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Heart ischaemia-reperfusion
induces local up-regulation
of vasoconstrictor
endothelin ETg receptors in
rat coronary arteries
downstream of occlusion
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Endothelins act via two receptor subtypes, ETa and ETg. Under physiological conditions in coronary arteries, ETa receptors
expressed in smooth muscle cells mediate vasoconstriction whereas ETg receptors mainly found in endothelial cells mediate
vasorelaxation. However, under pathophysiological conditions, ETg receptors may also be expressed in vascular smooth muscle
cells mediating vasoconstriction. Here, we have investigated whether vasoconstrictor ETg receptors are up-regulated in

coronary arteries after experimental myocardial ischaemia in rats.

EXPERIMENTAL APPROACH

Male Sprague-Dawley rats were subjected to either heart ischaemia-reperfusion (15 min ischaemia and 22 h reperfusion),
permanent ischaemia (22 h) by ligation of the left anterior descending coronary artery, or sham operation. Using wire
myography, the endothelin receptor subtypes mediating vasoconstriction were examined in isolated segments of the left
anterior descending and the non-ligated septal coronary arteries. Endothelin receptor-mediated vasoconstriction was
examined with cumulative administration of sarafotoxin 6c (ETs receptor agonist) and endothelin-1 (with or without ET, or
ETs receptor blockade). The distribution of ETs receptors was localized with immunohistochemistry and quantified by Western

blot.
KEY RESULTS

Endothelin ETg receptor-mediated vasoconstriction and receptor protein levels were significantly augmented in coronary
arteries situated downstream of the occlusion after ischaemia—reperfusion compared with non-ischaemic arteries. In contrast,

the ETa receptor-mediated vasoconstriction was unaltered in all groups.

CONCLUSIONS AND IMPLICATIONS

Ischaemia—reperfusion induced local up-regulation of ETg receptors in the smooth muscle cells of coronary arteries in the
post-ischaemic area. In contrast, in non-ischaemic areas, ETg receptor function was unaltered.
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Abbreviations

BQ788, N-cis-2,6-dimethylpiperidinocarbonyl-L- y-methylleucyl- D-1-methoxycarboyl-D-norleucine; BQ123,
2-[(3R,6R,9S5,12R,15S)-6-(1H-indol-3-ylmethyl)-9-(2-methylpropyl)-2,5,8,11,14-pentaoxo-12-propan-2-y1-1,4,7,10,13
pentazabicyclo[13.3.0]octadecan-3-yl]acetic acid; ET, receptor, endothelin receptor type A; ETy receptor, endothelin
receptor type B; ET-1, endothelin-1; IR, ischaemia-reperfusion; LAD, left anterior descending coronary artery; PI,
permanent ischaemia; S6c, sarafotoxin 6c; SCA, septal coronary artery; TTC, triphenyltetrazolium chloride; VSMC,

vascular smooth muscle cell

Introduction

Vasoactive peptides play a significant role in the regulation of
coronary blood flow. One of the most important groups of
vasoactive peptides is the family of endothelins. The family
comprises three 21-amino acid peptides: endothelin-1, -2 and
-3 (ET-1, -2,-3; Yanagisawa et al., 1988b; Inoue et al., 1989).
The principal isoform in the heart is ET-1 and this peptide is
the most potent endogenous vasoconstrictor yet discovered
(Yanagisawa et al., 1988a). In the heart, ET-1 is secreted by
both vascular and endocardial endothelial cells, as well as by
myocytes (Wagner et al., 1992; Suzuki et al., 1993; Saetrum
etal., 2001).

The actions of ET-1 are mediated via ET, and ET; receptors
(nomenclature follows Alexander ef al., 2103) which belong
to the 7-transmembrane domain receptor family (Arai ef al.,
1990; Sakurai et al., 1990). In vasculature, ET, receptors are
located in vascular smooth muscle cells (VSMCs) which
mediate potent vasoconstriction. In contrast, ETy receptors in
healthy vessels are located in the endothelium where they
cause vasorelaxation through release of prostacyclin and NO
(Seo et al., 1994; Bacon et al., 1996; Alonso and Radomski,
2003). However, ETj receptor distribution is not restricted to
endothelial cells. Besides its primary physiological function
as vasodilator, ETy receptors have been shown to mediate
vasoconstriction in VSMCs (Seo et al., 1994; Adner etal.,
1998).

