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perfusion and left ventricular function in rat bioassay
hearts with pharmacologically induced endothelial
dysfunction

Helmut R. Lieder', Theodor Baars? Philipp Kahlert® & Petra Kleinbongard'

1 Institut fiir Pathophysiologie, Universitatsklinikum Essen, Westdeutsches Herz- und GefaBzentrum, Essen, Germany
2 Klinik fir Kardiologie, Universitatsklinikum Essen, Westdeutsches Herz- und GefaBzentrum, Essen, Germany

Keywords Abstract
Coronary artery disease, coronary
microcirculation, myocardial ischemia,

saphenous vein graft, vasoconstriction.

Stent implantation into aortocoronary saphenous vein grafts (SVG) releases
particulate debris and soluble vasoactive mediators, for example, serotonin.
We now analyzed effects of the soluble mediators released into the coronary
Correspondence arterial blood during stent implantation on vasomotion of isolated rat epicar-
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dial coronary artery segments and on coronary flow and left ventricular devel-
oped pressure in isolated perfused rat hearts. Coronary blood was retrieved
during percutaneous SVG intervention using a distal occlusion/aspiration pro-
tection device in nine symptomatic patients with stable angina pectoris and a
flow-limiting SVG stenosis. The blood was separated into particulate debris
and plasma. Responses to coronary plasma were determined in isolated rat
epicardial coronary arteries and in isolated, constant pressure-perfused rat
hearts (Z%nitric oxide synthase [NOS] inhibition and =serotonin receptor
blockade, respectively). Coronary aspirate plasma taken after stent implanta-
tion induced a stronger vasoconstriction of rat epicardial coronary
arteries (52 £ 8% of maximal potassium chloride induced vasoconstriction
[% KClax = 100%]) than plasma taken before stent implantation (12 4+ 8%
of KClyay); NOS inhibition augmented this vasoconstrictor response (to
110 &+ 15% and 24 £+ 9% of KCl,,,c). Coronary aspirate plasma taken after
stent implantation reduced in isolated perfused rat hearts only under NOS
inhibition coronary flow by 17 & 3% and left ventricular developed pressure
by 25 + 4%. Blockade of serotonin receptors abrogated these effects. Coron-
ary aspirate plasma taken after stent implantation induces vasoconstriction in
isolated rat epicardial coronary arteries and reduces coronary flow and left
ventricular developed pressure in isolated perfused rat hearts with pharmaco-
logically induced endothelial dysfunction.
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et al. 2015). Downstream embolization of such particulate
debris obstructs physically the coronary microcirculation
and impairs microvascular perfusion and cardiac contrac-
tile function (Heusch et al. 2009). The peri-interventional

Introduction

Stent implantation into an atherosclerotic lesion of native
coronary arteries or aortocoronary saphenous vein grafts

(SVG) causes an iatrogenic plaque rupture and results in
the release of atherosclerotic particulate debris, micropar-
ticles, and soluble vasoactive, thrombogenic, and inflam-
matory mediators (Kleinbongard et al. 2012, 2013a; Horn
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release of soluble vasoactive mediators contributes to
impaired microvascular perfusion (Leineweber et al. 2006;
Kleinbongard et al. 2012). The usage of distal occlusion/
aspiration protection devices during stent implantation
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prevents the downstream embolization of particulate deb-
ris by withdrawal of the stagnant blood column — the so-
called “aspirate” — including all particulate debris and sol-
uble mediators. Use of distal embolic protection devices
is a class I (B) guideline recommendation for percuta-
neous coronary interventions of SVG (ACC/AHA/SCAI
Writing Committee to Update 2001 Guidelines for Percu-
taneous Coronary Intervention, 2006), but the overall
clinical benefit is only modest (Heusch et al. 2009). Man-
agement of the acute situation of peri-interventional
microvascular obstruction, however, remains challenging.

Previously we determined soluble vasoconstrictors in
the human coronary aspirate plasma and characterized
aspirate plasma-induced vasoconstrictor effects in isolated
rat mesenteric artery bioassays (Leineweber et al. 2006;
Kleinbongard et al. 2012). Here, we extend our analyses
to isolated rat epicardial coronary arteries and the isolated
perfused rat heart to analyze the effects of aspirate from
human stented SVG on coronary flow and left ventricular
developed pressure.

Materials and Methods

Study cohort

Samples of nine male patients with symptomatic stable
angina pectoris and a stenosis in their SVG were included
in this study (Table 1). We used left over samples of the
coronary arterial plasma and aspirate plasma from our
prior studies (Table 2) (Kleinbongard et al. 2011a,b,
2013a; Baars et al. 2012). The implantation of paclitaxel-
eluting stents attenuates the potential of coronary aspirate
plasma to induce vasoconstriction (Kleinbongard et al.
2011b); therefore, only patients treated with bare metal
stents were included into this study. All patients were on
oral aspirin (100 mg/day) and received 10,000 IU of
unfractionated heparin (Ratiopharm®, Ulm, Germany)
intravenously (for details, see Baars et al. 2012; Kleinbon-
gard et al. 2011a,b, 2012, 2013a). Healthy nonsmoking
volunteers without any history of disease or medication
(except for oral contraception in women) were recruited
(10 men/10 women). The study conforms to the princi-
ples of the Declaration of Helsinki and was approved by
the Institutional Review Board (No. 14-5995-B0). Written
informed consent was obtained from all patients and vol-
unteers.

Interventional procedure

Saphenous vein grafts stenoses were stented without prior
dilatation or debulking to prevent microembolization
(Leborgne et al. 2003). A distal balloon occlusion aspira-
tion device (TriAktiv SVG/3.5-FXTM-catheter; Kensey
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Table 1. Patient characteristics (n = 9).

Risk factors/comorbidities

Hypertension 9
Obesity 7
BMI (kg/m?) 285+ 1.4
Ex-smoker
Smoker
Diabetes mellitus
Renal insufficiency
Hyperlipidemia
Hyperuricemia
Laboratory analyses
Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)
Triglycerides (mg/dL)
Creatinine (mg/dL)
Medications
ACE inhibitors
AT1-receptor antagonists
Beta-blockers
Calcium antagonists
Statins
Diuretics
Antidiabetics
Aspirin
Clopidogrel
Prasugrel
Saphenous vein graft (SVG)
Graft age (years)
Stenosis diameter (%)

A O bW —=wU

159.7 £ 6.9
474 + 4.2
87.1+£72

180.9 + 27.5

1.2 £ 0.1

N Ul O Ul uT oy 00—

125 £ 2.0
66.0 £ 3.3

Continuous data are presented as mean + SEM. ACE, angioten-
sin-converting enzyme; AT1, angiotensin Il type 1; BMI, body mass
index; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Nash, Exton) was used for protection. The balloon was
inflated at 2—4 atm with contrast agent before the stent
was implanted. After stent implantation the interventional
catheter was removed, and the flushing/aspiration catheter
was loaded onto the guide wire to aspirate the coronary
blood. Subsequently the balloon was deflated. Thromboly-
sis in myocardial infarction (TIMI) flow was measured
before and after stent implantation (The TIMI Study
Group, 1989).

