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Abstract

Chronic post-ischemic pain (CPIP) is an animal model of CRPS-I developed using a 3-hour
ischemia-reperfusion injury of the rodent hind paw. The contribution of local endothelin to
nociception has been evaluated in CPIP mice by measuring sustained nociceptive behaviours
(SNBs) following intraplantar injection of endothelin-1 or -2 (ET-1, ET-2). The effects of local
BQ-123 (ETA-R antagonist), BQ-788 (ETB-R antagonist), IRL-1620 (ETB-R agonist) and
naloxone (opioid antagonist) were assessed on ET-induced SNBs and/or mechanical and cold
allodynia in CPIP mice. ETA-R and ETB-R expression was assessed using immunohistochemistry
and Western blot analysis. Compared to shams, CPIP mice exhibited hypersensitivity to local ET-1
and ET-2. BQ-123 reduced ET-1- and ET-2-induced SNBs in both sham and CPIP animals, but not
mechanical or cold allodynia. BQ-788 enhanced ET-1- and ET-2-induced SNBs in both sham and
CPIP mice, and cold allodynia in CPIP mice. IRL-1620 displayed a non-opioid antinociceptive
effect on ET-1- and ET-2-induced SNBs and mechanical allodynia in CPIP mice. The distribution
of ETA-R and ETB-R were similar in plantar skin of sham and CPIP mice, but both receptors were
over-expressed in plantar muscles of CPIP mice. This study shows ETA-R and ETB-R have
differing roles in nociception for sham and CPIP mice. CPIP mice exhibit more local endothelin-
induced SNBs, develop a novel local ETB-R agonist-induced (non-opioid) analgesia, and exhibit
over-expression of both receptors in plantar muscles, but not skin. The effectiveness of local ETB-
R agonists as anti-allodynic treatments in CPIP mice holds promise for novel therapies in CRPS-I
patients.
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1. Introduction

Endothelins are a family of peptides with potent biologic effect in vascular and nonvascular
cells. Two main peptides have been identified in the periphery, endothelin-1 (ET-1) and
endothelin-2 (ET-2) [10], that play a role in nociception (see table 1). Another, peptide,
endothelin-3 (ET-3), has been described, but its peripheral role in nociception is less clear.
The effects of ET-1 and ET-2 are mediated by two receptors: ETA-R and ETB-R, which
often produce opposite effects. At the vascular level, ETA-R activation induces
vasoconstriction, while ETB-R activation induces vasodilatation. Endothelin binding sites
are described at hair follicles, sebaceous and sweat glands, and arrector pili muscle [56],
where they may have trophic effects. Finally, ETA-R and ETB-R are found at all levels of
the nervous system: in the sciatic nerve and DRG [3, 43], as well as in the spinal cord and
brain (for review, see [20]).

Locally injected, ET-1 induces spontaneous pain in human [19] and rodents [29]. These
effects are independent of its vasoactive activity [11], but rather involve activation and
sensitization of C-nociceptors [37], probably by increasing intracellular calcium [25]. In
rodents, ET-1-induced nociception can be reduced by systemic or central morphine [11, 30],
but is resistant to other pharmacological treatments (indomethacin, atenolol, dexamethasone,
ibuprofen, acetaminophen; [8, 45]).

Complex regional pain syndrome (CRPS), with major nerve injury (type 11) or without (type
), is characterized by spontaneous and stimulus-evoked pain, edema, vasomotor and
sudomotor abnormalities, motor dysfunction, and trophic changes [49]. The symptoms
typically occur in the distal part of the affected limb, sometimes following a relatively
benign trauma. In patients with CRPS-I, the level of ET-1 has been shown to be increased
locally in blister fluids [18]. However, neither plasma levels [15], nor cerebrospinal fluid
levels [36] were increased. Increased local ET-1 levels in CRPS patients may have a key role
in the development of the pathology. Thus, endothelins are a potential pharmacological
target in CRPS-1.

We previously showed that a 3 h-ischemia/reperfusion (I/R) of the hind paw induced long-
term mechanical allodynia or chronic post-ischemia pain (CPIP) [7]. The features occurring
in CPIP rats (microvascular injury, chronic ischemia, chronic mechanical and cold allodynia,
pharmacological profile, vasoconstrictor hypersensitivity and painful response to intradermal
norepinephrine) are also similar to those described in patients with CRPS-1 [27, 31, 53, 54]
and suggest that mediators involved in microvascular injury may play a role in CRPS-I.

While the role of ETA-Rs in pain and analgesia are now well established [25], the
contribution of ETB-Rs is still controversial and may be particularly relevant to the
pathophysiology of CRPS. The present study was performed to establish whether peripheral
endothelin receptors are involved in nociception in a rodent model of CRPS-I.
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2. Materials and methods

2.1. Animals

Male Swiss CD1 mice (8 weeks old, Charles River, Quebec) arrived 7 days before
experiments. All treatments and testing were performed blindly by a single experimenter
using a randomized block design. These studies were approved by the Animal Care
Committee at McGill University, and conformed to ethical guidelines of the Canadian
Council on Animal Care.