The degree of functional ET; receptor expression in coro-
nary artery VSMC may be subjected to modulation and pos-
sibly related to pathophysiological conditions of coronary
arteries. A binding study suggests increased ETy receptor
expression in VSMC in human atherosclerotic coronary arter-
ies (Dagassan et al., 1996) while another has shown elevated
ET; receptor mRNA levels in coronary arteries from patients
after myocardial infarction (Wackenfors et al., 2004). These
interesting observations suggest that altered expression of
contractile ET receptors in coronary arteries may participate
in and augment the vascular tone which consequently could
impair myocardial blood flow. However, the ETy receptor
expression studies need further validation and the mecha-
nisms involved need elucidation, as the coronary arteries
mentioned above were obtained by autopsy 10-24 h post
mortem from patients with chronic pathological conditions.
In addition, the above studies neither reported the vasoactiv-
ity mediated by the endothelin ETy receptor nor the recep-
tors’ exact localization in the coronary artery wall.
Furthermore, the studies did not address whether an acute
cessation of blood flow initiates an acute ETy receptor
up-regulation, or if this is restricted to a slowly progressing
and chronic condition, atherosclerosis.

In order to address these questions, we used a non-
atherosclerotic heart ischaemia model in rats to examine the
hypothesis that coronary arteries show altered expression of
endothelin receptors acutely after myocardial ischaemia—
reperfusion (IR) and permanent ischaemia (PI), using func-
tional and molecular methods.

Methods

Animals

All animal care and experimental procedures were performed
in accordance with the national laws and guidelines and
approved by the Danish Animal Experimentation Board
(2006/561-1234 and 2012/561-162). All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 85 animals were
used in the experiments described here. Male Sprague-Dawley
rats (9-11 weeks, weight 295-355 g) were obtained from
Taconic, Denmark. Rats were provided with standard rat
chow and water ad libitum, and were housed under a 12 h
light and 12 h dark cycle condition.

Surgery

The rats were divided at random into three groups in which
they were either subjected to heart ischaemia followed by
reperfusion (n=37), permanent heart ischaemia (n=35) or
sham (n = 33) operation procedures.

The rats were anaesthetized with a 2.5 mL-kg™' mixture
of hypnorm-midazolam (1:1:2) in sterile water (con-
taining 0.079 mg-mL™"' fentanyl, 2.50 mg-mL™ fluanison,
Hypnorm®; VetaPharma Ltd, Leeds, UK, and 1.25 mg-mL™
midazolam, ‘Hameln’; Hameln, Germany). During the surgi-
cal procedure, rats were artificially ventilated (75 cycles/min,
tidal volume 10 mL air/kg) with a rodent ventilator (Ugo
Basile Rodent Ventilator, Comerio, Italy) and body tempera-
ture (37°C) was maintained by keeping the rats on a heating
pad.

The chest was opened through a left thoracotomy, and
the heart was exposed by making an incision in the pericar-
dium. A 6-0 prolene suture was passed around the left
anterior descending coronary artery (LAD) approximately
4-5 mm away from its origin. In the IR group, ischaemia was
achieved by passing the ends of the suture through a plastic
pearl and tightening it against polyethylene tubing. After
15 min of ischaemia, the ligature around the LAD was
released and the tissue was reperfused for 22 h. Regional
myocardial ischaemia was confirmed by visual observation of
cyanosis over the left ventricular surface and ST segment
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elevation was seen on the ECG obtained from a precordial
lead and recorded via a bio-amplifier (ADInstruments,
Oxford, UK) and collected by a PowerLab unit (ADInstru-
ments). After the ligature was loosened, the ST elevation
returned to normal after about 30 min of reperfusion. The
suture was kept in the heart to mark the occlusion site.

The chest was closed by approximating the edges of the
ribs and by stitching the musculature with a 4-0 suture. When
the last suture was placed, air was sucked out of the thorax via
a polyvinyl catheter. Skin was closed with a 4-0 suture after the
removal of the catheter. As post-operative analgesia and fluid
supplement, the rats were given (s.c.) 5 mg-kg' carprofen
(Rimadyl Vet; Pfizer, Helsinki, Finland), 0.03 mg-kg"
buprenorphin (Temgesic; Schering-Plough, Brussels, Belgium)
and 5 mL 0.9% NaCl isotonic solution. Rats were allowed to
recover on a heating pad (37°C) and were extubated when
normal spontaneous breathing resumed.

In PI, the suture was kept tight to maintain occlusion for
24 h. Sham-operated rats underwent identical surgical proce-
dure with the exception of the suture being loosely placed
around the LAD.