Blood samples, plasma serotonin, and
troponin | concentrations

Coronary arterial blood (10 mL into Heparin S-Monov-
ette, SARSTEDT AG & Co., Niumbrecht, Germany) was
taken with the aspiration catheter distal to the lesion
before stent implantation and served as control. The
coronary aspirate, withdrawn after stent implantation (be-
tween 10 and 20 mL), was filtered ex vivo through a 40-
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Table 2. Sample allocation.

Human Coronary Aspirate Impairs Rat Heart Function

Patient sample 1# 24 3 a# 5 6# 7 8 9
White symbols: coronary arterial plasma AA v oo o (16} o= (o34 > <«
Gray symbols: coronary aspirate plasma
Bioassay
Isolated rat epicardial coronary arteries
Coronary arterial = = + — o — + + +
Coronary arterial + L-NAME - = + = + = + + +
Coronary aspirate = = + = - — + + +
Coronary aspirate + ketanserin/pindolol — — + — + — + + +
Coronary aspirate + L-NAME — — + — + — + + +
Coronary aspirate + L-NAME + ketanserin/pindolol = = + — + — + + +
Isolated perfused rat hearts
Coronary arterial + + + - — + + = +
Coronary arterial + L-NAME + + + + + + + + +
Coronary arterial + L-NAME + ketanserin/pindolol + + + + + + + + +
Coronary aspirate + + + + + +
Coronary aspirate + L-NAME + + + + + + + + +
Coronary aspirate + L-NAME + ketanserin/pindolol + + + + + + + + +

*In Figures 1, 5, 6B, and 7 same symbols are used for each patient. The restricted plasma sample volume of some patients did not allow an
application to all bioassays. If plasma sample volumes were at least 10 mL, samples were used in the isolated rat epicardial coronary artery
bioassay and in the isolated perfused rat heart bioassay (Patients: 3, 5, 7, 8, and 9). If plasma sample volumes were less than 10 mL, these
samples were only applied in the isolated perfused rat heart bioassay (#Patients: 1, 2, 4, and 6).

um mesh filter to separate blood from particulate debris.
The coronary aspirate dilution by contrast agent was cor-
rected by reference to the hematocrit. Coronary arterial
and coronary aspirate samples were immediately cen-
trifuged (800 x g 10 min, 4°C), and the plasma was
quickly frozen in liquid nitrogen and stored at —80°C
until further use.

Serotonin in coronary arterial and aspirate plasma was
determined using an enzyme immunometric assay kit
(Cayman Chemical, Ann Arbor, Michigan) (Kleinbongard
et al. 2013a). Troponin I was measured using a specific
two-side immunoassay and detected with the Dimension
RxL Max Integrated System (Dimension Flex, Dade Behr-
ing GmbH, Marburg and Siemens, Eschborn, Germany)
in peripheral venous blood from patients taken before
and between 6 and 48 h after stent implantation (Klein-
bongard et al. 2011a, 2013a).

Peripheral venous blood samples from healthy volun-
teers (n = 20) were centrifuged without prior filtration,
pooled, aliquoted, and stored at —80°C. All plasma sam-
ples were thawed at room temperature and centrifuged
(15,000 x g, 3 min, 4°C) before use.

Chemicals and drugs

Chemicals and drugs were purchased, if not otherwise
declared, from Sigma, Deisenhofen, Germany and were of
the purest grade commercially available.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Animal experiments

All animal experiments were conducted in accordance
with the German laws for animal welfare and approved
by the Landesamt fiir Natur, Umwelt und Verbraucher-
schutz Nordrhein-Westfalen, Germany (AZ: 8.84-
02.05.20.11.068).

Isolated rat epicardial coronary arteries

Male Lewis rats (200-350 g, aged 7-11 weeks) were euth-
anized under enflurane anesthesia. Hearts were excised
and 3-6 segments of epicardial left coronary artery seg-
ments of 2 mm length were dissected from each heart in
ice-cold oxygenated Krebs—Henseleit buffer (KHB; mmol/
. 119 NaCl, 47 KCl, 2.5 CaCl, x 2 H,O, 1.17
MgSO, x 7 H,0O, 25 NaHCO;, 1.18 KH,PO, 0.027
EDTA, 5.5 glucose). The arterial segments were stored in
carbogenated (5% CO,; 95% O,) KHB and equilibrated
for 30 min at 37°C. Two steel wires (25 um in diameter)
were inserted into the arterial segments, and the segments
were then mounted into an isometric small vessel myo-
graph (Danish Myo Technology, Aarhus, Denmark)
(Mulvany and Halpern 1977). The segments were sub-
jected to a wall tension, which was adjusted to the in vivo
condition, when the vessel is relaxed and subjected to a
transmural pressure of 100 mmHg. This standardized
normalization procedure adjusts vascular segments from
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different vascular territories to a lumen diameter where
active force development is maximal (Kleinbongard et al.
2013b). After this normalization procedure, the vascular
segments were allowed to stabilize for 30 min and the last
5 min were defined as baseline. The segments were then
challenged twice with 0.6 x 10~' mol/L and once with
1.2 x 107! mol/L potassium chloride (KCI) for 5 min,
respectively, and the maximal receptor-independent vaso-
constriction was determined. Endothelial integrity was
tested by administration of 10™* mol/L carbachol after
preconstriction with 3 x 10~° mol/L serotonin. Isolated
coronary artery segments in which carbachol did not
reduce serotonin-induced vasoconstriction by >60% were
excluded from further experiments. Maximal KCl-induced
vasoconstriction and endothelium-dependent relaxation
were comparable between all groups (Table 3). The diam-
eter of the coronary artery segments was determined dur-
ing the automated normalization procedure with the
Mulvany myograph (Mulvany and Halpern 1977; Klein-
bongard et al. 2013b).