2.2. /R injury

Chronic post-ischemia pain (CPIP) was generated following exposure to prolonged hind paw
I/R injury. Mice were anesthetized over a 3 h period with an initial bolus (55 mg/kg, i.p.)
and supplements (27.5 mg/kg, i.p) of sodium pentobarbital when required. After induction
of anesthesia, a Nitrile 70 Durometer O-ring (O-rings West, Seattle, WA) with a 5/64 inch
internal diameter was placed around the mouse’s left ankle joint for 3 h, as was initially
described with larger O-rings in rats (see [7]). Sham mice were anesthetized, but no O-ring
was placed on the ankle.

2.3. Behavioral Experiments

2.3.1. Behavioral Testing—Sustained Nociceptive Behaviors (SNBs) were assessed
over 30 minutes after an intraplantar (i.pl.) injection of endothelin peptide or vehicle (10 pl).
The total SNB score was calculated as: Time (paw elevation)/3 + Time (flinching)/2 + Time
(biting, licking or scratching).

M echanical allodynia: von Frey filaments were applied to the plantar surface of the hind
paw in either ascending (after negative response) or descending (after positive response)
force as necessary to determine the filament closest to the threshold of response. Each
filament was applied for 4 seconds or until a flexion reflex occurred. The minimum stimulus
intensity was 0.008 g and the maximum was 4 g. Based on the response pattern, and the
force of the final filament (5! stimulus after first direction change), the 50% threshold to
withdraw was calculated in grams (for more detail see [4]).

Cold allodynia was assessed by measuring the total time spent exhibiting sustained
nociceptive behaviors (paw elevation + flinching + biting + licking + scratching) over 1
minute after a drop (25 pl) of acetone was gently applied on the plantar surface of the hind
paw.

2.3.2. Experimental design

Experiment 1: Dose effect of ET-induced SNBs: Two days after I/R injury, sham and CPIP
mice were habituated for 20 minutes to an observation chamber (12 cm x 12 cm). After the
habituation period, the mice received a 10 pl i.pl. injection of vehicle or various doses of
ET-1 (0.3, 1, 5, 10, 25, 50, 100, 200 and 400 pmol) or ET-2 (2, 10, 50, 100, 200, 400 and
600 pmol), and SNB score was determined over 30 min as described above (N=7-9/group).
Doses higher than 200 pmol ET-1 or 400 pmol ET-2 cause undue stress and were therefore
not included.
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Experiment 2. Effect of ETB-R agonist or ETA/B-R antagonists on ET-induced

SNBs: Two days after I/R injury, sham and CPIP mice first received a 10 ul i.pl. injection of
vehicle, BQ-123 (5 or 10 nmol, ETA-R antagonist), BQ-788 (30 or 60 nmol, ETB-R
antagonist) or IRL-1620 (50 or 200 pmol, ETB-R agonist) and then were habituated for 20
minutes. After habituation, they received a second 10 pl i.pl. injection of vehicle, ET-1 or
ET-2. The doses selected for this experiment were based on the ECsg previously calculated
for each condition (i.e. for ET-1: 70 pmol for sham and 7 pmol for CPIP, and for ET-2: 200
pmol for sham and 125 pmol for CPIP). Their 30 min SNB score was determined after this
second i.pl. injection (N=7-8/group).

Experiment 3. Effect of ETB-R agonist or ETA/B-R antagonists on mechanical and
cold allodynia: Two days after I/R injury, mechanical and cold sensitivities were assessed in
both sham and CPIP mice: before, 30 and 60 min after mice received a 10 pl i.pl. injection
of vehicle, BQ-123 (10 nmol), BQ-788 (60 nmol) or IRL-1620 (50 pmol) (N=7-8/group).

Experiment 4. Effect of naloxone on the anti-allodynic effect of IRL-1620 in CPIP
mice: Two days after I/R injury, baseline mechanical sensitivity was assessed in four groups
of CPIP mice. Mice then received a 5 l i.pl. injection of naloxone (100 nmol) or vehicle,
followed 5 min later by a second 5 pl i.pl. injection of IRL-1620 (50 pmol) or vehicle.
Mechanical sensitivity was assessed again 30 min after the second treatment. The percentage
of analgesia was calculated as the relative change between the two measures for each group
([(value post-treatment - value pre-treatment)/value pre-treatment) x 100], N=7-8 / group).

2.3.3. Drugs—Drugs used included sodium pentobarbital (Metoquinol N.-A., Inc.,
Lavaltrie, QC), endothelin peptides 1 and 2, BQ-123, BQ-788, IRL-1620 (all obtained from
Tocris, USA), and naloxone (Sigma-Aldrich, St. Louis, MO, USA). All drugs were
dissolved in distilled water (vehicle).

2.4. Immunohistology

Distribution of ETA-R and ETB-R in the skin of sham and CPIP mice—Two days
post procedure, 3 sham and 5 CPIP mice were perfused with intra-cardiac cold phosphate-
buffered saline (PBS). The ipsilateral plantar skin was quickly removed and rapidly frozen in
liquid nitrogen. Twelve-micron serial sections were cut with a micro-cryostat, mounted on
gelatin-coated slides and kept frozen at —20 °C until further staining (slide 1, 4, 7, etc for
ETA-R staining, slide 2, 5, 8, etc for H&E staining, slide 3, 6, 9, etc for ETB-R staining, see
below).