Vessel isolation

The rats were sedated with CO, and killed by decapitation, at
22 h after the surgery. The heart was immediately excised and
placed in oxygenated ice cold physiological saline solution
(PSS): 119 mM NacCl, 4.7 mM KCI, 2.5 mM CaCl,, 25 mM
NaHCOs;, 1.17 mM MgSO,, 1.18 mM KH,PO,, 5.5 mM glucose
and 0.03 mM EDTA, with 5% CO,. The LAD and septal coro-
nary arteries (SCAs) were removed by dissecting the tissue
around the vessel wall. The LAD was divided into two,
approximately 2 mm, segments: one upstream and one
downstream of the ligature. The SCA segment was dissected
out approximately 2-4 mm away from its origin.

Wire myography

Coronary artery segments were mounted in a wire myograph
and stretched to their optimal lumen diameter in order to
obtain optimal conditions for active tension development, as
described previously (Skovsted et al., 2012).

Effect of myograph incubation time on ET receptor-mediated
responses. ETy receptor-mediated responses were investi-
gated using the peptide sarafotoxin 6¢ (S6¢), which exhibits
high selectivity for the ETy receptor over the ET, receptor. The
ET, receptor-mediated response was investigated on the same
artery segments after S6¢ treatment by adding ET-1 ranging
from 1 pM to 30 nM. Before adding ET-1, the arteries were
pretreated with the selective ETy receptor antagonist BQ788
(30 nM) for 30 min. Other segments were stimulated with
ET-1 in the presence of BQ788 (0.9 uM) but without prior
desensitization with S6c. In other coronary segments, dual
ETs- and ETs-mediated responses were investigated using the
endogenous ligands, ET-1 (1 pM-30 nM) with or without the
presence of the selective ET, receptor antagonist BQ123
(10 uM). Before each concentration response curve, the
VSMC contractile function was confirmed by challenging the
segments two or three times with KPSS (PSS containing
125 mM K* ; NaCl was exchanged for KCI on an equimolar
basis).
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Endothelial ~ function and maximal contractile capacity.
Endothelial function was determined on all artery segments
by assessing the relaxation to carbachol (10 uM) after obtain-
ing steady-state pre-contraction tone with PGF,, (10 uM).
Normal endothelial function (100%) was defined as a
carbachol-induced relaxation of the PGF,,-induced contrac-
tion to the baseline.

Maximal relaxation was determined by exposing the
vessels to calcium free buffer solution (Ca*-free PSS) buffer.
After the last concentration-response curve, the maximal
contractile capacity of the arterial segments was assessed by
addition of a ‘cocktail’ solution (KPSS with 10 uM PGF,, and
10 uM 5-HT).

Immunohistochemistry

Immediately after dissection coronary arteries were embed-
ded in Tissue-Tek®, frozen on dry ice and stored at —80°C
until further processing. The frozen coronary arteries were
sectioned (10 um) on a cryostat (Leica, Denmark) and
mounted on microscope slides (SuperFrost®, Menzel,
Germany). The sections were fixed for 20 min using Stefani-
ni’s fixative (2% paraformaldehyde and 0.2% picric acid in
phosphate buffer, pH 7.2) and permeabilized in PBS con-
taining 0.25% Triton X-100 (T-PBS). To prevent non-specific
staining, the sections were blocked with 2% donkey serum
and 1% BSA in T-PBS for 1 h. Samples were incubated at 4°C
overnight with primary antibodies: mouse anti-actin (1:500,
AB11003; Abcam, Cambridge, UK) and sheep anti-ETj recep-
tor (1:250, alx-210-506a; Alexis Biochemicals, Nottingham,
UK) diluted in T-PBS. The following day, the slides were
rinsed in 3x PBS and incubated with secondary antibodies:
donkey anti-mouse IgG DyLight™ 549 (1:200, 715-505-150;
Jackson ImmunoResearch, Suffolk, UK) and donkey anti-
sheep DyLight™ 488 (1:200, 713-485-003; Jackson Immu-
noResearch) for 1 h followed by 3x PBS before mounting
with ClearMount™ (Invitrogen™, Cavarillo, CA, USA). For
negative control staining, the anti-ETy receptor primary
antibody was omitted.

In order to confirm the immunohistochemical results,
the staining was repeated using another primary antibody
(1:400, rabbit anti-ETy receptor, AER-002; Alomone Labs
Ltd., Jerusalem, Israel) targeting a different epitope of the
ETy receptor. Here, donkey anti-rabbit DyLightTM 488
(1:200, 711-485-152; Jackson ImmunoResearch) was used as
secondary antibody. Preabsorption control was performed
using an antigenic peptide (CEMLR KKSGM QIALN D, cor-
responding to amino acid residues 298-314 of the ET; recep-
tor). The ratio between blocking peptide and antibody was
1 ug peptide/1 pg antibody, giving an approximately 30
times molar excess of peptide. Blocking peptides were pre-
incubated in dilution buffer with 2% donkey serum with the
corresponding primary antibody at +4°C for 24 h and then
used in immunostaining procedures as described above, in
parallel with the staining without pre-adsorption. Omission
of primary antibodies and preabsorption with blocking pep-
tides served as negative controls. The immunostaining
protocol used here was the same as described above. Immu-
nostaining with both primary antibodies revealed similar
staining patterns in terms of receptor localization (data not
shown).
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Confocal microscopy

