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Abstract

Injection of endothelin-1 (ET-1) into the plantar rat hindpaw causes acute pain at high concentrations
and tactile sensitization at low concentrations. The pro-nociceptive actions are driven through ET
receptors for both levels of [ET-1], but the ETg receptors are only pro-nociceptive for allodynia from
low [ET-1] and anti-nociceptive for pain from high [ET-1]. The goal of the present work was to
discriminate the roles of the ET receptors in the acute hyperalgesia from inflammation by complete
Freund's adjuvant (CFA, 20 mg/paw) into the rat hindpaw. Selective antagonists were injected 10
min before and then together with CFA. An ET  receptor antagonist, BQ-123, reduced CFA-induced
thermal hyperalgesia (by up to 50%), as did an ETg receptor antagonist, BQ-788 (by up to 66%).
BQ-123 and BQ-788 also delayed the onset (by 1.5 — 2 h) but insignificantly reduced the maximum
degree of CFA-induced allodynia (~10%). Surprisingly, an ETg receptor agonist, IRL-1620, also
reduced maximum thermal hyperalgesia induced by CFA, suppressed peak allodynia and delayed its
occurrence by ~ 3 h. The latter actions of IRL-1620 were reversed by co-administration of BQ-788,
naloxone hydrochloride and the peripherally restricted opiate receptor antagonist naloxone
methiodide, and by antiserum against B-endorphin. These findings demonstrate an important role for
endogenous ET-1 in acute inflammatory pain and a dual action of ETg receptors, including a pro-
algesic action along with the important activation of a local analgesic pathway, implying that at least
two different ETg receptors contribute to modulation of inflammatory pain.
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INTRODUCTION

Inflammation releases substances that excite or sensitize primary afferent nerve fibers and
cause pain and hyperalgesia [1,2]. Endothelin-1 (ET-1) is a peptide released following tissue
injury and over-secreted in inflammatory conditions [3], and is derived from various cells in
skin: keratinocytes [4], vascular endothelial cells [5], immune cells [6,7] and mast cells [8].
Sensory afferents themselves [9-11] and satellite cells of DRG [12] contain ET-1. Thus, both
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cells of the skin and those that innervate it may release ET-1 in normal and pathological
conditions, and thereby contribute to pain (see review, [13]).

ET-1 potentiates the pain from pro-inflammatory mediators, e.g., PGE, [14] as well as pain-
related activities of the capsaicin-heat-proton-activated receptor TRPV1, detected at the
cellular [15-18] and at the whole animal, behavioral level [19].

Endothelin-1 can simultaneously activate both nociceptive and analgesic pathways, [20-32].
Although at first these opposing effects might be explained by the different actions of the two
different G protein-coupled receptors for ET-1, called ET 5 and ETg, the problem is more
complex. Exogenous ET-1 evokes acute pain, [21,24,25,33] and similarly enhances actions of
other algogens, e.g. in experimental arthritic pain [23,24,34,35], both via ET 4 receptors. In
contrast, activation of ETg receptors has been shown to have both an antihyperalgesic/
antinociceptive action [24,26,27] and a pro-algesic action, e.g., causing mechanical hyper-
nociception in rats [30]. A major objective of this paper is to address the separate, opposing
effects of the ETg receptor, in inflammatory hyperalgesia that involves endogenous ET-1.

Endogenously-released ET-1 mediates pain (in the inflamed knee) via both ET 5 and ETg
receptors [35]. ETg receptors contribute positively to pain from intraperitoneal inflammation
in mice [21,36]. Although both complete Freund's adjuvant (CFA) and carrageenan have been
reported to provoke thermal hyperalgesia in mice solely via ET a receptors, mechanical
hyperalgesia in mice is mediated by both ET o and ETg receptors [29]. Carrageenan injected
into peripheral tissues is known to rapidly increase local and plasma ET-1 levels [37] and
chronic constriction of the rat sciatic nerve causing thermal and mechanical hyperalgesia (due
to a substantial contribution from local inflammation [38]), elevates both ET-1 and ETa
receptors at the injury site [39]. The behavioral signs of this injury-induced pain are reversed
by an ET a receptor antagonist.

In summary, the ET p receptor appears always to promote inflammatory pain, but the role of
ETg receptors is controversial and seems to depend on many factors: the procedure, the species,
and the inflammatory state. Since we have previously shown an anti-hyperalgesic action of
ETg receptors in the un-inflamed rat paw, in this work we sought to determine if ETg receptors
were anti- or pro-algesic on the acute inflammatory pain induced by CFA in the rat paw. A
preliminary report of these findings was presented at the 2003 meeting of the Society for
Neuroscience™.