Fifteen minutes prior to the exposure of the vascular
segments to coronary arterial plasma or coronary aspirate
plasma (dilution of 1:5), the nitric oxide synthase (NOS)
inhibitor L-NG-nitroarginine methyl ester (L-NAME,
10~* mol/L) was added to the KHB to simulate endothe-
lial dysfunction in a subset of experiments. Serotonin-
induced vasoconstriction was antagonized by the blockade
of serotonin receptors with ketanserin (5-hydroxytrypta-
mine [5-HT],a/5c receptor blocker with o«;-adrenoceptor
blocker effects, 10~° mol/L) and pindolol (-adrenorecep-
tor blocker with [5-HT];a, 5 receptor blocker effects,
1077 mol/L), added to the KHB 15 min prior to coronary
arterial or aspirate plasma exposure in a subset of

H. R. Lieder et al.

experiments. Usage of this serotonin receptor blockers
concentration abrogated the vasoconstrictor response to
exogenous serotonin (107 '° to 10* mol/L). The maximal
vasoconstrictions of the vascular segments were measured
within 8 min after coronary arterial or aspirate plasma
exposure as active wall tension (mN) and expressed rela-
tive to baseline (AmN) and as percent of the maximum
KCl-induced vasoconstriction (% KCl,.x = 100%). We
determined in a subset of experiments cumulative con-
centration—response curves in response to 1 x 10° mol/
L -1 x 10 * mol/L for serotonin (+L-NAME) to scale
the aspirate plasma-induced effects.

Isolated perfused rat hearts

Male Lewis rats (200-350 g, aged 7—11 weeks) were anes-
thetized by intraperitoneal pentobarbital (Merial, Hall-
bergmoos, Germany, 800 mg/kg) supplemented by
1500 IU unfractionated heparin to attenuate coagulation.
A bilateral thoracotomy was performed, the heart excised
rapidly, mounted on a Langendorff apparatus (Havard
Apparatus IH-SR, Hugo Sachs, March-Hugstetten, Ger-
many) and perfused at constant pressure of 65-70 mmHg
with a modified KHB (in mmol/L: NaCl 118.0, KCl 4.7,
MgSO, 1.6, KH,PO, 1.2, glucose 5.6, NaHCO; 24.9,
sodium pyruvate 2.0, CaCl, 2.0; gassed with 95% O, and
5% CO, in a prewarmed reservoir, =L-NAME 10™* mol/
L) containing 4.6% bovine albumin (albumin bovine frac-
tion V, SERVA, Heidelberg, Germany). Left ventricular
systolic (LVPyy) and diastolic pressure (LVPg,) were
measured with a water-filled latex balloon inserted into
the left ventricle and connected to a pressure transducer
(System DPT-6000, Codan, Lensahn, Germany). LVPg;,

Table 3. Baseline parameters of isolated rat epicardial coronary arteries.

Exogenous serotonin

\

Coronary arterial plasma

Coronary aspirate plasma

\ A

[ [

L-NAME — 3 —

Vo \

4 — = + +

Ketanserin/pindolol - - - - - + - +
Diameter (inner 251 £27 311 £ 19 278 £ 16 291 £23 267 £28 3354+ 21 305 +£19 269 + 18
circumference in um)
Maximal vasoconstriction (A mN) in response to
KCl (1.2 x 10" mol/L) 33+05 32403 35407 34406 39+£09 42+038 3.7 +04 39+£06
Serotonin (3 x 10 ®moll) 4.1 +£03 4.2 +08 3.9.40.5 404+ 08 424+07 54+£12 414+£05 56=%1.1
Maximal vasodilation in response to carbachol (1 x 10~% mol/L)

(% of serotonin induced 77.1 +£7.7 77.6 £ 106 79.1 £98 803 +53 764x+29 869+ 104 749x +9.3 70.7 £95

preconstriction)

Data expressed as mean + SEM. Statistical comparison by one-way ANOVA with Bonferroni’s correction; there were no significant differ-

ences.
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was adjusted to 5-10 mmHg at baseline by balloon infla-
tion, and heart rate was set to 350 £ 2 bpm by atrial
pacing. Coronary flow (CF) was measured with an inline
ultrasonic flow probe (Transonic System Inc., New York).
The temperature was measured inside the aortic cannula
and at the cardiac surface and kept stable at 37°C. The
hearts were allowed to stabilize for 20 min. Preparations
with CF below 10 mL/min (—L-NAME) or 8 mL/min
(+L-NAME), respectively, or left ventricular developed
pressure (LVDP = LVPy, — LVPg,) below 70 mmHg
(—L-NAME) or 60 mmHg (+L-NAME), respectively, were
excluded. Hearts with LVDP above 130 mmHg, CF above
18 ml/min, or arrhythmia duration of more than 3 min
were also excluded (Bell et al. 2011). When CF remained
stable within a range of £0.4 mL/min and LVDP within
+5 mmHg, baseline CF and LVDP were recorded for
5 min (Fig. 4A and Table 4). Baseline values used for cal-
culations were averaged over the last 4 min of baseline
recording. Plasma aliquots (2 mL) were infused into the
perfusate using a syringe pump (Al-1000, World precision
Instruments, Sarasota) at a rate of 2 mL/min. The plasma
dilution (ratio of 1:6.4), volume, and timing of its infu-
sion had been elaborated and optimized in preliminary
experiments. Perfusion pressure, pH, and oxygen satura-
tion were not affected by plasma infusion.

Minimal (min) and maximal (max) changes of CF and
LVDP were extracted within a time frame of 5 min after
plasma infusion and expressed as absolute values after
infusion and calculated as A mean baseline (Fig. 4A and

Table 4. Baseline parameters of isolated perfused rat hearts.

Human Coronary Aspirate Impairs Rat Heart Function

B). Peripheral venous plasma from healthy volunteers
supplemented with increasing concentrations of serotonin
(0, 0.5, 1, 3, and 6 pmol/L) was infused into the modified
KHB perfusate (£L-NAME). Plasma supplemented with
0.5 umol/L serotonin is equivalent to coronary arterial
plasma with its mean serotonin concentration. Plasma
supplemented with 1.0 pmol/L and 3.0 pmol/L serotonin
represents approximately the range of serotonin concen-
trations measured in the coronary aspirate plasma. To
more closely simulate the in vivo serotonin concentration
and its effects on CF and LVDP, we corrected the sero-
tonin concentration detected in the coronary aspirate
plasma by the application-dependent dilution in the per-
fusate and supplemented therefore the plasma from
healthy volunteers with a serotonin concentration of
6 umol/L. Coronary arterial or aspirate plasma, respec-
tively, was infused into the perfusate =L-NAME. In a
subset of experiments of isolated perfused hearts infused
with coronary arterial or aspirate plasma, serotonin recep-
tor antagonists were added to the modified KHB +L-
NAME. The concentrations were equal to those used in
the rat epicardial coronary artery segments.