The images were taken using a 60x oil immersion lens NA 1.4
on a Nikon C1 confocal microscope (LRI, Lund, Sweden). The
laser channels used were 488 nm excitation (with filter 515/
30) and 543 nm excitation (with filter 605/75). The gain and
laser intensities were kept constant between the samples.
Fluorescence intensity measurements were performed as a
region of interest consisting of the entire vessel area staining
for both actin and the ETj receptor in question from four
vessel sections of each vessel sample. Lining tissue and
lamina elastica was omitted from intensity measurements.
Image analyses were conducted using NIS basic research soft-
ware (Nikon D-Eclipse C1; Nikon Instruments, Amsterdam,
the Netherlands). All quantifications were done without
knowledge of the treatments. The fluorescence intensity of
each group is given as the percentage fluorescence of IR LAD
downstream or upstream group compared with the sham
LAD downstream groups, where the LAD downstream group
was set to 100%, and the mean value for each of the other
groups was used for comparison.

Western blot
Coronary artery segments (upstream, downstream LAD) were
pooled from four IR-operated rats and from five sham-
operated rats for each blot. Three blots were performed as
described below.

After isolation the arteries were stored at —80°C and
subsequently immersed in 50 pL modified RIPA (50 mM
Tris pH7.5, 150mM NaCl, 1mM EDTA, 50mM B
-glycerolphosphate, 1% NP-40, 0.1% deoxycholate, 0.1%
SDS, 0.5% Triton X-100) containing Complete® Protease
Inhibitor and PhosStop cocktails (both from Roche, Hvi-
dovre, Denmark) before sonication (2 x 10 1 s pulses, with
intermittent cooling on ice, and then 15s constant). The
resulting lysate was pre-cleared by centrifugation (18 000x g
at 4°C for 15 min). The supernatant was transferred to new
tubes and total protein concentration was determined using
the Bio-Rad DC kit (Bio-Rad Laboratories, Copenhagen,
Denmark) and a Tecan M200 spectrophotometer at 750 nm.
Samples were adjusted to 20 pg of total protein and dissolved
in LDS buffer (Expedeon, San Diego, CA, USA) containing
50 mM DTT. Proteins were separated by gel electrophoresis
on 4-20% RunBlue gradient gels (Expedeon) at a maximum
of 180V, 150 mA and 15 W for approximately 1h and
10 min. After electrophoresis, gels were briefly equilibrated in
Tris-glycine transfer buffer [2.9 g Trizma-base and 14.4 g
glycine L?, 20% ethanol and 0.1% SDS diluted in MilliQ
water (ELGA LabWater Global Operations Centre, Bucks, UK)]
before transfer to ECL Hybond nitrocellulose membranes (GE
Lifesciences, Brondby, Denmark) using wet blotting for 1 h
and 20 min (maximum settings of 180 V and 350 mA). Mem-
branes were subsequently blocked for 1 h in 2% ECL Advance
Blocking Agent (GE Lifesciences) in TBS-T (TBS and 0.1%
Tween 20) before incubation overnight at 4°C on a rotor with
primary antibody (polyclonal rabbit anti-ETj receptor, 1:200
in TBS-T containing 0.02% sodium azide, AER-002; Alomone
Laboratories). The next day, membranes were briefly washed
in TBS-T before 1 h of incubation at room temperature with
secondary antibodies (HRP-conjugated donkey anti-rabbit,
1:40.000 in TBS-T, NA9340V; GE Lifesciences). Finally, mem-
branes were washed a minimum of 5 x 5 min in large volumes

of TBS-T before development using the ECL Advance Western
Blot Detection Kit (GE Lifesciences) for 5 min at room tem-
perature. Image capture was performed using a Fujifilm LAS-
4000 imaging unit (Fujifilm, Tokyo, Japan).

To quantify the relative band intensity signal, it was first
normalized to GAPDH as internal loading control and then
compared using MultiGauge 3.2 software (Fujifilm). GAPDH
was chosen as loading control as it had been tested for vari-
ability in a screen of five possible loading control candidates.