MATERIALS AND METHODOLOGY

All procedures used in these studies adhered to guidelines approved by the Institutional Animal
Care and Use Committee of the University of Maryland Dental School and performed
according to the ethical standards prescribed by the Committee for Research and Ethical
Issues of the International Association for the Study of Pain. Experiments were performed on
144 adult (250-300 g), male Sprague-Dawley rats (Harlan, Indianapolis, IN). Rats were housed
in cages (2-3 per cage) in a viral antibody-free facility on a 12/12 h light/dark cycle with food
and water ad libitum. Prior to beginning experiments, animals were handled for 1-3 days to
acclimate them to both the experimenters and the testing environment. Before measurements
the rats were placed in a clear plastic chamber on a glass surface and allowed to acclimate for
15 - 30 min.

*Zou S, Ren K, Dubner R, Khodorova A, Davar G. Endothelin receptor mechanisms of adjuvant-induced hyperalgesia in rats. 2003
(Abstract No 588.15). In: Program of the Society for Neuroscience 33" Annual Meeting, November 8-12.
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Complete Freund's adjuvant (CFA, Mycobacterium tuberculosis; Sigma-Aldrich, St. Louis,
MO), used as the inflammatory agent, was suspended in an oil/saline (1:1) emulsion and
administered at a final concentration of 0.5 mg/ml. All drugs were diluted in phosphate buffered
saline (PBS, pH=7.4, Invitrogen, Carlsbad, CA) as stock solutions and stored at +4°C. Crude
B-endorphin antiserum (C-55, a gift of Dr. G. Mueller, Uniformed Services University of the
Health Sciences, Bethesda, Maryland) was stored at —20°C. Prior to the experiment, stock
aliquots were diluted with PBS or mixed with undiluted CFA (1 mg/ml) at 1:1 (v/v). During
experiments, working solutions were kept on ice to minimize breakdown. Crude C-55 was
centrifuged for 5 min at 14,000x g in a microcentrifuge, then the supernatant was collected and
used for injections. The ET a receptor selective antagonist, BQ-123 (D-Trp-D-Asp-Pro-D-Val-
Leu), the ETg receptor selective antagonist, BQ-788 (N-cis-2,6-Dimethyl-piperidinocarbonyl-
L-gamma-methylleucyl-D-1-thoxycarbonyltryptophanyl-D-Nle); and the ETg receptor
selective agonist, IRL-1620 (Suc-Asp-Glu-Glu-Ala-Val-Tyr-Phe-Ala-His-Leu-Asp-lle-lle-
Trp; were supplied by American Peptides Co. (Sunnyvale, CA). Naloxone hydrochloride and
methyl-naloxone iodide were obtained from Sigma-Aldrich Chemical. The dose of naloxone
used for local injection was based on previously described reports of efficacy in rat models of
cutaneous pain [26,40,41].

Injection Procedures

Injections of 40 ul were delivered subcutaneously through a 28 gauge needle (regular bevel,
12.7 mm length, BD Medical) into the mid-plantar hindpaw, about 1 cm distal to the heel (for
thermal testing), or into the lateral edge of the hindpaw (for mechanical testing). Only one paw
per rat was injected and tests were completed on that paw and on the contralateral paw. Drugs
were delivered with regard to the unilateral delivery of CFA as follows: An ET-1 receptor
agonist or two antagonists, or naloxone, were injected twice, first pre-emptively (10 min
before), and then, a few seconds before CFA. The latter delivery (“second injection”, as noted
in Results), given into the same hind paw site, was followed immediately by CFA (20 pg/paw),
as the third injection. (These procedures are referred to as CFA + agent in the Data
Analysis section, below). In “control” experiments, the first two injections (prior to CFA)
contained vehicle only (referred to as CFA + vehicle). ET receptor agonist, antagonists, and
opioid receptor antagonists, or antiserum to B-endorphin were always injected at the same
concentration for both first and second injections. In several previous reports of these agents
acting in the rat skin we have shown that these concentrations of agents appear to be selective
and effective, although in all cases they had to be used at several orders of magnitude above
their equilibrium dissociation constant values. Concerns about this large ratio are addressed in
the Discussion.

Thermal Nociceptive Testing

The thermal nocifensive response was tested using the method of Hargreaves et al. [42], that
allows for side-by-side comparisons of drug effects on inflamed and uninflamed paws within
the same animal. The paw withdrawal latency, to the nearest 0.1 s, in response to paw heating
by radiant energy was determined. If a rat failed to withdraw the heated paw by 20 s (cut off
value), the trial was terminated. Initially, withdrawal latencies were measured in both left and
right, naive paws (pre-CFA level). Then, 15 min after CFA administration testing re-started

and continued three more times for the next 3h, and then daily for up to 3 days after injection.