For immunohistochemistry, all reagents, washes and incubation were done at 4°C. Sections
were first rinsed 3 x 10 min in PBS, and then blocked for non-specific binding for 1 h with
10% normal donkey serum (Sigma-Aldrich, St. Louis, MO, USA), followed by an
incubation overnight at 4°C with a monoclonal mouse-derived anti-NF200 (1:6000,
Millipore, Billerica, MA, USA) and rabbit-derived anti-ETA-R (1:4000, Alomone,
Jerusalem, Israel) or anti-ETB-R (1:2000, Alomone, Jerusalem, Israel) antibodies in 4%
normal donkey serum. On the second day, after 3 x 10 min rinse in PBS, sections were
incubated with a donkey anti-rabbit antibody conjugated to CY2 cytochrome (1:200) and a
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donkey anti-mouse antibody conjugated to CY3 cytochrome (1:200) for 90 min. Both
secondary antibodies were from Jackson ImmunoResearch Laboratories (Mississauga, ON,
Canada). Finally, slides were washed 3 x 10 minutes with PBS and cover-slipped with aqua-
polymount. Controls were obtained by pre-incubating anti-ETA-R and anti-ETB-R
antibodies with blocking peptides, or no incubation with the primary antibody (i.e. NF200 or
ETA-R/ETB-R). All pictures were taken with 40 X or 60 X objectives on a BX-51 Olympus
microscope equipped with a DP-71 camera.

Classical hematoxylin and eosin staining (H&E) was performed as follows: (1) 10 second
wash in distilled water, (2) 5 minute immersion in hematoxylin reagent, (3) 5 minute wash in
running tap water, (4) 30 second immersion in differentiation solution, (5) 1 minute wash in
running tap water, (6) 30 second immersion in building solution, (7) 5 minute wash in
running tap water, (8) 10 dips in 95% alcohol solution, (9) 2.5 minute immersion in eosin
solution, (10) quick rinse in 70% alcohol solution. All reagents were provided as a staining
kit by DAKO (Carpinteria, CA, USA). Finally, slides were cover-slipped with DPX (Sigma-
Aldrich, St. Louis, MO, USA). All pictures were taken with a 40 X objective.

2.5. Western Blotting

Quantification of ETA-R and ETB-R in the skin and muscle of sham and CPIP
mice—Two days post procedure, plantar skin and muscle from 6 sham and 8 CPIP mice
were freshly removed and frozen on dry ice. Samples were then homogenized with 200 pl of
RIPA buffer and protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA). After
centrifugation (4000G, 20 min), the supernatant was collected for protein determination by
the Lowry method. Protein samples (15 pg) were subjected to electrophoresis in 12%
polyacrylamide SDS gels, and subsequently transferred onto PVDF membranes (GE
Healthcare Canada, Baie d’Urfé, QC, Canada). Non-specific binding sites were blocked by
incubation in 5% skim milk for 30 min. Membranes were incubated overnight at 4°C in
rabbit-derived anti-ETA-R or ETB-R (1:200, Alomone, Jerusalem, Israel). Following washes
in TBS-0.2% Tween 20, membranes were incubated for 1 h at room temperature in a HRP-
conjugated goat polyclonal to rabbit IgG (1:10000, Abcam; Cambridge, MA, USA). Proteins
were visualized using chemiluminescence substrate for peroxidase (ECL plus, GE
Healthcare Canada, Baie d’Urfé, QC, Canada) and Kodak films (Biomax MS from Sigma-
Aldrich, St. Louis, MO, USA). Membranes were then stripped (20 min at 50°C in a mix of
3.2 ml 1M Tris-HCI, 10 ml 10% SDS, 350 pl p-mercaptoethanol in distilled water). After
block of nonspecific binding (skim milk 4%, 30 min), membranes were incubated overnight
at 4°C in rabbit polyclonal to f-actin (1:6000, Abcam; Cambridge, MA, USA).

2.6. Statistics

All data are expressed as mean +/— S.E.M. In experiment 1, ECggs were calculated with a
non-linear regression profile for curve fitting (Prism 4.0), and data are expressed as ECsgg in
pmol (+/- 95% confidence intervals). In experiment 2, effects of ETB-R agonist or ETA/B-R
antagonist on ET-1/2-induced SNBs were analyzed with ANOVA followed by a Dunnett’s
test for multiple comparisons (comparison to vehicle pretreated group). In experiments 3 and
4, the time course of cold and mechanical sensitivities were analyzed with repeated
measures 2 way-ANOVA. When a significant time or treatment effect was detected, but the
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interaction between the two factors was not significant, values before and after treatments
were compared for each treatment group by a 1 way-ANOVA followed by a Dunnett’s test
for multiple repeated comparisons. In experiment 4, the percentage of analgesia was
analyzed with 2-way ANOVA followed by a Bonferroni’s post hoc test. In Western blot
experiments, the comparison between sham and CPIP levels of ETA-R and ETB-R was
performed using an unpaired t-test.