Statistics

Continuous data are presented as mean £ SEM. Responses
of isolated rat epicardial coronary arteries to coronary arte-
rial or aspirate plasma or exogenous serotonin were com-
pared using two-way repeated measures ANOVA with

Supplemented Ketanserin/ CFpaseline LVDPpaseline

Proband Plasma n serotonin (umol/l) L-NAME pindolol (mL/min) (mmHg)
Patient Coronary arterial 6 - - - 11.8 £ 0.6 95 + 3
Patient Coronary aspirate 6 - - - 11.8 £ 0.5 85 + 4
Healthy v. Peripheral venous 7 0 — — 13.1+£04 91+ 6
Healthy v. Peripheral venous 6 0.5 - - 13.3 £ 0.5 96 + 6
Healthy v. Peripheral venous 6 1 - - 11.8 £ 0.5 91 +£3
Healthy v. Peripheral venous 10 3 - - 126 £ 0.4 93 +4
Healthy v. Peripheral venous 6 6 - - 125 £ 0.6 88 + 2
Patient Coronary arterial 9 - + - 10.0 £ 0.2 87 +£ 3]
Patient Coronary aspirate 9 - + — 94 + 04 82 + 4
Healthy v. Peripheral venous 7 0 + - 11.1 £ 04 90 + 3
Healthy v. Peripheral venous 6 0.5 + - 10.0 £ 0.3 838 +6
Healthy v. Peripheral venous 6 1 + - 10.1 £ 0.7 89 + 2
Healthy v. Peripheral venous 10 3 + — 10.0 £ 0.7 81 +6
Healthy v. Peripheral venous 6 6 + - 10.2 £ 0.5 80 £4 _|#
Patient Coronary arterial 9 - + + 115 £ 0.5 81 +4 |
Patient Coronary aspirate 9 - + + 109+ 04 78+£5 |4

Continuous data are presented as mean 4+ SEM. Baseline values were recorded for 5 min, respectively. CFpaseiine, COronary flow at baseline;
LVDPpaseiine, left ventricular developed pressure at baseline; Healthy v., healthy volunteers. Statistical comparison for CFpaseiine and LVDPpaseline
by one-way ANOVA with Bonferroni’s correction: *CF and LVDP P < 0.05 versus isolated perfused rat hearts without LNAME.
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Bonferroni’s correction. Plasma troponin I before and after
stent implantation, baseline parameters of isolated perfused
rat hearts, serotonin concentrations in coronary arterial
and aspirate plasma, changes in CF and LVDP in isolated
perfused rat hearts in response to coronary arterial and
aspirate plasma, and serotonin-supplemented peripheral
venous plasma from healthy volunteers were compared
using one-way repeated measures ANOVA followed by
Bonferroni’s correction. Bivariate associations between
continuous variables were tested with Pearson’s sample
correlation coefficients. The statistic tests were performed
with Sigma Stat 3.5 (Systat Software Inc., San Jose).

Results

Patient characteristics and serotonin release
into the coronary aspirate plasma

Patient characteristics and medications are reported in
Table 1. All patients had a history of coronary artery dis-
ease and received stent implantation for the first time
after the initial coronary artery bypass grafting surgery.
TIMI flow was II in 5 and III in 4 patients before the
intervention, and it was III in 9 patients after the inter-
vention. Troponin I was 0.03 &+ 0.01 ng/mL before and
0.48 £+ 0.27 ng/mL (P < 0.05) at its maximum after the
intervention. Troponin I exceeded the proposed cut-off
level of 0.15 pug/mL to reflect myonecrosis in two of nine
patients (Thygesen et al. 2012). Serotonin concentrations
in coronary aspirate plasma increased from 0.4 + 0.1

|:| Coronary arterial plasma
- Coronary aspirate plasma
* P <0.05 versus

coronary arterial

4.0 1 « Plasma

3.5
3.0 1
2.5 -
2.0 1

1.5

Serotonin [umol/L]

1.0

0.5

0.0 -

Figure 1. Serotonin concentration in the coronary arterial plasma
and in postinterventional coronary aspirate plasma. Statistical
comparison by two-way repeated measures ANOVA with
Bonferroni’s correction.
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pmol/L before to 1.9 4+ 0.3 pmol/l (P < 0.05) after stent
implantation (Fig. 1).

Coronary aspirate plasma-induced
vasoconstriction in isolated rat epicardial
coronary arteries with and without
pharmacologically induced endothelial
dysfunction

Coronary arterial plasma induced a vasoconstriction of
12 £ 8% KCl.x and coronary aspirate plasma of
52 + 8% KCl, NOS inhibition augmented the coro-
nary arterial plasma-induced vasoconstriction to 24 £ 9%
KClax and coronary aspirate plasma to 110 £ 15%
(Fig. 2A and B). Blockade of serotonin receptors attenu-
ated the coronary aspirate plasma-induced vasoconstric-
tion, independently of NOS inhibition (Fig. 2A and B).

Concentration-response curves for
serotonin in isolated rat epicardial coronary
arteries with and without
pharmacologically induced endothelial
dysfunction

Exogenous serotonin induced in isolated epicardial rat
coronary arteries is a concentration-dependent vasocon-
striction and pharmacological NOS inhibition augmented
this vasoconstriction (Fig. 3). Exogenous serotonin in the
range of serotonin concentration measured in the coronary
aspirate plasma (Fig. 1) induced a roughly comparable
vasomotor response compared to that induced by coronary
aspirate plasma +L-NAME, respectively (cf. response to
coronary aspirate plasma in Fig. 2 with the gray box in
Fig. 3).

Coronary aspirate plasma-induced
vasoconstriction and impaired left
ventricular function in isolated perfused rat
hearts with pharmacologically induced
endothelial dysfunction

The infusion of peripheral venous plasma from healthy
volunteers per se induced changes in CF and LVDP
(£NOS inhibition) (Fig. 4A and B). CF and LVDP of iso-
lated perfused rat hearts recovered back to baseline after
plasma infusion (Fig. 4A and B). Serotonin-supplemented
peripheral venous plasma from healthy controls did not
induce serotonin-dependent changes of CF or LVDP
without NOS but with NOS
(Fig. 4A and B).