Responses to Mechanical Stimulation

Calibrated Semmes-Weinstein (S-M) monofilaments (von Frey filaments, Stoelting, Wood
Dale, IL) were used to mechanically stimulate the hindpaw. The bending force of the filaments
ranged from 1 to 257 g. The testing method has been described in detail previously [43,44].
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Briefly, rats were habituated to stand on their hindpaws and lean against the experimenter's
hand covered by a regular leather work glove (Sears Inc., Balto, MD). The testing filament
was pressed in the medial direction against the lateral edge of the hindpaw. The filaments were
applied in an ascending series until the rat lifted the stimulated hindpaw. A descending series
of the filaments were used when the rat responded to the starting filament. Each filament was
tested 5 times, separated by intervals of a few seconds. If paw-withdrawal due to stimulation
was observed, it was registered as a response to a filament. The response frequencies [(number
of responses/number of stimuli) x 100%] to a range of von Frey filament forces were
determined and a stimulus-response frequency curve was plotted. Non-linear regression
analysis allowed determination of an EF5g value, defined as the von Frey filament force (g)
that produces a 50% response frequency and used as the measure of mechanical sensitivity.
Prior to injection of CFA, there was no significant difference between the baseline stimulus-
response frequency curves among the different groups of animals.

Data Analysis

RESULTS

Data are reported as means + S.E.M. Thermal hyperalgesia from CFA (preceded by “control’,
vehicle injections, see p.8) was determined at the different times from the change from the
baseline, pre-CFA value of the Paw Withdrawal Latency (PWL, in secs.). The degree of
inhibition of the response by different doses of the different test agents was quantitated by
taking the difference in the change in PWL between the CFA + vehicle injection and the CFA
+ agent injection, and dividing it by the change in PWLs between Baseline and CFA +
vehicle:

(PWL:CFA+agent) — (PWL:CFA+vehicle)

% inhibition=100 X
¢ mhibion (Bascline PWL) — (PWL:CFA+vehicle)

To establish significant differences between the effects of CFA + vehicle and CFA + agent,
multi-group ANOVA was performed with post-hoc application of Fisher's protected least
significant difference test. P < 0.05 was considered significant in all cases.

General Observations of Inflammatory Pain

Injection of CFA into the rat hindpaw produced a rapid onset of both thermal and mechanical
hyperalgesia, as previously described [45,46]. Within 15 min after CFA injection (20 ug/paw),
the latency to paw withdrawal (PWL) in response to a noxious thermal stimulus was
significantly reduced, and persisted so for at least 3 h (Fig. 1). About 25% recovery had occurred
at day 1 and about 70% by day 3, although thermal hypersensitivity was still significant at that
time.

Single injections of the same volume (40 pl) of phosphate buffered saline (PBS) into the paw
caused no significant change in PWL. Three injections of this volume, with the same intervals
between injections as those used for the delivery of antagonists before and with CFA (see next),
caused ~ 20% shortening in PWL (P>0.05 compared to baseline) at 15 min after the third
injection, areduction that slowly declined to zero over the next 90 min. The fall in PWL induced
by saline was unaffected by an ET a receptor antagonist, indicating that it was not due to ET-1
released by the needle puncture.

CFA-induced hyperalgesia was accompanied by erythema and swelling of the hindpaw, similar
to that reported for CFA given at higher doses [46-48]. Licking and guarding behavior of the
injected hindpaw were also observed, as previously described. No significant changes in
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thermal or mechano-responsiveness were detected in the contralateral paw after CFA (Fig. 1
for thermal); contralateral paw data are not reported further in this paper.

ETa Receptor Blockade Inhibits Thermal Hyperalgesia Evoked by CFA

To evaluate the contribution of ET s receptors to CFA-induced thermal hyperalgesia, we
injected the selective ET p receptor antagonist, BQ-123 (0.008-3.28 mM; total dose 6.56-262
nmol/paw), subcutaneously into the rat plantar hindpaw 10 min prior to and then just before
CFA (n = 23). BQ-123 inhibited ipsilateral thermal hyperalgesia maximally at 45 -180 min,
by 20-50% over the antagonist's concentration range (BQ-123 vs. PBS; Fig. 1A).

