
Subscriber access provided by Helmholtz Zentrum Muenchen - Zentralbibliothek

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.

Article

Targeting endothelin receptors in a murine model of myocardial
infarction using a small molecular fluorescent probe

Melanie A. Kimm, Helena Haas, Miriam Stölting, Michael Kuhlmann, Christiane Geyer,
Sarah Glasl, Michael Schäfers, Vasilis Ntziachristos, Moritz Wildgruber, and Carsten Höltke

Mol. Pharmaceutics, Just Accepted Manuscript • DOI: 10.1021/
acs.molpharmaceut.9b00810 • Publication Date (Web): 09 Dec 2019

Downloaded from pubs.acs.org on December 15, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



* equal contribution 
† corresponding author 
 

Targeting endothelin receptors in a murine model of myocardial infarction 

using a small molecular fluorescent probe 

Melanie A. Kimm1, Helena Haas1, Miriam Stölting2, Michael Kuhlmann3, Christiane Geyer2, Sarah 

Glasl4, Michael Schäfers3, Vasilis Ntziachristos4, Moritz Wildgruber1,2,*, Carsten Höltke2,*,† 

1) Department of Diagnostic and Interventional Radiology, School of Medicine and Klinikum rechts der Isar, 
Technical University of Munich, Munich, Germany; 2) Translational Research Imaging Center, Department of 

Clinical Radiology, University Hospital Münster, Münster, Germany; 3) European Institute for Molecular Imaging, 
University Hospital Münster, Münster, Germany; 4) Institute of Biological and Medical Imaging, Helmholtz 

Zentrum München, Munich, Germany. 

 

Abstract. The endothelin-(ET-)axis plays a pivotal role in cardiovascular diseases. 

Enhanced levels of circulating ET-1 have been correlated with inferior clinical outcome after 

myocardial infarction (MI) in humans. Thus, the evaluation of endothelin-A receptor (ETAR) 

expression over time in the course of myocardial injury and healing may offer valuable 

information towards the understanding of ET-axis involvement in MI. We developed an 

approach to track the expression of ETAR with a customized molecular imaging probe in a 

murine model of MI. The small molecular probe based on the ETAR selective antagonist 3-

(1,3-Benzodioxol-5-yl)-5-hydroxy-5-(4-methoxyphenyl)-4-[(3,4,5-tri-methoxyphenyl)methyl]-

2(5H)-furanone (PD156707) was labelled with fluorescent dye IRDye800cw. Mice 

undergoing permanent ligation of the left anterior descending artery (LAD) were investigated 

at day 1, 7 and 21 post surgery after receiving an i.v. injection of the ETAR probe. 

Cryosections of explanted hearts were analyzed by cryotome-based CCD and fluorescence 

reflectance imaging (FRI) and fluorescence signal intensities (SI) were extracted. 

Fluorescence mediated tomography (FMT) imaging was performed to visualize probe 

distribution in the target region in vivo. Enhanced fluorescence signal intensity in the infarct 

area was detected in cryoCCD images as early as day 1 after surgery and intensified up to 

21 days post MI. FRI was capable of detecting significantly enhanced SI in infarcted regions 

of hearts 7 days after surgery. In vivo imaging by FMT localized enhanced SI in the apex 

region of infarcted mouse hearts. We verified localization of probe and ETAR within the infarct 

area by immunohistochemistry (IHC). In addition, neovascularized areas were found in the 

affected myocardium by CD31 staining. Our study demonstrates that the applied fluorescent 

probe is capable of delineating ETAR expression over time in affected murine myocardium 

after MI in vivo and ex vivo.  
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Introduction: 

The endothelin-(ET-) system consists of three 21-amino acid peptides, ET-1, -2 and -3 and 

two associated G-protein-coupled receptors. The endothelin-A (ETAR) and endothelin-B 

(ETBR) receptors are widely distributed in mammalian organs, including heart and 

vasculature, adrenal gland and peripheral neurons, and are increasingly expressed in a 

number of human cancers. In the vasculature ET-1 is the main isoform. It is produced by 

endothelial cells, vascular smooth muscle cells, cardiomyocytes, macrophages and 

fibroblasts. Generally, signaling of ET-1 via ETAR results in long-lasting vasoconstriction 

while stimulation of ETBR leads to release of vasodilators such as prostaglandins and nitric 

oxide. Very early after the characterization and identification of ET-1 in the late 1980s1, 2 its 

significance in cardiovascular (patho)physiology has been described. In pathologic conditions 

like chronic heart failure (CHF) ET-1 signaling leads to positive myocardial inotropy, 

arrhythmogenesis, an acceleration of cardiac hypertrophy and growth of cardiac fibroblasts.3-

7 Increased plasma ET-1 levels have been found in animal models of myocardial infarction 

(MI).8-10 In clinical investigations, elevated levels of ET-1 and related peptides shortly after 

acute MI positively correlated with infarct size and served as a prognostic factor for survival 

rates.5, 11-18 In mammals, both ETAR and ETBR expression is found throughout the cardiac 

muscle, including the coronary vasculature. Cardiomyocytes express predominantly ETAR 

while both receptors are present on cardiac fibroblasts.6, 19, 20 In cardiovascular pathologies 

ET receptors have been found to be up- as well as down-regulated, and the largest effects 

are described for ETAR. 21-25 Treatment with ET receptor antagonists in a rat model of 

myocardial infarction have revealed beneficial effects when these were given delayed after 