3.1. Behavior

Experiment 1: Dose effect curves of ET-induced SNBs—Both ET-1 (Fig. 1A) and
ET-2 (Fig. 1B) injected into the hind paw induced SNBs in sham and CPIP mice. The
calculated ECsgq was significantly lower in CPIP than in sham mice for both peptides (ET-1-
induced SNB, ECgp=61.5 (47.5 to 79.6) pmol for sham and 6.2 (4.6 to 8.3) pmol for CPIP,
Fig. 1A; ET-2-induced SNB, EC5p= 182.3 (139.4 to 238.4) pmol for sham and 125.6 (95.1
t0165.9) pmol for CPIP, Fig. 1B). Above the dose of 100 pmol for ET-1 and 200 pmol for
ET-2, CPIP mice exhibited stress-related behaviours (freezing). For this reason, these doses
are not shown and were not included in the ECsgq calculation.

These data show that CPIP mice are more sensitive to ET-1- and ET-2-induced SNBs than
sham control mice. They exhibited a significant leftward shift of the dose-effect curve for
both peptides. They were 10 times more sensitive to local ET-1, and almost 2 times more
sensitive to ET-2 than sham mice.

Experiment 2. Effect of an ETB-R agonist or ETA/B-R antagonists on ET-1/2-
induced SNBs—ET doses were selected that induced SNBs in both sham (ET-1: 70 pmol
and ET-2: 200 pmol) and CPIP (ET-1: 7 pmol and ET-2: 135 pmol) mice (Fig. 2A-D). Mice
pretreated with 10 nmol of the ETA-R antagonist BQ-123, but not 5 nmol, had significantly
lower SNB scores than their respective controls, in all conditions (i.e., CPIP or sham
injected with ET-1 or ET-2). On the other hand, pretreatment with a medium dose of ETB-R
antagonist BQ-788 (30 nmol) did not affect the total SNB scores in any condition, while a
larger dose (60 nmol) significantly enhanced the ET-induced SNB in all conditions. Finally,
sham mice pretreated with the ETB-R agonist IRL-1620, exhibited the same ET-1 or ET-2-
induced SNB scores as their respective controls, whereas CPIP mice pretreated with
IRL-1620 (50 or 200 pmol) exhibited significantly reduced SNB scores compared to their
respective controls (Fig. 2A-D). (Fg, 41060)=7.077, p<0.0001 for Fig. 2A, F(s e5160)=10.58,,
p<0.0001 for Fig. 2B, F(g, 217900)= 11.15, p<0.0001 for Fig. 2C, and Fg, 242900)= 9.091,
p<0.0001 for Fig. 2D). Since the lower dose was as effective as the higher dose, for further
experiments, only 50 pmol of IRL-1620 was used.

Thus, ET-1- and ET-2-induced SNBs were reduced by local pretreatment with an ETA-R
antagonist and increased by local pretreatment with an ETB-R antagonist in both sham and
CPIP mice. Conversely, local pretreatment with an ETB-R agonist significantly reduced
ET-1- and ET-2-induced SNBs in CPIP mice only.
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Experiment 3. Effect of an ETB-R agonist or ETA/B-R antagonists on
mechanical and cold allodynia—CPIP mice exhibited significantly lower 50%
withdrawal thresholds to mechanical stimuli than sham mice (Fig. 3A-C) (F(3, 0.5147)=19.23,
p=0.0018 for Fig. 3A, F(3’ 0.6774)227.36, p=0.0007 for Fig. 3B, and F(31 0.3751)~ 6.093,
p=0.0298 for Fig. 3C). Whereas local treatment with BQ-123 or BQ-788 did not affect
mechanical thresholds in sham or CPIP mice, IRL-1620 reduced mechanical allodynia in
CPIP mice (F(2, 1.448)=7.624, p=0.0073) (Fig. 3A-C) without affecting mechanical
thresholds in sham mice.

All groups of CPIP mice exhibited more nociceptive behaviors than sham mice during the
acetone test (Flg 3D—F) (F(3’ 6.891):97-44: p<0.0001 for Fig. 3D, F(3, 24_03):9.073, p=0.0057
for Fig. 3E, and F(3 71.18)= 11.97, p=0.0061 for Fig. 3F). Local treatment with BQ-123 or
IRL-1620 did not affect cold allodynia. However, local treatment with BQ-788 (60 nmol)
significantly enhanced cold allodynia in CPIP (F(2, g1.43)=4.870, p=0.0283), but did not
affect cold responses in sham (F(2, 44.35=1.552, n.s.), mice.

Neither the ETA-R nor the ETB-R antagonist reduced mechanical allodynia in CPIP mice
when locally injected. Consistent with the result on ET-1/2-induced SNBs, local treatment
with the ETB-R agonist IRL-1620 reduced mechanical allodynia in CPIP mice, but had no
effect on cold allodynia.

Experiment 4. Effect of naloxone on the anti-allodynic effect of IRL-1620 in
CPIP mice—I.pl. naloxone on its own did not affect 50% withdrawal thresholds in CPIP
mice (Fig 4A-B). IRL-1620 produced an anti-allodynic effect in mice, regardless of the
pretreatment received (i.e. vehicle or naloxone, Fig. 4A). While there was a significant effect
of treatment group (Fig. 4B), this effect did not depend on the first treatment (i.e. vehicle or
naloxone; 2 way ANOVA, F(1, 3042)=0.02236, n.s.), but rather depended on the second
treatment (i.e. vehicle or IRL-1620; 2 way ANOVA, F(1, 816700)=6.002, p=0.0203).
Furthermore, there was no interaction between the two treatments. Thus, naloxone had no
effect on IRL-1620-induced analgesia in CPIP mice.

