induction of arthritis was effective in reducing
pain. These results appear paradoxical but we would
conclude that, overall, NO has a direct anti-nociceptive effect
on articular inflammatory pain in zymosan arthritis. The
anti-nociceptive activity observed when NOS inhibitors were
given prophylactically, before the zymosan, is probably due
to suppression of the synovitis induced by zymosan, thus
preventing the subsequent development of the inflammatory
reactions leading to pain.

Administration of D-NAME, the inactive enantiomer of L-
NAME, as well as combined administration of L-arginine
and L-NAME did not alter articular incapacitation, suggest-
ing that the anti-nociceptive effect of L-NAME was most
likely to be due to inhibition of NO synthesis. The isoform of
NOS most relevant here would appear to be the inducible

iNOS. Thus, aminoguanidine (AG), which is currently used
as a selective iNOS inhibitor, was effective in reducing Al,
our measure of articular pain, suggesting that both iNOS and
c¢NOS inhibition produced antinociception in our model.
There are many reports showing that AG is a selective iNOS
inhibitor (Griffiths ez al., 1993). AG was shown to reduce
plasma leakage in the mouse skin (Fuji et al., 1996) and to
reduce rat paw inflammation induced by carrageenan
(Salvemini et al., 1996b), effects that were assumed to be
due to iNOS inhibition. However, AG, in the presence of
calcium, calmodulin, and other cofactors can also inhibit
cNOS (Wolff & Lubeskie, 1995a, b; Laszlo et al., 1995). We
therefore used 1400W, which is approximately 500 times
more potent and specific as an iNOS inhibitor than AG, and
currently one of the most selective iNOS inhibitors available
(Garvey et al., 1997). Our results showed that 1400W also
dose-dependently inhibited Al, reinforcing our suggestion
that the anti-nociceptive effects observed with L-NAME and
AG were due to the inhibition of iNOS.

The anti-inflammatory properties of L-arginine analogues
have been linked to local microcirculatory vasoconstriction
that could be reversed by vasodilators (Ridger et al., 1997).
Although there is marked heterogeneity of the influence of
NO in the regional microvasculature among different tissues
(Greenblatt et al., 1993) MAP is influenced by alterations in
peripheral vascular resistance occurring in the microcircula-
tion. Thus, significant microcirculatory vasoconstriction
resulting from cNOS inhibition should lead to an increase
in MAP. In the present study, animals treated with the
highest effective dose of L-NAME did exhibit an increase in
MAP. However, MAP was not altered in animals that
received the highest effective dose of AG. Hence, in the
present study, local vasoconstriction and increased MAP was
not necessary for the anti-nociceptive actions of AG.

Is is possible that articular oedema, rather than articular
pain, may have caused the lack of joint mobility that we
recorded as Al This possibility is less likely in our
experiments since the prophylactic administration of the
iNOS inhibitors or the therapeutic injection of SIN-1, though
being able to inhibit AI, did not alter local oedema. In
concordance with these data, intra-articular injection of
dextran, that promotes non-inflammatory oedema, did not
elicit Al, as measured by the rat-knee joint as in the present
study (Tonussi & Ferreira, 1992 ). L-NAME has been shown
to reduce the oedema induced by bradykinin, histamine, and
zymosan-activated plasma, carragenin, or dextran (Teixeira et
al., 1993; Salvemini et al., 1996a, b; lalenti et al., 1992).
However, L-NAME and haemoglobin, which acts as an NO
scavenger, reduced paw oedema in rats only in the initial
phase (1 h) after stimulus injection (Cuzzocrea et al., 1997)
whereas we measured articular oedema 6 h after zymosan.
Controversies have also arisen concerning the contribution of
NO to oedema development. Systemic administration of L-
NAME or 1400W inhibited the oedema formation in
experimental colitis (Kankuri et al, 2001). On the other
hand, L-NAME promoted an increase in vascular perme-
ability in the isolated perfused rat lung (Mundy &
Dorrington, 2000) and administration of L-arginine, the
NOS substrate, prevented the increase in vascular perme-
ability induced by contrast-media in the rat lung (Sendo et
al., 2000). More recently, local (intra-pleural) and systemic
administration of NOS inhibitors increased and reduced
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Figure 4 Dose-dependent effect of local prophylactic administration
of NOS inhibitors on AI in zymosan arthritis in rats. Either L-
NAME (LN) 0.1, 0.3 and 1.0 umol joint~'), AG (0.1, 0.3 and
1.0 umol joint~') or 1400W (0.01 umol joint~') were injected i.art.
30 min prior to zmosan injection. Non-treated (NT) rats were given
saline (50 ul) i.art. followed by zymosan. Control (SAL) rats received
saline i.art. All three inhibitors given locally were highly effective in
reducing AIl. Results are expressed as the mean+s.e.mean of
maximal PET obtained during 3—4 h of arthritis; »=6 animals for
each group. *P<0.05 compared to NT rats. (B) Effect of local
therapeutic administration of L-NAME (LN), aminoguanidine (AG)
or 1400W on AIl. The Al was measured hourly over 4 h. LN
(0.3 umol joint~"), AG (0.1 umol joint~") or 1400W (0.01 gmol
joint~!) were given i.art. 2 h after zymosan. Non-treated (NT) rats
were given saline i.p., 2 h after zymosan. Control (SAL) rats received
saline i.art. Local application of the NOS inhibitors, at the highest
doses used prophylactically (see A), did not reduce Al. Results are
expressed as the mean+s.e.mean of maximal PET measured 3—4 h
after zymosan; n=6 animals for each group. *P<0.05 compared to
NT rats.