Triphenyltetrazolium chloride (TTC) staining

TTC staining was used to assess viability of the myocardial
tissue and identification of myocardial infarction. After dis-
section of the coronary arteries, the heart was wrapped in
clear food plastic and semifrozen in —20°C for 30 min and cut
into 2 mm slices. The slices were incubated in 1% TTC (Cata-
logue No. 103 126; Biomedicals LLC, Aurora, OH, USA) at
37°C for 15-20 min and then rinsed briefly in PBS and the
infarcted area (unstained by TTC) and viable (red) areas were
visualized using a digital camera (Infinity 2; LRI Instruments).
TTC staining was done in five to seven hearts of each group.

Data analysis

Results are given as mean + SEM and n denotes the number of
rats. All concentration-response curves were analysed by
non-linear regression analysis using GraphPad Prism 5.03
(GraphPad Corp, San Diego, CA, USA). Each regression line
was fitted to sigmoid equation: Y = bottom + (top bottom)/(1
+ 10"((LogECso-X)*Hill Slope)), where X is the log of agonist
concentration, Y is the contractile response developed by the
agonist and normalized to the cocktail response, bottom is
the initial contractile response (basal tone), top is the top
plateau of the concentration-response curve induced by the
agonist. Hill Slope describes the steepness of the curve. Epay is
the difference between the top and bottom normalized to
cocktail response and sensitivity to the agonist is expressed as
the negative logarithm of the molar concentration of the
agonist that elicited 50% of maximum contraction (pECs).
Staining intensities for ETy receptors and the coronary
contraction to S6¢ or endothelin-1 were compared in the
different vascular segments by Student’s f-test or two-way
repeated-measures ANOvAa followed by Bonferroni post-test
respectively. Statistical significance was accepted when
P <0.05.

Materials

The materials used in these experiments were supplied as
follows: BQ788 (30 nM; Sigma, St. Louis, MO, USA); BQ123,
5-HT, carbachol (Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany); ET-1, sarafotoxin 6¢ (NeoMPS, Strasbourg, France);
PGF,, (Dinolytic®, Pfizer, Helsinki, Finland)

Results

Infarction

Rats that underwent IR showed scattered subendocardial
infarctions located in the myocardium downstream to the
occlusion (Figure 1B and E). This was in contrast to the solid
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Sham

LT

Figure 1

Ischaemia-
reperfusion

Permanent
ischaemia

Montage demonstrating representative (A) sham-operated, (B) ischaemia-reperfused and (C) permanent ischaemic hearts. Upper panel shows
hearts with the surgical ligature (arrows) and in the lower panel, TTC staining of heart slices. The thin line (in D, E) outlines areas with diffuse
ischaemic appearance and the thicker line (only in permanent ischaemic hearts; F) with clear infarction.

infarction displayed after PI (Figure 1C and F). The sham-
operated hearts did not show any infarction (Figure 1A
and D).

General vasomotor response

Coronary arteries, isolated from the infarcted area of hearts
subjected to PI, showed no contractile responses after addi-
tion of KPSS, the cocktail[KPSS+ 5-HT (10 uM) and PGF,,
(10 uM)], Séc or ET-1. Therefore, these arteries were excluded
from the further functional studies. In contrast, segments of
the LAD downstream of the ligature after IR exhibited suffi-
cient contractile capacity and were included for further func-
tional studies. The maximal contraction induced by the
cocktail was slightly higher in segments of the SCA compared
with those from the LAD. The endothelial function was
similar within all three artery segments (LAD upstream, LAD
downstream and SCA) of IR- (LAD upstream and SCA), PI-
and sham-operated rats (Figures 2 and 3B). However, LAD
upstream segments from IR hearts revealed a significantly
higher endothelial function, compared with that in both LAD
downstream and SCA segments.

Endothelin receptor pharmacology

The ETy receptor-mediated vasoconstriction was studied
using the selective ETy receptor agonist S6c (Kloog et al.,
1988). The ETy receptor-mediated vasoconstriction was very
weak (<15% of the cocktail-induced contraction) in SCA and
LAD from sham-operated rats, as well as in arteries from the
non-ischaemic areas of both PI hearts and IR hearts (Table 1).
In contrast, arteries situated downstream of the occlusion in
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IR hearts showed a significantly augmented ET; receptor-
mediated vasoconstriction (En.x=52 +* 10% of cocktail
response) (Figure 2 and Table 1).

As shown in Figure 2, there was no significant difference
in endothelial function in the downstream arteries of sham
and IR hearts. Hence, the enhanced ET; receptor-mediated
vasoconstriction in the downstream artery segments were not
associated with differences in endothelial function between
the segments.