Changes in CF and LVDP induced by coronary arterial

inhibition, inhibition

and coronary aspirate plasma were not different without
NOS inhibition (Fig. 5A and B). In contrast, with NOS

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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A — L-NAME — L-NAME — L-NAME + ketanserin/pindolol
oY N v
1 min
+ L-NAME + L-NAME + L-NAME + ketanserin/pindolol
Coronary aspirate plasma
Coronary arterial plasma Coronary aspirate plasma

szL \ll

M

*.§,#
I #
T §
INAN

1 min

* P < 0.05 versus coronary arterial plasma

B 150= + P < 0.05 versus coronary aspirate plasma + ketanserin/pindolol — L-NAME
§ P < 0.05 versus coronary aspirate plasma + ketanserin/pindolol + L-NAME
# P < 0.05 versus coronary aspirate plasma —L-NAME

—~ 12591 [ -L-NAME

_E — L-NAME; + ketanserin/pindolol

O

X Il + L-NAME

‘5 100 = . L

. + L-NAME; + ketanserin/pindolol

5

= 75+

o

o

=

c

8 4 I

5 I

[

o

o

w 25+

o RN

Vasoconstriction in response to

Coronary arterial plasma

Coronary aspirate plasma

Figure 2. Vasomotor response of isolated rat epicardial coronary arteries to coronary arterial or coronary aspirate plasma. (A) Representative
original registrations; (B) vasoconstrictor response of isolated rat epicardial coronary arteries exposed to coronary arterial plasma or coronary
aspirate plasma. Statistical comparison by two-way repeated measures ANOVA with Bonferroni’s correction.

inhibition there was a difference between coronary arterial
and coronary aspirate plasma in the reduction of CF and
LVDP (Fig. 5A and B). In hearts with NOS inhibition,
CF and LVDP reduction induced by the coronary aspirate
plasma was stronger than that induced by coronary arte-
rial plasma (coronary aspirate plasma vs. coronary arterial
plasma; CF [mL/min]: 7.8 + 0.4 vs. 9.2 £ 0.2, P < 0.05,
LVDP [mmHg]: 61.7 & 4.2 vs. 75.6 £ 3.0 and CF [A
mL/min]: —1.6 + 0.3 vs. —0.9 + 0.1, P < 0.05, LVDP [A

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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mmHg]: —20.2 + 3.3 vs. —11.2 + 0.9, P < 0.05) (Fig. 5A
and B). The coronary aspirate plasma-induced effects
were transient and disappeared after washout (Fig. 5A).
The reduction of CF and LVDP by coronary aspirate
plasma was abrogated by the blockade of serotonin recep-
tors (Fig. 5A and B).

Changes in CF correlated with changes in LVDP in
response to serotonin-supplemented peripheral venous
plasma from healthy volunteers under NOS inhibition,
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Figure 3. Cumulative concentration-response curves for serotonin
in isolated rat epicardial coronary arteries. Vasoconstriction in
response to exogenous serotonin, expressed as % of the maximal
vasoconstriction induced by KCl. Gray bar: range of the serotonin
concentration measured in the coronary arterial and aspirate
plasma. *P < 0.0001 versus —L-NAME. Statistical comparison by
two-way repeated measures ANOVA with Bonferroni’s correction.

but not without NOS inhibition (Fig. 6A). Also, changes
in CF correlated with changes in LVDP in response to
serotonin-containing (Fig. 1) coronary arterial and coro-
nary aspirate plasma under NOS inhibition, but not with-
out NOS inhibition (Fig. 6B).

The measured serotonin concentration in coronary
arterial and coronary aspirate plasma (Fig. 1) did not cor-
relate with the changes in CF without NOS inhibition
(Fig. 7A). However, with NOS inhibition there was a cor-
relation between the measured serotonin concentration in
coronary arterial and aspirate plasma and changes in CF
(Fig. 7B). This correlation was abrogated by additional
serotonin receptor blockade (Fig. 7C).

Discussion

Aspirate plasma induces vasoconstriction
and impairs coronary perfusion and left
ventricular function in rat heart bioassays
with pharmacologically induced endothelial
dysfunction

We confirmed that serotonin is released into the coronary
circulation during stent implantation into SVG (Klein-
bongard et al. 2012) and induces a vasoconstriction in
in vitro bioassays. The serotonin release into aspirate
plasma of this small patient collective was comparable to
that measured in the larger patient collectives of our prior
studies (Kleinbongard et al. 201la, 2013a). We extend
our prior data by (1) detecting the vasoconstrictor effects
of aspirate plasma in isolated rat epicardial coronary
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arteries and in the coronary circulation of isolated per-
fused rat hearts; and (2) revealing functional conse-
quences on left ventricular developed pressure.

The extent of aspirate plasma-induced vasoconstriction
was almost independent of endothelial functionality in our
prior studies in isolated rat mesenteric arteries (Kleinbon-
gard et al. 2011a). However, artery segments from different
vascular territories differ in their vasomotor properties
(Kleinbongard et al. 2013b). We here used isolated rat
epicardial coronary arteries instead of mesenteric arteries
and indeed the pharmacologic-induced endothelial dys-
function augmented the aspirate plasma-induced vasocon-
striction. In the isolated perfused rat heart bioassay,
however, the reduction of CF in response to aspirate
plasma was exclusively detectable under pharmacologically
induced endothelial dysfunction and the same was true for
reduction of LVDP. This vasoconstriction in isolated epi-
cardial coronary arteries and the CF and LVDP reduction
in the isolated perfused heart was abrogated by serotonin
receptor blockade with ketanserin ([5-HT],5/,c receptor
blocker with o;-adrenoceptor blocker effects) (Marwood
1994) and pindolol (f-adrenoceptor blocker with
[5-HT], /18 receptor blocker effects) (Langlois et al. 1993).
Despite the questionable selectivity of ketanserin and pin-
dolol for 5-HT potentially adrenoceptor-mediated effects
by aspirate plasma seem to be unlikely. In our prior studies,
we did not detect a release of epinephrine and nore-
pinephrine into coronary aspirate plasma during stent
implantation (Kleinbongard et al. 2011a, 2012). Here, the
plasma serotonin concentration and CF reduction corre-
lated in the isolated perfused rat heart bioassay under NOS
inhibition. Beside serotonin, endothelin, thromboxane, and
TNFo are released into the aspirate plasma (Kleinbongard
et al. 2011a, 2013a). Endothelin was almost exclusively
released into aspirate plasma during stent implantation into
native coronary arteries (Kleinbongard et al. 2013a).
Released thromboxane and TNFa, however, contribute less
to aspirate plasma-induced vasoconstriction in isolated rat
mesenteric arteries (Leineweber et al. 2006; Kleinbongard
et al. 2011a). In isolated rat epicardial coronary arteries
and in the isolated perfused rat heart, the effect of addi-
tional released mediators in the aspirate plasma also seem
to be of minor relevance. Taken together, these findings
underline the potential role of released serotonin as the
major vasoconstrictor in the coronary aspirate plasma.