ETg Receptor Blockade Partially Inhibits Thermal Hyperalgesia Evoked by CFA

Subcutaneous paw injection of the selective ETg receptor antagonist, BQ-788 (0.075-1.5 mM,;
total dose 6-120 nmol/paw), also reduced hyperalgesia, maximally at 3 h after CFA (by
21-66%; n=14, over this respective concentration range; Fig. 1B). Thermal hyperalgesia in
control (CFA + vehicle treated) paws and paws treated with the lower concentrations of BQ-788
remained significant at day 3, but had reversed to baseline values for paws injected with 120
nmoles BQ-788.

ETg Receptor Activation Inhibits Thermal Hyperalgesia Evoked by CFA

To assess the capacity of activated ETg receptors to affect CFA-induced hyperalgesia, the
ETg receptor agonist IRL-1620 (0.0055-0.55 mM; total dose 0.11-11 nmol/paw) was injected
10 min prior to and then just before CFA (n=22). As shown in Fig. (2), thermal hyperalgesia
was strongly reduced by IRL-1620; at a total dose of 11 nmol/paw (0.55 mM) inhibition was
observed from 15 min to day 1 after CFA, including 75% inhibition at 45 and 90 min, n=12),
and at a total dose of 1.1 nmol/paw (0.055 mM), 48% inhibition at 15 and 45 min (n=6). The
lowest dose of IRL-1620, 0.11 nmol/paw, however, gave no significant inhibition (n=4).

Some inhibition of CFA-induced hyperalgesia was also observed when 11 nmoles (total dose)
of IRL-1620 was injected subcutaneously at the neck (36 + 4% inhibition, n=4) (data not
shown). This effect was half that resulting from the same concentration/dose injected directly
into the paw and was equal to the effect when 0.1 of this total dose, i.e., 1.1 nmoles, was injected
in the paw. It appears that a portion of the anti-hyperalgesic action of the ETg agonist resulted
from its systemic distribution.

Concentration vs. response curves for the inhibition of CFA-induced thermal hyperalgesia by
these antagonists of ET 5 and ETg receptors and the ETg receptor agonist IRL-1620 are shown
in Fig. (3). (Here the injected doses are expressed as injected concentrations to permit
comparison with published K; values, reported as concentrations.) The data are too sparse for
serious fitting of a non-linear function, e.g. a Hill equation, but data points above and below
the 50% inhibition line allow estimates of 1C50 values. From such interpolation, the IC50s
equal about 3 mM and 0.7 mM for the respective antagonists, BQ-123 and BQ-788, and about
0.1 mM for the agonist, IRL-1620. These values are in the same rank order as the reported
affinities of these ligands for their respective receptors, a result that is consistent with the
reported selectivity for the intended targets (see Discussion).

IRL-1620-Induced Anti-Hyperalgesia Operates through ETg Receptors, is Naloxone-
Sensitive and Mediated by R-Endorphin

To confirm that an ETg receptor mediates the observed anti-hyperalgesic actions of IRL-1620,
we co-injected this agonist (0.55 mM; total dose 11 nmol/paw) together with the ETg receptor
antagonist, BQ-788 (0.75 mM,; total dose 60 nmol/paw) before CFA. The peak anti-

hyperalgesic action of IRL-1620 (~75% inhibition of the shortening of PWL caused by CFA,
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at 45 min, n=12) was reduced by about 2/3 (to ~24%, n=6, inhibition) by BQ-788 (Fig. 4),
close to the value from inhibition from the systemic delivery of this dose (see above). This
effect on CFA-induced hyperalgesia is consistent with IRL-1620's specific binding to local
ETg receptors to effect cutaneous anti-hyperalgesia, as we have shown previously for
IRL-1620's effect on ET-1-induced pain behavior [26]. The residual anti-hyperalgesia when
the local ETg antagonist was co-injected with the agonist suggests that this antagonist may not
distribute systemically to the same extent at IRL-1620.

Antinociception from IRL-1620 against the pain from exogenous ET-1 in glabrous paw skin
is mediated by B-endorphin that is locally released from keratinocytes and then bound to p-
opioid receptors, most probably located on nociceptor terminals [27]. We hypothesized that
B-endorphin also mediates IRL-1620's inhibitory actions on CFA-induced hyperalgesia.
Indeed, antisera against -endorphin (C-55, 200 pg/10 ul) [49], injected subcutaneously into
the plantar hindpaw 15 min before IRL-1620+CFA, almost completely prevented the inhibitory
actions of IRL-1620, (~75% suppression by IRL-1620 alone, compared to ~12% suppression
for IRL-1620 in C-55 pre-treated paws, n=6; P<0.005; Fig. 4). Naive rabbit serum (NRS),
lacking antibodies against p-endorphin, did not affect IRL-1620's anti-hyperalgesia (n=4; Fig.
4).