Dual ET, and ETy receptor-mediated
responses induced by ET-1

The dual ETs and ETy receptor-mediated vasoconstrictor
responses were measured by stimulating the arteries
with ET-1. As seen in Figure 3A, ET-1 induced a sigmoid
concentration-response curve, with almost equal potency
and maximal contraction in the three segments from sham-
operated hearts and LAD upstream and SCA from IR hearts. In
contrast, ET-1 induced a significantly potentiated contractile
response in LAD downstream segments compared with the
upstream and SCA segments from the same IR hearts
(Figure 3A). This increased contractile sensitivity towards
ET-1 in downstream segments was also significantly higher
than that in downstream segments of sham-operated hearts
(Figure 3B). However, we found no significant differences
in endothelial integrity between the artery segments
(Figure 3B).

Effects of ET, receptor antagonism
The presence of the selective ET, receptor antagonist BQ123
(10 uM) reduced the sensitivity to ET-1 in LAD downstream
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Figure 2

Log [sarafotoxin 6¢] (M)

Log [sarafotoxin 6¢] (M)

LAD Downstream SCA

Endothelial function (%)

Sham IR P1

Upper panel: Concentration-response curves of increasing concentrations of S6¢ in LAD upstream to occlusion, LAD downstream to occlusion,
and SCA after IR, sham or Pl procedures . The results are shown as mean values + SEM (n = 4-7). ***P < 0.001 and *P < 0.05; two-way ANOVA with
repeated measurements and Bonferroni multiple comparison test. Characteristics of the arteries used are shown in Table 1. Lower panel:
Percentage of endothelium-mediated relaxation induced by carbachol (10 uM) after precontraction with PGF,, (0.3 uM) in LAD upstream to
occlusion, LAD downstream to occlusion, and SCA after sham operation, IR or PI. NS = P > 0.05; one-way anova with Newman-Keuls multiple

comparison test or Student’s t-test.

segments from both IR- and sham-operated hearts (Figure 3B
and Table 1). Despite ET, receptor antagonism, the ET-1-
induced contractions were still greater in IR downstream seg-
ments compared with sham downstream segments.

Effects of ETg receptor antagonism

The ET, receptor-mediated vasoconstriction was studied with
ET-1 in artery segments after abolishing ET; receptor
responses by desensitization with S6c (Adner et al., 1996),
followed by blockade of any remaining ET; receptors with the
selective ETy receptor antagonist BQ788 (30 nM) (Korzick
et al., 2005) or in the presence of BQ788, without prior desen-
sitization. We found no differences in ET, receptor-mediated
responses after either IR or PI, compared with sham-operated
heart (Table 1, Figure 3B), suggesting that IR did not alter ET,
receptor-mediated vasoconstriction.

The findings indicate that the endothelial vasodilatation
is not altered in segments from IR, compared with those from
sham-operated animals. Thus, the enhanced contractile
responses to ET-1 in post-ischaemic arteries were not due to

uneven endothelial function (Figure 3B) but reflected
changes in the ETj receptors in VSMCs.

Immunohistochemistry

Low levels of immunoreactivity for ETy receptors was
observed in VSMC:s in arteries of sham-operated rats. After IR,
immunoreactivity for ET receptors was increased in VSMC of
LAD segments situated downstream of the occlusion, com-
pared with arteries upstream to occlusion, and compared
with LAD segments situated downstream to the loose ligature
in sham-operated hearts (Figure 4A).

Western blots

In support of the immunohistochemical and functional
results, the Western blot experiments revealed a significant
strong band corresponding to the ETy receptor (with an
approximate molecular weight around 53 kDa) in segments
of the downstream coronary artery (207 + 24%), compared
with the downstream segments of sham-operated rats (100%)
(Figure 4B).
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Figure 4

(A) Western blot of three coronary artery homogenates pooled from IR- (n = 10) and sham- (n = 9) operated rats. Results revealed endothelin ETg
receptor band at approximately 50 kDa. Quantification of ETg immunoreactivity normalized to GAPDH revealed increased ETg receptor protein
levels in downstream LAD segments after IR. Results are expressed as mean + SEM of three different homogenates where mean of (ETg
immunoreactivity)/(GAPDH immunoreactivity) from sham LAD downstream was set to 100%. *P < 0.05, comparing LAD downstream IR versus
LAD downstream sham; Student’s t-test. (B) The fluorescence intensity of each group is given as the percentage fluorescence of IR LAD
downstream (n=5) or IR LAD upstream (n = 3) group compared with the sham LAD downstream (n = 3) groups, where the LAD downstream
group was set to 100%, and the mean value for each of the other groups was used for comparison. Confocal images showing representative
examples of immunofluorescence staining of rat coronary arteries (n = 3-5) of actin (upper row), ETg receptor (middle row), and merged pictures
that show the location of endothelin ETg receptors in VSMC (bottom row). **P < 0.01, comparing LAD downstream IR versus LAD downstream
sham; Student’s t-test.
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Discussion