Serotonin as the mediator for reduction of

CF and LVDP in isolated perfused rat hearts
with pharmacologically induced endothelial
dysfunction

We mimicked the aspirate plasma-induced effects in the

isolated perfused rat heart by infusing serotonin-

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 4. Changes in CF and LVDP in isolated perfused rat hearts after infusion of serotonin-supplemented peripheral plasma from healthy
volunteers. CF, coronary flow; LVDP, left ventricular developed pressure. Supplemented plasma with 0.5 pmol/L is equivalent to coronary
arterial plasma with its mean serotonin concentration, 1.0 pmol/L and 3.0 umol/L represent approximately the range of serotonin
concentrations measured in aspirate plasma and 6.0 umol/L represents the serotonin concentration corrected by dilution in the perfusate.
Statistical comparison by one-way repeated measures ANOVA with Bonferroni’s correction. (A) Representative original registrations of changes
in CF and LVDP in isolated perfused rat hearts. Plasma infusion (2 mL at a rate of 2 mL/min, plasma diluted by a factor of 6.4) into hearts
without and with pharmacological NOS inhibition by L-NAME. Each original registration approximates the mean min/max value of the group
after serotonin-supplemented plasma infusion. Gray box: time frame in which min and max values were extracted to calculate changes in CF
and LVDP, expressed as A mean baseline, respectively. (B) Mean of min and max values after plasma infusion are presented as absolute values
after infusion and calculated as A mean baseline.
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Figure 4. continued.

supplemented peripheral venous plasma from healthy vol-
unteers. We (1) used concentrations measured in the
aspirate plasma; (2) corrected this serotonin concentra-
tion for the dilution in our isolated perfused rat heart
model; and (3) induced pharmacologically endothelial
dysfunction to estimate more closely the potential effect
in the patient vasculature. Under pharmacologically
induced endothelial dysfunction, the reduction of CF and
LVDP by serotonin-supplemented plasma was dependent
on serotonin concentration; the same was true for coro-
nary arterial and aspirate plasma. Considering that in iso-
lated atriums of rats serotonin has apparently no negative
inotropic effect (Laer et al. 1998), the change in left ven-
tricular function seems to be secondary to the flow reduc-
tion.

Extraluminal exposure of isolated vessels to serotonin-
containing aspirate plasma resulted in a vasoconstriction,

2016 | Vol. 4 | Iss. 15 | e12874
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confirming prior reports (Martin 1994). Infusion of sero-
tonin-containing plasma into the isolated perfused rat
heart decreased under pharmacological NOS-inhibition
the CF in a concentration-dependend manner, confirming
prior reports of saline serotonin infusion (Mankad et al.
1991). In the healthy coronary vasculature, serotonin
induces heterogeneous effects across various species (Mar-
tin 1994). The stimulation of endothelial intraluminal 5-
HT; receptors induces a vasodilation which is mediated
by endothelial NO release (Vanhoutte et al. 2009),
whereas stimulation of smooth vasculature 5-HT,, recep-
tors mediates a vasoconstriction. A serotonin-mediated
vasoconstriction of epicardial coronary arteries and con-
comitant vasodilation in the coronary microcirculation is
described in different species (Bove and Dewey 1983;
Lamping et al. 1989; Martin 1994). This may be related
to a different 5-HT receptor distribution in dependence

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 5. Changes in CF and LVDP in isolated perfused rat hearts after infusion of coronary arterial plasma and coronary aspirate plasma. CF,
coronary flow; LVDP, left ventricular developed pressure. (A) Original registrations of changes in CF and LVDP in the isolated perfused rat heart
after infusion of coronary arterial plasma and coronary aspirate plasma in Patient 2. Gray box: time frame in which min and max values were
extracted to calculate changes in CF and LVDP, expressed as A mean baseline, respectively. (B) Mean of min and max values after plasma
infusion are presented as absolute values after infusion and calculated as A mean baseline. Statistical comparison by one-way repeated

measures ANOVA with Bonferroni’s correction.

of the vessel size (Martin 1994). We here blocked both
the 5-HT, and 5-HT, receptors simultaneously and could
therefore not differentiate between the receptor-specific
effects. In the isolated rat epicardial coronary artery bioas-
say we dissected conductance arteries. Thus, we did not
consider the effect of serotonin-containing aspirate in the
coronary microcirculation. The infusion of serotonin-con-
taining plasma into the isolated perfused rat heart, how-
ever, affected both levels of vascular territories. We
therefore could not discriminate between specific effects
in the coronary macro- and microcirculation.

In dysfunctional endothelium with a reduced NOS
activity serotonin mediates the release of endothelium-
derived constriction factors and induces a vasoconstric-
tion (Vanhoutte et al. 2009). This serotonin-dependent
vasoconstriction in the coronary circulation is also

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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present in animal in vivo models with atherosclerosis
(Chilian et al. 1990), in ex vivo preparations of isolated
atherosclerotic human epicardial coronary arteries (Che-
ster et al. 1990), and in vivo during elective coronary
angiography in patients with angiographic-detected coro-
nary atherosclerosis (Golino et al. 1991; Leosco et al.
1999).

Limitations

Different limitations in our in vitro bioassays may affect

the transferability to the situation in the patient:

(1) The infusion of diluted aspirate plasma into the buf-
fer stream exposed under high-flow conditions the
whole coronary vasculature of the isolated perfused
rat heart bioassay resulting in an additional dilution

2016 | Vol. 4 | Iss. 15 | e12874
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Figure 5. continued

of the aspirate plasma and potentially attenuating the and accumulation of debris and mediators in the
aspirate plasma-induced effects. In the clinical situa- downstream circulation.
tion of stent implantation into SVG in the patient, (3) Our study is limited to a very small number of

2016 | Vol. 4 | Iss. 15 | e12874
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however, aspirate is released into a restricted myocar-
dial area under low-flow conditions.

(2) We neglected in our bioassays the influence of

released particulate debris during stent implantation
into SVG (Heusch et al. 2009; Kleinbongard et al.
2012). Both the released soluble and the particulate
components may determine CF and/or stagnation

patients. Because of the limited sample volume of the
coronary arterial and aspirate plasma we were not
able to apply all samples in both bioassays.