To verify that IRL-1620's inhibitory actions on CFA-induced hyperalgesia are mediated by
opioid receptors, we used the opioid receptor antagonist naloxone ((-)-naloxone hydrochloride,
NX). Co-injection of NX (0.69 mM; total dose 55 nmol/paw) with IRL-1620 lessened the
inhibition of CFA-induced hyperalgesia, (Fig. 4; ~42% inhibition at 45 min; n = 6, compared
to ~75% inhibition by IRL-1620 alone before CFA; P < 0.05).

In order to separate the peripheral and central nervous system effects of NX, we co-injected a
peripherally-restricted opioid receptor antagonist, methyl-naloxone iodide (mNX, 0.69 mM;
total dose 55 nmol/paw). This antagonist also substantially prevented IRL-1620's anti-
hyperalgesia (from ~75% inhibition of the CFA-induced shortening in PWL by IRL-1620 alone
vs. ~25% inhibition with mNX + IRL-1620, n=6, P < 0.005; Fig. 4). To control for possible
systemic actions of mNX, it was injected subcutaneously at the neck with the same total dose
as injected into the paw prior to injection of IRL-1620+CFA into the hindpaw. This treatment
resulted inaweak and insignificant reduction of the anti-hyperalgesic actions of local IRL-1620
(from ~75% to ~51%, n=4, change in PWL, P>0.05) (data not shown).

Blockade of ETp and ETg Receptors Inhibits Mechanical Hyperalgesia Evoked by CFA

Mechanical hypersensitivity following CFA administration into the lateral edge of the rat
hindpaw was characterized by both an increase in responses to supra-threshold stimuli
(mechanical hyperalgesia) and the appearance of responses to weak stimuli that in naive
animals did not produce nocifensive behavior (tactile allodynia). These changes, together
causing a drop in the EFgq for paw withdrawal, were apparent within 15 min after injection,
continued to increase up to 3 h, were maintained to day 1, and had partially recovered by day
3 (Fig. 5).

In the inflamed paw there is at least a 10-fold increase in mechanical sensitivity, evident when
EF5o=10gat 15 minafter CFA, and which continues to fall over 3 hrs (to ~3 g). This substantial
mechanical hypersensitivity is sustained for 1 day, with partial recovery at 3 days. When the
ET A receptor is blocked by BQ-123 (0.82 mM; total dose 66 nmol/paw) injected
subcutaneously into the lateral edge of the rat hindpaw before CFA, the occurrence of
mechanical hyperalgesia was delayed by several hours (n=6; Fig. 5). However, BQ-123 did
not significantly elevate the maximum CFA-altered reduction in EFsg measured from 3 h until
day 3. Neither injection of CFA alone nor of BQ-123 + CFA affected responses to mechanical
stimulation of the contralateral paw (not shown).

Open Pain J. Author manuscript; available in PMC 2010 June 16.
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Blockade of ETg receptors by BQ-788 (0.75 mM,; total dose 60 nmol/paw), injected before
CFA, had a similar effect, delaying the development of mechanical hyperalgesia, with
significant differences from CFA (after vehicle) at 15 and 45 min, but not effecting the EF5ps
at later times (n=4; Fig. 5). The inhibition, by BQ-788, was briefer (maximum at 45 min vs.
90 min), and significantly smaller (P<0.001) at 45 min after CFA, than the inhibition by almost
equimolar (0.82 mM, from 66 nmoles) BQ-123, showing a potency rank of BQ-123>BQ-788,
in contrast to the ca. 3-fold greater molar potency of BQ-788 over BQ-123 in suppressing
thermal hyperalgesia (Fig. 3, above). BQ-788 treatment did not affect the mechanical
responsiveness of the contralateral paw (not shown).

Activation of an ETg Receptor Suppresses Mechanical Hyperalgesia Evoked by CFA

To assess the ability of ETg receptor activation to inhibit CFA-evoked mechanical
hyperalgesia, IRL-1620 (total dose 11 nmol/paw) was injected before CFA (n = 6). IRL-1620
prevented any decrease in EFgg from CFA for the first 90 min (Fig. 5). However, subsequent
mechanical responses measured 3 h and longer after injection of IRL-1620 + CFA, were not
different from vehicle + CFA controls.