The main novel findings of the present study were: (i) ET-1-
induced vasoconstriction was augmented in rat coronary
arteries downstream of occlusion after 15 min of ischaemia
followed by 22 h of reperfusion; (ii) the IR-induced changes
in coronary arteries were associated with increased ETg
receptor-mediated vasoconstriction and enhanced ETjy recep-
tor protein levels in the VSMC; (iii) the ET, receptor-mediated
constriction was unaltered in non-ischaemic and post-
ischaemic coronary artery segments. (iv) coronary arteries
located in non-ischaemic areas of hearts subjected to either PI
or IR expressed no changes in ET; receptor-mediated vaso-
constriction.

Vasomotor responses to ET-1

The peptide ET-1 is a major regulator of vascular function
acting via ETa and ET; receptors (Yanagisawa et al., 1988a;
Arai et al., 1990; Sakurai et al., 1990). ET-1 is formed in the
coronary vessel endothelium (Saetrum et al., 1994; 2001) and
in the endocardium (Resink et al., 1990; Suzuki et al., 1993;
Saetrum et al., 2001), and contributes to regulation of both
coronary and peripheral vascular tone (Haynes and Webb,
1994; MacCarthy et al., 2001). Continuous systemic infusion
of ET-1 in conscious dogs causes a sustained coronary artery
constriction (Wang et al., 1991), and during intra-coronary
infusion ET-1 induces a concentration-dependent decrease in
coronary artery blood flow and myocardial perfusion (Larkin
et al., 1989; Domenech et al., 1991). The response to ET-1 is
primarily mediated by contractile ET, receptors located in the
VSMCs and vasodilatory ETy receptors located in the
endothelial cells (Takamura et al., 2000; Merkus et al., 2005;
de Beer et al., 2010). Few studies have indicated the presence
of ETy receptors in VSMC of coronary arteries
(Wendel-Wellner et al., 2002; Wendel et al., 2005). Characteri-
zation of constrictor ET receptor responses in human isolated
coronary arteries has shown that ET-1 elicits vasoconstriction
via ET, receptor activation whereas ETy receptor-mediated
vasoconstriction is minor, as shown by small responses to S6¢
and ET-3 (Maguire and Davenport, 1995). The present results
are in accordance with these findings. In sham-operated rats
and coronary arteries from non-ischaemic areas, S6¢c induced
only a negligible ETy receptor-mediated contraction whereas
ET-1 induced strong contractile responses that were sensitive
to ET, receptor blockade. We found no vasodilator effect of
either ET-1 or Sé6c in precontracted vessels (data not shown),
which is consistent with previous studies of canine isolated
coronary arteries (Thorin et al., 1999).

Local ET-1 production and vasomotor
responses after IR

There is substantial evidence that ET-1 release is enhanced
during myocardial ischaemia and/or reperfusion. Plasma
levels of ET-1 are increased in patients with coronary artery
spasm (Matsuyama et al., 1991; Toyo-OKka et al., 1991), follow-
ing myocardial infarction (Lerman et al., 1991; Stewart et al.,
1991), and in congestive heart failure (Wei et al., 1994). Fur-
thermore, elevated plasma levels of ET-1 can serve as a prog-
nostic marker in coronary artery disease (Zouridakis ef al.,

2001). Enhanced ET-1 levels during ischaemia may result in
increased coronary tone and impair coronary blood flow to
the myocardium.

Two recent case studies have reported that patients with
severe, treatment-resistant, coronary vasospasm were success-
fully treated with the dual ET,;; receptor antagonist bosentan
(Vermeltfoort et al., 2009; Krishnan et al., 2010). Further-
more, the effect of BQ123 has currently been tested in a
randomized, placebo-controlled, double-blind pilot study in
patients with acute posterior wall ST elevation (Adlbrecht
et al., 2012). The results showed that acute short-term intra-
venous administration of BQ123 during percutaneous coro-
nary intervention improved myocardial perfusion and left
ventricular ejection fraction at 6 months. Furthermore, in
patients with atherosclerosis but with unobstructed coronary
arteries, treatment with BQ123 i.c. improved myocardial epi-
cardial and microvascular coronary circulation (Halcox et al.,
2001).