(4) The patient collective we used is characterized by a

fully developed symptomatic atherosclerosis and thus
endothelial dysfunction is prevalent in these patients
(Ludmer et al. 1986; Davignon and Ganz 2004).

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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However, in our bioassays pharmacologically induced
endothelial dysfunction simulated only one aspect of
the atherosclerosis and neglected the influence of, for
example, vascular inflammatory processes or disor-
ders of lipid metabolism (Dart and Chin-Dusting
1999; Libby 2012). The coronary vasculature of
patients might be, therefore, more sensitive to vaso-
constrictors (Chester et al. 1990; Vanhoutte et al.
2009). However, on the other hand, the patients
received medications, for example, statins (Davignon
and Ganz 2004), which are known to attenuate
endothelial dysfunction.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Clinical implications

Although our patients received dual platelet inhibition
with aspirin and clopidogrel or prasugrel, we still
detected a significant serotonin release. An impaired
response to clopidogrel treatment is shown for type 2
diabetes (Angiolillo et al. 2014), renal insufficiency
(Gremmel et al. 2013a), and obesity (Gremmel et al.
2013b). The remaining serotonin release in clopidogrel-
treated patients is interindividually different (Muller et al.
2010) and attributed to platelet activation during stent
implantation (Bax et al. 1994; Gawaz etal. 1996).
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Likewise, the release of particulate debris, microparticles,
and soluble mediators differs interindividually and
depends on the underlying disease and the type of the
interventional-treated vessel (Baars et al. 2012; Kleinbon-
gard et al. 2013a; Horn et al. 2015). Therefore, certain
patients may benefit from a more individualized and
aggressive platelet inhibition prior to interventions to
prevent the release of potentially vasoactive mediators.
The decreased incidence of peri-interventional impaired
microvascular perfusion and myocardial infarction during

2016 | Vol. 4 | Iss. 15 | e12874
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SVG intervention in the contemporary era may be attrib-
uted to a more aggressive platelet inhibition (Lee et al
2011; Brennan et al. 2015).

Acknowledgments

This study will be used in the thesis of Helmut
Raphael Lieder. The technical assistance of Jelena
Loblein, Petra Gres, and Sandra Kriiger is gratefully
acknowledged.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



H. R. Lieder et al.

Conflict of Interest

None declared.

References

ACC/AHA/SCAI Writing Committee to Update 2001
Guidelines for Percutaneous Coronary Intervention. 2006.
ACC/AHA/SCALI 2005 guideline update for percutaneous
coronary intervention: a report of the American College of
Cardiology/American Heart Association Task Force on
Practice Guidelines. Circulation 113:e166—¢286.

Angiolillo, D. J., J. A. Jakubowski, J. L. Ferreiro, A. Tello-
Montoliu, F. Rollini, F. Franchi, et al. 2014. Impaired
responsiveness to the platelet P2Y12 receptor antagonist
clopidogrel in patients with type 2 diabetes and coronary
artery disease. J. Am. Coll. Cardiol. 64:1005-1014.

Baars, T., P. Kleinbongard, D. Boese, T. Konorza, S.
Moehlenkamp, J. Hippler, et al. 2012. Saphenous vein
aorto-coronary graft atherosclerosis in patients with
chronic kidney disease: more plaque calcification and
necrosis, but less vasoconstrictor potential. Basic Res.
Cardiol. 107:303.

Bax, W. A,, G. J. Renzenbrink, van der Linden E. A., F. J.
Zijlstra, van Heuven-Nolsen D., D. Fekkes, et al. 1994. Low-
dose aspirin inhibits platelet-induced contraction of the
human isolated coronary artery. A role for additional
5-hydroxytryptamine receptor antagonism against coronary
vasospasm? Circulation 89:623-629.

Bell, R. M., M. M. Mocanu, and D. M. Yellon. 2011.
Retrograde heart perfusion: the Langendorff technique of
isolated heart perfusion. J. Mol. Cell. Cardiol. 50:940-950.

Bove, A. A,, and J. D. Dewey. 1983. Effects of serotonin and
histamine on proximal and distal coronary vasculature in
dogs: comparison with alpha-adrenergic stimulation. Am. J.
Cardiol. 52:1333-1339.

Brennan, J. M., W. Al-Hejily, D. Dai, R. E. Shaw, M.
Trilesskaya, S. V. Rao, et al. 2015. Three-year outcomes
associated with embolic protection in saphenous vein graft
intervention: results in 49 325 senior patients in the
Medicare-linked National Cardiovascular Data Registry
CathPCI Registry. Circ. Cardiovasc. Interv. 8:e001403.

Chester, A. H., G. R. Martin, M. Bodelsson, B. Arneklo-Nobin,
S. Tadjkarimi, K. Tornebrandt, et al. 1990. 5-
Hydroxytryptamine receptor profile in healthy and diseased
human epicardial coronary arteries. Cardiovasc. Res. 24:932—
937.

Chilian, W. M., K. C. Dellsperger, S. M. Layne, C. L. Eastham,
M. A. Armstrong, M. L. Marcus, et al. 1990. Effects of
atherosclerosis on the coronary microcirculation. Am. J.
Physiol. 258:H529-H539.

Dart, A. M., and J. P. Chin-Dusting. 1999. Lipids and the
endothelium. Cardiovasc. Res. 43:308-322.

Davignon, J., and P. Ganz. 2004. Role of endothelial
dysfunction in atherosclerosis. Circulation 109:11127-11132.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Human Coronary Aspirate Impairs Rat Heart Function

Gawaz, M., F. J. Neumann, I. Ott, A. Schiessler, and A.
Schomig. 1996. Platelet function in acute myocardial
infarction treated with direct angioplasty. Circulation
93:229-237.

Golino, P., F. Piscione, J. T. Willerson, M. Cappelli-Bigazzi, A.
Focaccio, B. Villari, et al. 1991. Divergent effects of
serotonin on coronary-artery dimensions and blood flow in
patients with coronary atherosclerosis and control patients.
N. Engl. J. Med. 324:641-648.

Gremmel, T., M. Muller, S. Steiner, D. Seidinger, R.
Koppensteiner, C. W. Kopp, et al. 2013a. Chronic kidney
disease is associated with increased platelet activation and
poor response to antiplatelet therapy. Nephrol. Dial.
Transplant. 28:2116-2122.

Gremmel, T., S. Steiner, D. Seidinger, R. Koppensteiner, S.
Panzer, and C. W. Kopp. 2013b. Obesity is associated with
poor response to clopidogrel and an increased susceptibility
to protease activated receptor-1 mediated platelet activation.
Transl. Res. 161:421-429.