DISCUSSION

The results reported here show that acute thermal and mechanical hyperalgesia, from
inflammation induced by subcutaneous CFA in the rat hind paw, were inhibited by blockade
of both local ET 5 and ETg receptors. In addition, activation of an ETg receptor also strongly
reduced thermal and mechanical hyperalgesia. This latter anti-hyperalgesic effect was shown
to be naloxone-sensitive and is probably dependent on keratinocyte release of the endogenous
opioid peptide, B-endorphin [27]. Although a minor portion of the anti-hyperalgesic effect of
the ETg antagonist, was due to systemic effects, about 75% was attributable to local actions
in the paw.

It is essential to establish the receptor specificity of the ET receptor ligands used here. In other
in vivo studies, conducted in our laboratory, measuring behavior or electrophysiological
responses, high concentrations were used with total abolition of pain responses to ET-1 by
BQ-123 and total reversal of ETg-mediated analgesia by BQ-788 [25-27,50]. Despite these
high concentrations, the rank order of potency, IRL-1620> BQ-788~ BQ-123, in the present
study is the same as the published in vitro inhibitory potencies for the respective ET receptor:
Kj=16 pM for IRL-1620 at ETg receptors [51], K;=1-100 nM for BQ-788 at ETg receptors
[52,53] and K;=3.3-22 nM for BQ-123 at ET 5 receptors [54-56].

In every report of ET-1-related effects, ET a receptor activation is pro-algesic, consistent with
the observed inhibitory effect of the ET 5 receptor antagonist BQ-123 on CFA-induced
hyperalgesia [13]. Activation of an ETg receptor by subcutaneous IRL-1620 has been shown
previously to suppress nociception, and with the same apparent dependence on an opioidergic
pathway as shown here. There is a hypothetical possibility that IR-1620 might also act on
ETa receptors (Kj = 1.9 uM for ET a; [51]), however, in the case of ET 4 activation such an
effect would favor hyperalgesia, not inhibit it. The fact that IRL-1620's anti-hyperalgesic effect
is reversed by an ETg receptor antagonist, and by naloxone and the B-endorphin antibody, is
completely inconsistent with ET a receptor blockade. The specificity of BQ-788 for inhibition
of ETg receptors is testified to by its ability to abolish the analgesia from IRL-1620, whereas
if it were acting at ET 5 receptors its effect would be anti-hyperalgesic. The reported effects
are therefore fully consistent with the proposed specificity. It seems likely that the requirement
for the high concentrations of subcutaneously administered agents results from the relatively
impermeant nature of the dermis to such molecules when they are delivered subcutaneously,
coupled with the requirement to reach nerve endings and keratinocytes located in the epidermis
in order to act. In addition, these antagonists are peptides that are proteolytically degraded in
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vivo, with half-lives of one hour or so [57], a factor that will determine not only the effective
concentration that can reach the epidermal compartment but also the duration profile for the
agents, possibly contributing to the < 1 day period of effective inhibition (cf. Fig. 1).

Endogenous ET-1 and ET-Receptors in Adjuvant-Induced Thermal Hyperalgesia

The ET a receptor antagonist BQ-123 significantly relieved thermal hyperalgesia in CFA-
treated rats, implying that endogenously released ET-1 causes part of this elevated pain
response to CFA. Administered within the range of concentrations previously shown to
completely abolish pain behavior evoked by exogenous ET-1 in rats [25,50], BQ-123
nonetheless only inhibited thermal hyperalgesia from CFA by ~50%. This inhibition reached
its maximum at 45-90 min after CFA, consistent with the time course of stimulation-induced
ET-1 production in different tissues in vivo (see [3]). The results with BQ-123 in the present
study are evidence of an important, but limited role of ET 5 receptors in endogenous ET-1's
actions in CFA-induced thermal hyperalgesia in rats.

Previous work has shown physiological effects of ET 5 receptor activation, on the soma of
sensory neurons in vitro [58,59] and on impulses of nociceptive axons recorded in vivo after
delivery of ET-1 to the plantar footpad (or to the sciatic nerve) [25,50]. Physiological actions
of ET-1 applied to bare nerve cells in vitro or ensheathed fibers in vivo, both purely ET
mediated effects, have been previously proposed to completely account for the generation of
impulses by endogenous ET-1 in the skin, e.g. after an incision [22]. In agreement with this
proposition, Baamonde et al. [29] reported that only antagonists of ET a receptors were able
to attenuate thermal inflammatory hyperalgesia in mice. However, the current results, showing
that a selective ETg receptor antagonist partially decreases inflammatory hyperalgesia in rats,
suggests that both ETg and ET p receptors contribute to inflammatory hyperalgesia. Moreover,
the role of ETpg receptors in CFA-induced hyperalgesia in rats is even more complex, as shown
by the anti-hyperalgesia caused by ETg receptor activation (see Dual effects from ETg
receptors, below).