3.2. Distribution of ETA-R and ETB-R in the skin of sham and CPIP mice

In mouse skin processed for immunostaining with antibodies against ETA-R and ETB-R, a
strong signal was detected. However, no obvious difference could be observed between
sham and CPIP skin (Figs 5,6).

Epidermal cells—In the epidermis, both ETA-R and ETB-R antibodies poorly stained the
external stratum corneum (s.c.) layer. ETA-R staining was predominantly found in the
deeper stratum basalis (s.b.) layer (Fig. 5), mostly on keratinocytes (Fig. 6A). ETB-R
staining showed a denser labeling in the medium strati granulosum (s.g.) and spinosum (s.s.)
layers than in the stratum basalis (s.b.) layer (Fig. 5). At higher magnification, ETB-R
staining appeared as a uniform background within s.g. and s.s. layers, with more intensively
stained star-shaped cells found mainly in the s.s. layer, which are most likely Langerhans
cells (Fig. 6A, arrow).

Pain. Author manuscript; available in PMC 2015 June 19.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Millecamps et al.

Page 8

Peripheral nervous system—Deep nerve bundles traveling between muscle fibers and
innervating both skin and muscles were carefully examined in both CPIP and sham skin. No
obvious differences were detected between the two conditions. However, we noticed that in
CPIP skin preparations ETB-R staining was slightly more intense within the nerve bundle
than in sham skin preparation. In deep nerve bundles, ETA-R staining was observed as
filamentous background, and as more intensively stained independent tubular shaped
structures coursing between NF200 positive fibers (Fig. 6B, arrow). One or two of these
tubular structures was observed within each large deep nerve bundle and were relatively
large diameter. We interpret these tubular structures as stained blood vessels supplying larger
nerves (arteries or capillaries). ETB-R staining was observed on fibers or bundles co-labeled
with NF200, and we interpret this as staining structures within nerve fibers. (Fig. 6)

In the epidermis and in deeper peripheral nerves, ETA-R and ETB-R immunoreactivity
showed a similar pattern of distribution in CPIP and sham mice. Epidermal free nerve
endings could not be observed with ETA-R or ETB-R antibodies.

3.3. Western Blotting

Quantification of ETA-R and ETB-R in skin and muscle of sham and CPIP mice
—To quantify ETA-R and ETB-R in skin and muscle, sham and CPIP hind paw tissues were
analyzed by Western blotting. ETA-R and ETB-R displayed relative molecular masses of 61
kDa and 59 kDa, respectively, under our experimental conditions (Fig. 7A). The skin of
CPIP mice did not exhibit significant changes in the expression of either ETA-R or ETB-R,
as compared to skin in sham mice (Fig. 7B). However, in the plantar muscles of CPIP mice,
the density of both the ETA-R and ETB-R bands were significantly greater than in sham
tissues (Fig. 7C).

Therefore, consistent with the immunohistochemistry results, the skin of CPIP mice did not
exhibit significant changes in the level of ETA-R or ETB-R in comparison to sham mice.
However, an increase of both ETA-R and ETB-R was detected in the plantar muscles of
CPIP mice.

4. Discussion

Consistent with previous studies in both rodents and humans, we found that both ET-1 and
ET-2 induce SNBs when locally injected in the mouse hind paw [8, 20, 29, 44]. Two days
post-1/R injury, CPIP mice exhibited significantly more ET-1- and ET-2-induced SNBs than
shams, with a significant leftward shift of the dose response curve for each. In various pain
models (cancer, neuropathy and inflammation), local ET-1 induces more SNBs than in sham
animals, and increases mechanical hypersensitivity (see Table 1). But to our knowledge, the
present study is the first to demonstrate a leftward shift of the dose effect curve in a
pathological condition. We suspect CPIP mice are particularly sensitive to ET-induced
SNBs, greater so than other pain models. Our previous work shows that the hypersensitivity
of CPIP mice to local ET-2-induced SNB is unique to this pain model. Unlike CPIP mice,
mice with neuropathic (chronic constriction injury and spared nerve injury) or inflammatory
(complete Freund’s adjuvant model) pain display the same level of local ET-2-induced SNBs
as uninjured control mice ([32], unpublished data).
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In both sham and CPIP mice, ET-1- and ET-2-induced SNBs seem to be mediated by local
ETA-Rs, and were reduced by local pretreatment with BQ-123, an ETA-R antagonist. This
observation is in line with current literature (see Table 1). However, BQ-123 was unable to
alleviate mechanical or cold allodynia in CPIP mice. Others have tried to use peripheral
ETA-Rs as targets for analgesics, but review of the literature does not allow convincing
conclusions (see Table 1).