Heusch, G., P. Kleinbongard, D. Bose, B. Levkau, M. Haude,
R. Schulz, et al. 2009. Coronary microembolization: from
bedside to bench and back to bedside. Circulation
120:1822-1836.

Horn, P., T. Baars, P. Kahlert, C. Heiss, R. Westenfeld, M.
Kelm, et al. 2015. Release of intracoronary microparticles
during stent implantation into stable atherosclerotic lesions
under protection with an aspiration device. PLoS ONE 10:
e0124904.

Kleinbongard, P., D. Boese, T. Baars, S. Moehlenkamp, T.
Konorza, S. Schoener, et al. 2011a. Vasoconstrictor potential
of coronary aspirate from patients undergoing stenting of
saphenous vein aortocoronary bypass grafts and its
pharmacological attenuation. Circ. Res. 108:344-352.

Kleinbongard, P., D. Boese, T. Konorza, F. Steinhilber, S.
Moehlenkamp, H. Eggebrecht, et al. 2011b. Acute
vasomotor paralysis and potential downstream effects of
paclitaxel from stents implanted for saphenous vein aorto-
coronary bypass stenosis. Basic Res. Cardiol. 106:681-689.

Kleinbongard, P., T. Konorza, D. Boese, T. Baars, M. Haude,
R. Erbel, et al. 2012. Lessons from human coronary aspirate.
J. Mol. Cell. Cardiol. 52:890-896.

Kleinbongard, P., T. Baars, S. Mohlenkamp, P. Kahlert, R.
Erbel, and G. Heusch. 2013a. Aspirate from human stented
native coronary arteries vs. saphenous vein grafts: more
endothelin but less particulate debris. Am. J. Physiol. Heart
Circ. Physiol. 305:H1222-H1229.

Kleinbongard, P., A. Schleiger, and G. Heusch. 2013b.
Characterization of vasomotor responses in different
vascular territories of C57BL/6] mice. Exp. Biol. Med.
(Maywood) 238:1180-1191.

Laer, S., F. Remmers, H. Scholz, B. Stein, F. U. Muller, and J.
Neumann. 1998. Receptor mechanisms involved in the 5-
HT-induced inotropic action in the rat isolated atrium. Br.
J. Pharmacol. 123:1182-1188.

2016 | Vol. 4 | Iss. 15 | e12874
Page 15



Human Coronary Aspirate Impairs Rat Heart Function

Lamping, K. G., H. Kanatsuka, C. L. Eastham, W. M. Chilian,
and M. L. Marcus. 1989. Nonuniform vasomotor responses
of the coronary microcirculation to serotonin and
vasopressin. Circ. Res. 65:343-351.

Langlois, M., B. Bremont, D. Rousselle, and F. Gaudy. 1993.
Structural analysis by the comparative molecular field
analysis method of the affinity of beta-adrenoreceptor
blocking agents for 5-HT1A and 5-HT1B receptors. Eur. J.
Pharmacol. 244:77-87.

Leborgne, L., E. Cheneau, A. Pichard, A. Ajani, R. Pakala, H.
Yazdi, et al. 2003. Effect of direct stenting on clinical outcome
in patients treated with percutaneous coronary intervention
on saphenous vein graft. Am. Heart J. 146:501-506.

Lee, M. S., S. J. Park, D. E. Kandzari, A. J. Kirtane, W. F.
Fearon, E. S. Brilakis, et al. 2011. Saphenous vein graft
intervention. JACC Cardiovasc. Interv. 4:831-843.

Leineweber, K., D. Bose, M. Vogelsang, M. Haude, R. Erbel,
and G. Heusch. 2006. Intense vasoconstriction in response
to aspirate from stented saphenous vein aortocoronary
bypass grafts. J. Am. Coll. Cardiol. 47:981-986.

Leosco, D., M. Fineschi, C. Pierli, A. Fiaschi, N. Ferrara, S.
Bianco, et al. 1999. Intracoronary serotonin release after
high-pressure coronary stenting. Am. J. Cardiol. 84:1317—
1322.

Libby, P. 2012. Inflammation in atherosclerosis. Arterioscler.
Thromb. Vasc. Biol. 32:2045-2051.

Ludmer, P. L., A. P. Selwyn, T. L. Shook, R. R. Wayne, G. H.
Mudge, R. W. Alexander, et al. 1986. Paradoxical
vasoconstriction induced by acetylcholine in atherosclerotic
coronary arteries. N. Engl. J. Med. 315:1046-1051.

Mankad, P. S., A. H. Chester, and M. H. Yacoub. 1991. 5-
Hydroxytryptamine mediates endothelium dependent

2016 | Vol. 4 | Iss. 15 | e12874
Page 16

H. R. Lieder et al.

coronary vasodilatation in the isolated rat heart by the
release of nitric oxide. Cardiovasc. Res. 25:244-248.

Martin, G. R. 1994. Vascular receptors for 5-
hydroxytryptamine: distribution, function and classification.
Pharmacol. Ther. 62:283-324.

Marwood, J. F. 1994. Influence of alpha 1-adrenoceptor
antagonism of ketanserin on the nature of its 5-HT2 receptor
antagonism. Clin. Exp. Pharmacol. Physiol. 21:955-961.

Muller, O., M. Hamilos, J. Bartunek, H. Ulrichts, F.
Mangiacapra, J. B. Holz, et al. 2010. Relation of endothelial
function to residual platelet reactivity after clopidogrel in
patients with stable angina pectoris undergoing
percutaneous coronary intervention. Am. J. Cardiol.
105:333-338.

Mulvany, M. J., and W. Halpern. 1977. Contractile properties
of small arterial resistance vessels in spontaneously
hypertensive and normotensive rats. Circ. Res. 41:19-26.

The TIMI Study Group. 1989. Comparison of invasive and
conservative strategies after treatment with intravenous
tissue plasminogen activator in acute myocardial infarction.
Results of the thrombolysis in myocardial infarction (TIMI)
phase II trial. N. Engl. J. Med. 320:618-627.

Thygesen, K., J. S. Alpert, A. S. Jaffe, M. L. Simoons, B. R.
Chaitman, and H. D. White; Joint ESC/ACCF/AHA/WHF
Task Force for UNiversal Definition of Myocardial
Infarction. 2012. Third universal definition of myocardial
infarction. J. Am. Coll. Cardiol. 60:1581-1598.

Vanhoutte, P. M., H. Shimokawa, E. H. Tang, and M. Feletou.
2009. Endothelial dysfunction and vascular disease. Acta
Physiol. (Oxf) 196:193-222.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