Endogenous ET-1 and ET-Receptors in Inflammatory Mechanical Hyperalgesia

Local blockade of either ET 5 or ETg receptors delayed the development of acute mechanical
allodynia induced by CFA (Fig. 5). In contrast to the inhibitory actions on thermal hyperalgesia,
the maximum extent of mechanical hyperalgesia was not affected by these agents, only the
progression was slowed. Furthermore, at a time after CFA injection (45 min) when thermal
hyperalgesia was only partially suppressed by BQ-123 (Fig. 1A) or BQ-788 (Fig. 1B), the same
concentrations/doses of these antagonists almost totally prevented tactile allodynia (Fig. 5).
Mechanisms involving ET-1 pathways therefore may be more important for suppressing the
earlier phases of tactile mechanical hyperalgesia, but play a more constant role throughout all
the stages of thermal hyperalgesia. Whether this difference is due to differences in the location
of CFA injections in these two sensory modes, or to a differential distribution of endothelin
receptors on the respective fiber types coding these separate modalities [60-62], i.e., to a
peripheral differentiation, or to different central processing by spinal units that discriminate
between inputs from fibers activated by different modality sensations, i.e., to CNS
differentiation [63], remains to be shown.

Dual Effects from ETg Receptors: a Plurality of Functions

The most remarkable observation here is that both an ETg receptor agonist and an ETg receptor
antagonist reduced inflammatory thermal and mechanical hyperalgesia. These results indicate
that under the conditions of acute inflammation ETg receptors are able to simultaneously
mediate both pro- and anti-nociceptive actions.
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The anti-hyperalgesia caused here by the ETg receptor antagonist BQ-788 agrees with previous
reports that implicate ETg receptors in, 1. the pathogenesis of mechano-sensitivity in
inflammatory pain [29,35], and with 2. the observations that ETg receptors (together with

ET a receptors) mediate mechanical hyperalgesia induced by relatively low concentrations (30
nM — micromolar) of exogenous ET-1 [19,29,30,64]. These anti-hyperalgesic effects of
BQ-788, however, contrast sharply with the proalgesic actions of BQ-788 shown for responses
to high exogenous ET-1, responses that include the exacerbation by ET-1 of capsaicin-
stimulated paw licking in mice [24] and the hindpaw flinching induced by ET-1 in rats [26].

On the other hand, the anti-hyperalgesic actions of an agonist of ETg receptors, here seen for
CFA-induced hyperalgesia, has also been reported for other tests. The agonist IRL-1620, given
pre-emptively, strongly inhibited the acute nociception from ET-1 [26,27], diminished the
carrageenan-evoked hyper-nociception in the rat knee joint and reversed the increase in
incapacitation caused by algogens delivered there [31]. Moreover, ETg receptor blockade
enhanced both spontaneous and movement-evoked pain in a model of murine osteolytic cancer
pain [65].

What might explain the similar effects from antagonists and agonists of ETg receptors? One
possibility is that there are different sub-types of ETg receptors, with the one isoform blocked
supporting pain, and another isoform suppressing pain. The particular contribution of ETg
receptors, which may include more than one functional type [3,66-68], to pain processing could
depend on the conditions, e.g. whether the periphery is normal or inflamed, implying that
certain inflammatory mediators can modify the expression of ET receptors, or the receptors/
channels to which they couple, e.g., TRPV1 [16], to enhance both primary receptor activation
and the downstream coupling pathways. Evidence in support of different functional types of
the ETg receptor is found in the description of at least two types of ETg receptors, characterized
by nanomolar and picomolar Kp values for ET-1, that are involved in the G-protein-mediated
activation of different signal transduction pathways in different tissues/cells (see [68]). An
equally attractive alternative to requiring more than one ETg receptor subtype to explain these
opposing effects is to have the same receptor located on different cell types, whose separate
outputs have opposing effects on pain. For example, pro-nociceptive ETgs might be present
on nociceptors and sensitize them to the local excitatory actions of ET-1 acting through ET 5
and to excitation by noxious stimulation [19,29], while anti-hyperalgesic ETg would be present
on keratinocytes where their activation triggers a widespread release of potent opioid peptides
from these cells, e.g., B-endorphin, acting directly on nociceptive fibers and effecting a more
powerful anti-hyperalgesic action. In fact, a very recent paper reports the presence of ETg
receptors on the cell bodies of sensory neurons of the rat trigeminal ganglion, along with
pharmacological data that such receptors contribute to nerve injury-induced thermal
hyperalgesia [69].