oedema in carrageenin-induced pleuritis, respectively (Paul-
Clark et al., 2001). Another recent study showed that
administration of a selective iNOS inhibitor did not reduce
the acute inflammatory response and exacerbated the chronic

also on the tissue studied.

Anti-nociception has previously been associated with
inhibition of NOS. L-NAME provoked dose-dependent
anti-nociception in the formalin-induced paw-licking model
in mice (Moore et al., 1991). Intrathecal administration of
AG and 2-amino-5,6-dihydro-methylthiazine, another selec-
tive iNOS inhibitor, decreased carrageenan-induced thermal
hyperalgesia in rats (Osborne & Coderre, 1999). In joints,
local administration of either L-NAME or 7-nitro-indazole, a
selective neuronal NOS inhibitor, prevented radiant heat
hyperalgesia in rats subjected to carrageenan-kaolin arthritis
(Lawand et al., 1997). However, to our knowledge, the
present study is the first to evaluate the role of NO in
articular inflammatory pain.

A particularly relevant interaction in inflammatory models
is that between NO and cyclo-oxygenase, the rate-limiting
enzyme in PG biosynthesis (Salvemini ef al., 1993) but the
outcome of this interaction varies from model to model.
Thus, NO either promoted the release of prostaglandins
through iNOS activation (Salvemini et al., 1995a, b) or
decreased prostaglandin production (Swierkosz et al., 1995).
This could be caused by a biphasic effect of NO that was
demonstrated on a macrophage cell line of mice (Tetsuka et
al., 1994; Milano et al., 1995). In our model of arthritis,
neither L-NAME nor AG administration altered PGE,
release into the synovial fluid, showing that the anti-
nociception following iNOS blockade was not due to
inhibition of PGE, release. This is in concordance with a
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Table 1 Effect of NOS inhibitors on mean arterial pressure
(MAP) and prostaglandin E, (PGE,) release, and articular
oedema in zymosan-induced arthritis

MAP PGE, Wet/dry weight
Groups (mmHg) (picomol ml~")  ratio (g)
Saline 91.2+6 100.2+22.3 6.9+0.48
Zymosan 96.0+4 550.4+210 14.24+0.8
Zymosan 153.0+7* 1375.54261.3 158+1.8
+L-NAME
Zymosan 97.6+4 549.6 + 128 17.1+1.5

+ Aminoguanidine

Rats were given zymosan into their right knee joints (i.art.).
Mean arterial pressure (MAP) was evaluated at hourly
intervals over 4 h in conscious animals, through a carotid
artery cannula. PGE,; released into the articular cavity, 6 h
after zymosan, was measured using ELISA. Articular
oedema was evaluated as the wet/dry weight ratio (g) of
the synovial membranes that were surgically removed 6 h
after zymosan. Groups were treated with either L-NAME or
aminoguanidine (100 mg kg ™! i.p.) 30 min prior to zymo-
san. Zymosan rats were given only zymosan. Control (SAL)
animals received only saline i.art. Data represent mean+
s.e.mean of n = six animals per group. *P<0.05 compared
to zymosan rats.

recent study showing that, in carrageenin-induced pleurisy, S-
(2-aminoethyl) isothiorea (AE-ITU), a specific iNOS inhi-
bitor, did not alter PGE, release (Paul-Clark et al., 2001).

In our experiments, inhibition of iNOS was anti-nocicep-
tive. However, in the hyperalgesia provoked by local injection
of either carrageenan or PGE, in the rat hind paw it was
reported that the anti-nociceptive effect of acetylcholine was
due to NO release (Duarte et al., 1990). This apparent
discrepancy could perhaps be explained by the fact that these
authors studied the effect of local administration and used
different pain models. However, in our experiments, all three
NOS inhibitors L-NAME, AG, or 1400W were effective in
inhibiting AI when administered locally (intra-articularly).
Thus, systemic as well as local iNOS inhibition, given
prophylactically, was equally anti-nociceptive in our model.