In the current study, local pretreatment with BQ-788 (60 nmol), an ETB-R antagonist,
enhanced ET-1- and ET-2-induced SNBs in both sham and CPIP mice. The effects of local
ETB-R antagonists on ET-induced SNBs seem controversial (see Table 1); however, these
studies used a wide range of doses for BQ-788. Indeed, three studies demonstrate decreased
ET-1-induced SNBs with local ETB-R antagonists (doses from 0.03 to 30 pmol), three
studies show no effect (10 nmol for all of them), and only one study shows an increase of
ET-1-induced SNBs (60 nmol). Our results mirror the literature since only the 60 nmol dose
of BQ-788 enhanced ET-induced SNBs in CPIP mice. Moreover, local BQ-788 (60 nmol)
enhanced cold allodynia in CPIP mice, but did not affect mechanical sensitivity.

In experiments here, local pretreatment with IRL-1620, an ETB-R agonist, reduced both
ET-1- and ET-2-induced SNBs and mechanical allodynia in CPIP mice. Sham mice were not
affected by this treatment. Again, few studies have shown analgesic effects of local ETB-R
agonists on ET-1-induced nociception or tactile hypersensitivity in various pain models
(Table 1). Taken together with earlier studies, the current results suggest that activating
peripheral ETB-Rs produces analgesia in pathological pain conditions in rodents. Further
support for an anti-nociceptive effect of ETB-R activation comes from studies showing that
ETB-R-deficient mice are hypersensitive to mechanical stimuli [3].

It has been demonstrated that ET-1 is equipotent on both subtypes of endothelin receptors,
while ET-2 has three times higher affinity for ETB-R than ETA-R [22]. This difference of
affinity between ETA-R and ETB-R for the two peptides might explain why ET-1 is more
potent at inducing SNBs than ET-2. The present study shows that in sham mice the ET-1
ECg is 3 times lower than the ET-2 ECsgg, and this ratio is increased to 20 times in CPIP
mice. The leftward shift of the dose response curves in CPIP mice for both ET-1- and ET-2-
induced SNBs, as well as the analgesic effects of IRL-1620 observed only in CPIP mice,
suggest there may be a selective increase of local ET receptors in CPIP mice. To test this
hypothesis, we assessed the distribution (using immunochistochemistry) and quantity (using
Western blotting) of ETA-R and ETB-R in the skin of CPIP compared to sham mice.
However, our results demonstrate that the level of expression of endothelin receptors and
their distribution in skin is unaffected by I/R injury. A change in affinity of endothelin for its
receptors is also unlikely since in patients with critical limb ischemia the levels of ET-1 are
increased, but not the number or affinity of ETA/ETB-Rs [10].

Khodorova et al. [24] argued that ETB-R agonist-mediated analgesia was mediated by a
local opioidergic pathway, since it was reversed by local naloxone treatment. They suggested
that ETB-R activity stimulated the release of B-endorphin from keratinocytes. Confirming
Khodorova et al. [24] findings, we find ETB-R-immunoreactivity (IR) predominantly in the
strati granulosum and spinosum layers of the mouse epidermis, in both sham and CPIP mice.
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These layers have been demonstrated to be mostly composed of keratinocytes that co-
express ETB-R and p-endorphin [24]. Our results show that the deepest of these layers also
express ETA-R, and CPIP and sham mice exhibit the same distribution of ETA-R/ETB-Rs.
However, at the dose we used (50 pmol), IRL-1620-induced analgesia in CPIP is unlikely to
be mediated by B-endorphin released from keratinocytes, since it was unaffected by local
naloxone. In this regard, the present study does not confirm Khodorova findings, but the
ETB-R agonist doses we used in CPIP mice were smaller than those used by Khodorova et
al. [23]. Thus, we do not expect the release of B-endorphin by keratinocytes to be the
primary mechanism of IRL-1620-induced analgesia.

In the deep nerve bundles projecting into the epidermis, we found a slight but consistent
staining with ETA-R and ETB-R antibodies, but the epidermal free nerve endings derived
from these ETA-R-ir or ETB-R-ir deep nerve bundles were never stained for ETA-R or ETB-
R. The skin of CPIP and sham mice exhibited a similar distribution of ETA-R and ETB-R
within the dermis, and deep nerve bundles. Pomonis et al. [43] showed that ETA-R—ir was
present on rat dorsal root ganglion neurons and their axons, while ETB-R—-ir was localized
on satellite and Schwann cells in dorsal root ganglia. However, Berti-Mattera et al. [3] found
both receptors were expressed in sciatic nerves. Previous studies demonstrated the presence
of endothelin receptors within peripheral nerve, but whether or not they are localized
directly on nociceptor endings is unknown. Gokin et al. [17] showed that subcutaneous ET-1
injection selectively excited C- and A6-, but not Ap-, fibers in the rat sciatic nerve. The
ET-1-induced activation of these fibers was abolished by local BQ-123 treatment. This
experiment clearly demonstrated the direct pro-nociceptive effects of ETA-R activation.
Unfortunately, these authors did not test the ability of ETB-R ligands to reverse or augment
ET-1-induced nociceptor activation. Although Plant et al. [42] showed co-localization of
ETA-R and TRPV1 in dorsal root ganglia neurons, further studies are needed to characterize
the exact distribution of ETA-R and ETB-R on nociceptor endings, and their role in
nociception.