CONCLUSION

In summary, we have shown that endogenous ET-1 plays an important role in thermal and
mechanical hyperalgesia during acute inflammation. Both types of ET receptors mediate these
hyperalgesic responses, and whereas ET a regulates only pro-nociceptive actions, activation of
ETg appears to play a dual role in modulating the final magnitude of pathological
hypersensitivity. Activation of ETg receptors was highly effective in suppressing thermal and
delaying the development of mechanical hyperalgesia of inflammatory origin, implying that
ET receptors act differently to induce these different forms of inflammatory hyperalgesia.
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CFA Complete Freund's adjuvant
ET-1 Endothelin-1
ETa Endothelin receptor-A
ETg Endothelin receptor-B
NX Naloxone
mNX Methyl-naloxone
PBS Phosphate buffered saline
PWL Paw withdrawal latency
Veh Vehicle
NRS Naive rabbit serum
EFs5g Force (g) that produces a 50% withdrawal response frequency
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Fig. (1).
Time course of the anti-hyperalgesic effects of BQ-123 and BQ-788. Injection of Complete
Freund's Adjuvant (CFA, 20 ug/paw, with PBS vehicle) into the plantar hindpaw shortened
the latency for paw withdrawal from a noxious thermal stimulus (PWL). (A) Local injection
into the same paw of the selective ET 5 antagonist, BQ-123 (n=23), at the total doses shown,
partially restored the thermal paw withdrawal latency to its baseline value. (B) Local injection
of the selective ETg antagonist, BQ-788 (n=14), reduced CFA-induced thermal hyperalgesia
at 45 min to 3 h after adjuvant injection.

* indicates significant difference (P < 0.05) from control, i.e., CFA + vehicle (n=11); X
significantly different from baseline (pre-CFA) values in the ipsilateral paw (assessed for day
3 only).
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Fig. (2).
Robust anti-hyperalgesic effect of IRL-1620. Inhibition of CFA-induced thermal hyperalgesia
occurred when ipsilateral injection of the ETg agonist IRL-1620 preceeded CFA (n=22). *P
< 0.05 indicates significant difference from control, CFA + vehicle (n=11); *P < 0.05 for
comparison with baselinel (pre-CFA) values in the ipsilateral paw.
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Fig. (3).
Concentration vs inhibition of thermal hyperalgesia (shortening of paw withdrawal latency)
by the antagonists of ET and ETg, and the agonist of ETg, BQ-123 and BQ-788, and

IRL-1620, respectively. Intercepts of the dashed line indicate the EC50s.
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Fig. (4).

Modulation of IRL-1620's anti-hyperalgesic action. The vertical axis shows the percent change,
due to local injection of IRL-1620 (total dose 11 nmol/paw), in the paw withdrawal latency
caused by CFA injection, calculated as: [(post-CFA: PWL —pre-CFA: PWL) / pre-CFA: PWL]
x 100%, where a negative value results from reduction of PWL, indicative of hyperalgesia.
Data show the peak values at 45 min time point. The inhibitory effect of co-administered, local
IRL-1620 on CFA-induced thermal hyperalgesia is ETg-receptor mediated (restored by
BQ-788), naloxone (NX)- and naloxone methiodide (mNX)-sensitive, is prevented by antisera
against B-endorphin (C55, 200 ug in 10 pl), but not naive anti-serum (NRS). #P < 0.05 indicates
significant differences from IRL-1620; the number of experiments is indicated in the
corresponding column.
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Fig. (5).

Effects of the selective ET-receptor antagonists and ETg agonist on tactile hyperesthesia.
EF5ps, defined as the von Frey filament force (g) that produces withdrawal response half the
time, were determined from interpolation of stimulus-response functions and used as a measure
of mechanical sensitivity. Local pre-treatment (10 min prior to CFA and at the time of CFA
injection) of rats with BQ-123 (total dose 65.6 nmol/paw), or BQ-788 (total dose 60 nmol/
paw) delayed the fall of EFgq in the inflamed paw, when compared to CFA + vehicle treated
rats. Pre-treatment with the ETg agonist IRL-1620 (total dose 11 nmol/paw) prevented
mechano-allodynia for 1.5 h. From 3 h onward there was no difference in EF5gs between any
of the ET-receptor agent-treated rats and those receiving CFA alone. (*P < 0.05 indicates
significant differences from controls (CFA injection 10 min after vehicle injection). *P < 0.001
for CFA + vehicle or CFA + antagonist/agonist vs. the baseline, pre-CFA, values. *P < 0.05
for BQ-123 + CFA or IRL-1620 + CFA vs. BQ-788 + CFA).
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