Enhanced constrictor responses to ET-1 have been
reported in coronary arteries acutely (between minutes and
few hours) after ischaemia and reperfusion in several animal
models (Neubauer et al., 1991; Watts et al., 1992; Lockowandt
et al., 2001; Climent et al., 2005; Garcia-Villalon et al., 2008).
The underlying mechanisms behind this increased response
to ET-1 have been attributed to up-regulation of ET, receptors
(Neubauer etal., 1991) or reduced ET; receptor-mediated
relaxation due to endothelial dysfunction (Watts et al., 1992;
Lockowandt et al., 2001; Climent et al., 2005). However, the
role of endothelin receptors in coronary arteries, sub-acutely
(one day) after myocardial ischaemia, has only been sparsely
investigated. In the present study, we found enhanced ET-1-
induced vasoconstriction in the post-ischaemic coronary
arteries, situated downstream to the occlusion site. The
enhanced vasoconstrictor responses were associated with
augmented ETy receptor-mediated vasoconstriction, as seen
by significant vasoconstrictor responses to S6c. Interestingly,
the Sé6c-induced vasoconstriction was not associated with
reduction in endothelial function, but largely due to an
enhanced density of ETy receptors in the VSMCs of the post-
ischaemic arteries. To our knowledge, this is the first study to
demonstrate that contractile ETy receptors are de novo highly
expressed in the VSMCs locally in coronary artery segments
downstream to the ligature after 15 min of ischaemia, fol-
lowed by 22 h of reperfusion.

ET receptor blockade and coronary

artery responses

In the present study, we found that ET, receptor blockade
reversed the ET-1 vasoconstriction to an equal extent, in both
control and post-ischaemic coronary arteries. Consequently,
despite ET, receptor blockade, the IR downstream segments
were more sensitive to ET-1 compared with sham down-
stream segments. In contrast, after block of ETg receptors
(with or without prior desensitization with Séc), ET-1-
induced vasoconstriction was almost equal in control and
post-ischaemic artery segments. These results further confirm
that ETy receptors in post-ischaemic coronary arteries show
potentiated vasoconstrictor responses to ET-1. Based on our
findings, we suggest that pharmacological treatment with ETy
receptor blockers could hypothetically improve blood flow in
post-ischaemic and reperfused coronary arteries. However,
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ETy receptor antagonism may block the ET-1 clearance
leading to further enhanced local concentrations of ET-1 in
the myocardium.

Human studies

ET, and ETj receptor mRNA levels are significantly higher in
coronary arteries from patients with ischaemic heart disease
(Wackenfors et al., 2004). In addition, a binding study per-
formed by Degassan and co-workers reported up-regulation of
ETy receptors in atherosclerotic human coronary arteries
(Dagassan et al., 1996). In contrast, Maguire and Davenport
found no increase in vasoconstrictive ETy receptors in human
coronary arteries, from patients undergoing transplantation
for either cardiomyopathy or ischaemic heart disease
(Maguire and Davenport, 2000). The discrepancy between
these studies could be that ETy receptor up-regulation is a
transient phenomenon arising immediately after IR, but lost
over longer periods of time. Thus, the present findings may
have important pathophysiological and therapeutic implica-
tions in the early stages of IR injury.

Clinical impact

Little is known about the transduction pathways involved in
ETy receptor up-regulation in coronary arteries. The mecha-
nisms involved in the de novo formation of ETj receptors have
to some extent only been studied after organ culture of coro-
nary arteries (Skovsted et al., 2012), a method that mimics a
no-flow condition. Thus, after 7 and 24 h of organ culture of
coronary arteries, the ET; receptor-mediated vasoconstriction
is significantly augmented, compared with fresh arteries.
These studies showed that the up-regulation of coronary
artery ETy receptors was associated with elevated levels of
phosphorylated ERK1/2 located in the VSMC, and that the
selective MEK1/2 inhibitor U0126 was able to attenuate
expression of ETy receptors. Another study has shown that
the increased ET-1 vasoconstriction after IR in mesenteric
arteries involves both up-regulation of VSMC and ETj recep-
tors, together with a decrease in NO bioavailability
(Martinez-Revelles et al., 2012).

Conclusions

The present study has revealed local changes in ETj receptor
expression after myocardial ischaemia and reperfusion. We
have demonstrated augmented ETj receptor-mediated vaso-
constrictor responses in coronary arteries situated down-
stream of the occlusion after myocardial IR. This augmented
response was associated with increased protein levels of ETy
receptors in the VSMCs, which suggests the formation of
more ETj receptors. An up-regulation of contractile ET; recep-
tors may shift the vascular tone in the post-ischaemic coro-
nary arties towards a contractile state and attenuate the blood
flow in the ischaemic myocardium.
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