In zymosan-induced arthritis, Al peaks between 3—4 h after
injection of zymosan (Rocha et al., 1999) and in order to assess
the effect of NOS inhibition on established Al, we gave L-
NAME or AG, 2 h after zymosan. In contrast with the results
of giving NOS inhibitors before the zymosan, this later
administration did not affect Al, irrespective of systemic or
local application. Because of this failure, we decided to evaluate
the effect of NO donors, also given therapeutically, i.e., 2 h
after zymosan. Our results have clearly shown that local
administration of two NO donors (SNP or SIN-1) significantly
reduced AI. We must emphasize that these NO donors were
given as therapeutic interventions when the arthritis was
already well established, pointing to a direct analgesic effect
for NO donors in articular inflammatory pain.

At least two points of discussion emerge from the results.
First, the apparent paradox of both NOS inhibitors and NO
donors providing anti-nociceptive effects. This we believe may
be resolved by postulating that the anti-nociceptive effect of
NOS inhibitors given prophylactically is due to prevention of
synovial inflammation. Once the synoviocytes are stimulated
by zymosan, leading to the release of pro-inflammatory
algesic mediators, the subsequent administration of NOS
inhibitors (therapeutic intervention) cannot prevent the

activation of nociceptors by the algesic mediators already
present. However, NO donors were effective in the presence
of algesic mediators because NO has a direct anti-nociceptive
effect.

This direct effect of NO provides the second point of
discussion, as there are several reports that NO donors may
produce either hyperalgesia or anti-nociception depending on
the model, route of administration and species studied. In the
rat paw pressure test, high dose SIN-1 was hyperalgesic (Aley
et al., 1998) whereas another study showed that SIN-1
reduced PGE, induced hyperalgesia (Ferreira et al., 1991).
Local intradermal or intravenous NO injection was shown to
evoke pain (Holthusen & Arndt, 1994; Kindgen-Milles &
Arndt, 1996) whereas dermal nitroglycerin patches decreased
postoperative pain in humans (Lauretti et al., 1999). With
respect to joint pain, to our knowledge there is only one
study showing that transdermal nitroglycerin provided partial
symptomatic pain relief in patients with painful shoulders
(Berrazueta et al., 1996). However, prolonged or extensive
use of nitroglycerin is unlikely, as its vadodilating activity
induces side effects such as headache and hypotension. Our
study extends this earlier observation and suggests that NO
donors other than nitroglycerin may also provide analgesia in
human articular inflammatory pain.

The mechanisms to explain how NO is affecting pain
transduction pathways are probably multiple. In the present
study, NO donors could be analgesic through down-
regulation of peripheral nociceptors in the joint, operating
through activation of cGMP. As we mentioned above, in the
prostaglandin E-induced hyperalgesia in the rat hind paw,
NO promoted analgesia that was blocked by a cGMP
inhibitor (Duarte et al., 1990). In agreement with this
proposal, the anti-nociceptive effect of sildenafil in the
abdominal writhings test in mice was recently shown to be
mediated by the inhibition of the phosphodiesterase 5
enzyme, thus increasing NO and cGMP production. This
effect of sildenafil was potentiated by the combined
administration of sodium nitroprusside and L-arginine (Jain
et al., 2001). Also, the antinociceptive activity of the non-
steroidal antiinflammatory drug (NSAID) ketorolac was
shown to involve the activation of the NO—cGMP pathway,
followed by opening of ATP-sensitive potassium channels
(Lazaro-Ibanez et al., 2001). In addition to these effects,
reaction of NO with thiol groups could also promote
analgesia, through down-regulation of NMDA receptors, by
inhibiting calcium influx. This mechanism could be important
in neuropathic pain, where excessive activation of NMDA
receptors occurs (Lipton & Stamler, 1994).

The NO donors effects may also be indirectly mediated,
through the inhibition of the release of other pain mediators.
For instance, NO donors were shown to inhibit the in vitro
release of substance P from dorsal horn neurons, an effect
that was associated with an increase in cGMP levels
(Kamisaki et al.,, 1995). The production of cytokines and
nerve growth factor (NGF) has also been associated with
pain development during inflammatory conditions (Tal, 1999;
Pezet et al., 2001). In addition, tumour necrosis factor-o
induced interleukin-1§ and NGF production were associated
with the acute hyperalgesia provoked by the intraplantar
injection of Freund’s adjuvant in rats (Woolf et al., 1997).
Reduction of pro-inflammatory cytokines production by NO-
naproxen was reported to be due to the addition of NO to
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the NSAID naproxen (Cicala et al., 2000). Based on these
data, we cannot exclude the possibility that the NO donors
antinociceptive effect in zymosan-induced arthritis is related
to decreased NGF release, secondary to an inhibition of pro-
inflammatory cytokines production.

In conclusion, the results presented in this study show that
local administration of an NO donor was anti-nociceptive in
zymosan arthritis, by reducing articular inflammatory pain.
Additionally, we have also shown that prophylactic admin-
istration of NOS inhibitors also reduced this inflammatory
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