Consistent with our immunohistochemistry results, the Western blot studies showed that the
skin levels of ETA-R and ETB-R were not different between sham and CPIP mice.
Alternatively, we found a strong difference of expression of both receptors in the plantar
muscle between sham and CPIP mice, with an upregulation of both ETA-R and ETB-R in
CPIP mice. Other studies also demonstrated clear changes in expression of ETA-R and/or
ETB-R in neuropathic pain conditions in rodents. After chronic constriction injury of the
sciatic nerve in rodents, Klass et al. [26] have shown increased ETA-R and decreased ETB-R
levels at the injury site. Moreover, Berti-Mattera et al. [3] found a decrease of ETB-R in
sciatic nerve, but not in DRG of diabetic rats, while ETA-R levels were unchanged. More
recently, Rey et al. [46] showed that both ETA-R and ETB-R are found on the sympathetic
innervation of blood vessels, and that ETB-R but not ETA-R, was increased after repeated
short-term I/R injury in cat. Further investigation of sensory innervation of muscle after I/R
injury are needed.

CPIP rats have persistent capillary no-reflow in their hind paw muscles and exhibit abnormal
collapsed capillaries [27]. They also exhibit enhanced vasoconstrictive and painful responses
to intrarterial and intracutaneous norepinephrine, respectively [54], and a reduction in
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allodynia after sympatholytic treatments [53], suggesting they have sympathetically-
maintained pain (SMP). The presence of ETA-Rs and ETB-Rs on sympathetic innervation of
blood vessels, and the reported over-expression of ETA-R and ETB-R in muscle after I/R
injury [28, 46] suggest there may be a contribution of endothelin receptors to SMP in CRPS-
l.

CONCLUSIONS

This study clearly shows that the involvement of both ETA-R and ETB-R in nociception
differs between sham and CPIP mice. CPIP mice are more sensitive to local endothelin-
induced SNBs, develop mechanisms of local ETB-R agonist-induced analgesia, and exhibit
over-expression of both receptors in plantar muscles, but not skin. The effectiveness of local
ETB-R agonists as anti-allodynic treatments in CPIP mice holds promise for novel therapies
in CRPS-I patients. However, further investigations are needed to characterize the mode of
action of IRL-1620-induced analgesia. It is possible that IRL-1620 produces analgesia due
to a vasodilator action that might aid hind paw reperfusion in CPIP mice, although
additional studies are needed to test this hypothesis. The levels of ET-1 and ET-2, as well as
the specific localization of ETA-R and ETB-R within the muscle of CPIP mice also need to
be further examined.
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Summary

Mice with chronic post-ischemia pain exhibit more local endothelin-induced nociceptive
behaviors, a novel local ETB receptor agonist-induced analgesia, and over-expression of
both ETA and ETB receptors in plantar muscles, but not skin.
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Fig. 1. Dose response curve of ET-induced SNB
Two days after I/R injury, sham and CPIP mice received a 10 pl i.pl. injection of (A)

endothelin-1 (ET-1, from 0.3 pmol to 400 pmol or vehicle), (B) endothelin-2 (ET-2, from 2
pmol to 600 pmol) or (C) vehicle. The x-axis is expressed as the log dose in pmol. The total
sustained nociceptive behavior score (tot SNB score) was determined over a 30 minute time
period. The ECgq values were calculated using a non-linear regression profile for the curve
fit (Prim 4.0), and data are expressed ECsq in pmol (+/— 95% Confidence Intervals). N=7-9/
group. Dose response curves of the SNBs to both ET-1 and ET-2 were shifted to the left in
CPIP, as compared to sham, mice.
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Fig. 2. Effect of ETB-R agonist or ETA/B-R antagonists on ET-induced SNB
Two days after I/R injury, sham (A and B) and CPIP (C and D) mice received a 10 pl i.pl.

injection of vehicle (white histogram), BQ-123 (light grey histogram, 5 or 10 nmol, ETA-R
antagonist), BQ-788 (dark grey histogram, 30 or 60 nmol, ETB-R antagonist) or IRL-1620
(black histogram, 50 or 200 pmol, ETB-R agonist). Twenty minutes later, they received a 10
ul i.pl. injection of endothelin-1 (ET-1, A: 70 pmol for sham and C: 7 pmol for CPIP) or
endothelin-2 (ET-2, B: 200 pmol for sham and D: 125 pmol for CPIP). The total sustained
nociceptive behavior score (SNB score) was determined over a period of 30 minutes. N=7-
8/group (* p<0.05, ** p<0.01, one-way ANOVA followed by a Dunnett’s t-test). BQ-123
and IRL-1620 reduced, and BQ-788 enhanced, ET-1/2-induced SNBs in CPIP mice, while
BQ-123 also reduced ET1/2-induced SNBs in shams.
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Fig. 3. Effect of ETB-R agonist or ETA/B-R antagonists on mechanical and cold allodynia
Two days after I/R injury, mechanical (A, B and C) and cold (D, E, F) sensitivities were

assessed in both sham and CPIP mice: before, 30 and 60 min after mice received a local 10
pl i.pl. treatment with vehicle, BQ-123 (10 nmol), BQ-788 (60 nmol) or IRL-1620 (50
pmol). N=7-8 / group. Only IRL-1620 significantly elevated the 50% threshold in CPIP
mice (* p<0.05, ** p<0.001, One-way ANOVA followed by a Dunnett for multiple

comparison test).

Pain. Author manuscript; available in PMC 2015 June 19.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Millecamps et al.

2.0
A
*
©
@ 1.5 *
k]
o
< 1.0
[0
=
|_
x 051
o
Yo}
0.0
Treatment 1 Veh Veh Naloxone Naloxone
Treatment 2 Veh IRL-1620 Veh IRL-1620
[F=IBef
i iidi I 30 min
600
.©
@ 450 [ T
k=)
g 300 Treatment 2:
< 150 OVeh
T — OIRL-1620
0+
Veh Naloxone

Treatment 1

Fig. 4. Effect of naloxone on the anti-allodynic effect of IRL-1620 in CPIP mice
Top graph: two days after I/R injury, baseline mechanical sensitivity was assessed in four

groups of CPIP mice (patterned histogram). Then, mice received a 5 ul i.pl. injection of
naloxone (100 nmol) or vehicle, followed 5 min later by a 5 pl i.pl. injection of IRL-1620
(50 pmol) or vehicle. Mechanical sensitivity was assessed 30 min after the second treatment
(black histogram). Bottom graph: the percentage of analgesia was calculated as the relative
change between the two measures for each group. The significant elevation of the 50%
threshold (A), or % analgesia (B), by IRL-1620 in CPIP mice was unaffected by naloxone
treatment. N=7-8 / group (* p<0.05, paired t-test (compared to the value before treatment;
## p<0.05, ### p<0.01, 2-way ANOVA followed by a Bonferroni’s multiple comparison

test).
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CPIP

ETA-R

ETB-R

Fig. 5. Distribution of ETA-R and ETB-R in the skin of sham and CPIP mice
Two days post I/R injury, the skin of sham (left panels) and CPIP (right panels) mice was

incubated with anti-ETA-R (1:4000, top panels, green) or anti-ETB-R (1:2000, bottom
panels, green) antibodies, or stained with hemathoxiline and eosin (H&E). All pictures were
taken with a 40 X objective. ETA-R staining was predominantly found in the deeper stratum
basalis (s.b.) layer and ETB-R in the medium strati granulosum (s.g.) and spinosum (s.s.)
layers. No or poor staining was observed in the external stratum corneum (s.c.) There are no
obvious changes in ETA-R or ETB-R staining between sham and CPIP mice.
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Fig. 6. Fine cellular distribution of ETA-R and ETB-R in the epidermis and peripheral nerves of
sham and CPIP mice

Two days post I/R injury, the epidermis (A) and deep nerves (B) of the skin of sham (left
column) and CPIP (right column) mice was incubated with anti-NF200 antibody (1:6000)
and anti-ETA-R (1:4000) or anti-ETB-R (1:2000) antibodies. All pictures were taken with a
60 X objective. ETA-R staining was observed at the surface membrane of the keratinocytes
from the s.b. layer. ETB-R staining appears within s.g. and s.s. layers, with more intensively
stained star-shaped cells found mainly in the s.s. layer, which are most likely Langerhans
cells (arrow in A). ETA-R and ETB-R staining was also observed in filamentous structures
co-migrating within the NF200-IR fiber bundle. Finally, ETA-R staining was observed on
blood vessels (arrows) within the bundle. In the epidermis and in deeper peripheral nerves,
ETA-R and ETB-R immunoreactivity shows a similar pattern of distribution in CPIP and
sham mice.

Pain. Author manuscript; available in PMC 2015 June 19.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Millecamps et al. Page 22

B. skin C. muscle
A. Western Blot = *
g 150 -l— 150 -l—
kDa MUSCLE SKIN & 400 T 100
e - ETa 2 <«
S ——— s 2 £ 50 50
50 = : B-actin k5] 0 0 L=
—_ - 0 [}
35 = 4 B *k
& E & £ &S| E &~ E & > 200 150
= & x 8 s & S = R
50 5 & 5 515 & 5 8 ETo Z %150 T 100 L
L
8=
50— - "M, == ..l E w1 50
50— B-actin Té 50 | | I—_l_—l
35— = 0 0

O CPIP O Sham

Fig. 7. Quantification of ETA-R and ETB-R in the skin and muscle of sham and CPIP mice
Western blot analysis of plantar skin and muscles extracts from sham and CPIP mice. The

top membrane was incubated with an anti-ETA-R antibody (1:200, top picture; p-actin,
bottom picture), and the bottom membrane was incubated with an anti-ETB-R antibody
(1:200, top picture; p-actin, bottom picture). The five first lanes received supernatant from
homogenized muscles; the four last lanes received supernatant from homogenized skin. A)
The same lane reflects extracts from the same animal. B and C show the quantification by
densitometry of the pixel intensity relative to p-actin for ETA-R and ETB-R for both plantar
skin (B) and muscle (C). There was a significant upregulation of both ETA-R and ETB-R in
CPIP muscle (A & C), but not skin (A & B) (* p <0.05, ** P < 0.01 unpaired t-test).
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