MI, but detrimental effects when applied immediately post MI.26-29 A number of endothelin 

receptor antagonists gave promising results in treatment of diverse cardiovascular diseases 

such as pulmonary arterial hypertension (PAH), atherosclerosis as well as heart and renal 

failure.30-34 However, results are often contradictory and elaborated clinical trials with 

intravenous tezosentan, an unspecific ETAR/ETBR antagonist, ended with disappointing 

results.35, 36 All these findings emphasize the importance of the endothelin axis in the realm of 

myocardial pathologies. Only few clinical trials showed benefit when blocking ET action in 

disease and the only FDA approved compounds are the mixed ETAR/ETBR antagonists 

Macitentan and Bosentan and the ETAR-selective drug Ambrisentan; all of these are 

approved for the treatment of PAH.3, 4, 37 In the setting of MI it seems unclear, when and how 

manipulation of the ET-axis improves clinical outcome. Yet, it is unclear, if addressing ETAR 

or ETBR (or both) would result in desirable beneficial effects.6, 11 For a more detailed 

understanding of the acute physiological and chronic pathological effects of ET-signaling in 

cardiovascular disease, especially myocardial infarction, the knowledge about distribution 

and localization of ET receptors as well as the kinetic course of altered receptor expression 
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is mandatory. We developed an ETAR specific photoprobe for the in vivo delineation of 

receptors by optical molecular imaging and recently used it for visualizing ETAR-expression 

in tumor xenografts.38-40 Here, we demonstrate the applicability of this probe for the 

evaluation and delineation of receptor distribution in a murine model of myocardial infarction. 

 

Materials and Methods 

General. All chemicals, reagents and solvents were analytical grade and purchased from 

commercial sources. The precursor compound benzo[1,3]dioxol-5-yl-3-(2-(2-(2-(2-amino-

ethoxy)ethoxy)ethoxy)ethoxy)-4,5-dimethoxybenzyl-5-hydroxy-5-(4-methoxyphenyl)-5H-furan 

-2-one was synthesized as described before. The NHS ester of IRDye800cw was available 

from LICOR Biosciences (Lincoln, NE). Mass spectrometry of the final probe CH861 was 

performed using an Orbitrap LTQ XL (Thermo Scientific, Dreieich, Germany) spectrometer 

with nanospray capillary inlet. HPLC-purification was performed on a gradient RP-HPLC 

using a Knauer system with two K-1800 pumps, an S-2500 UV detector and a RP-HPLC 

Nucleosil 100-5 C18 column (250 mm × 8.0 mm). The recorded data was processed by the 

ChromGate HPLC software (Herbert Knauer GmbH, Berlin, Germany). 

Probe. The applied probe CH861 is based on an already published small molecule 

fluorescent endothelin receptor antagonist.38 For the present study, the fluorescent dye 

IRDye800cw - as NHS active ester - was coupled to the precursor amino compound. In brief, 

equal amounts of precursor PEG amine hydrochloride and dye active ester were dissolved in 

a 2:1 mixture of DMF and DMSO and 2% v/v DIPEA was added. After reaction at room 

temperature for 20 h the mixture was directly purified by HPLC (acetonitrile and water with 

0.1% TFA with the following gradient: 1 min 90% water, then 15 min from 90% to 45%, then 

2 min 45%, then 1 min from 45% to 90%, then 1 min 90%, overall 20 min, tR = 14.4 min). MS 

(Orbitrap/ESI): m/z = 549.49026 [M-3H]3- (calc.: C81H90N3O26S4 = 549.49039), 835.72954 [M-

3H+Na]2- (calc.: C81H90N3O26S4Na = 835.73020). 

Animals. All animal procedures and their care were conducted in conformity with national and 

international guidelines (EU 2010/63) with approval from the local authorities (Government of 

Upper Bavaria and Government of North Rhine Westphalia) and supervised by the 

respective Animal Care and Use Committee. Animals were housed in standard animal rooms 

(12 h light/dark cycle, 50-60% humidity, 18°C-23°C temperature, bedding material) in 

individually ventilated cage systems (IVS Techniplast) under specific pathogen-free 

conditions with free access to water and standard laboratory chow ad libitum. Myocardial 

infarction (MI) surgery was performed on female C57Bl/6J mice (aged 8-10 weeks, n = 32, 

Charles River Laboratories, Sulzfeld, Germany). Myocardial infarction was induced by 
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permanent ligation of the left anterior descending artery (LAD) as previously described.41, 42 

The animals were intubated orotracheally and mechanically ventilated. A left thoracotomy 

was performed in the fourth intercostal space, the pericardium was opened, and the left 

anterior descending artery ligated permanently with an 8.0 nylon suture (Ethicon, 

Norderstedt, Germany). After thoracotomy, subcutaneous tissue and skin were closed in 

separate layers and the animal weaned from the ventilator. Mice were anesthetized by 

injection anesthesia with MMF (Medetomidin, Midazolam, Fentanyl) and by inhalation 

anesthesia (isofluorane 1.5%–2.5% v/v in O2) for surgical and imaging procedures. Analgesia 

was performed by preemptive subcutaneous application of buprenorphine and carprofen and 

was repeated every 12 hours until 72h hours after surgery. At indicated time points (day 1, 

day 7 and day 21 post surgery) mice received 2.0 or 4.0 nmol of CH861 dissolved in 100µl of 

saline as a bolus tail vein injection. After 4 hours of probe distribution mice were euthanized 

under deep anesthesia, and the hearts were excised and prepared for further ex vivo 

analysis. Hearts from healthy mice without MI (n = 6) were examined for comparison, as 

were infarcted hearts from mice that received 4.0 nmol of the pure dye IRDye800cw (n = 7). 

Mice for in vivo imaging (n = 5, see below) were given 4.0 nmol of the probe 7 days after 

surgery.  

Cryoslicing/CCD imaging. After excision, hearts were washed with 0.9% NaCl and 

immediately frozen at -80°C. Before slicing the hearts via short axis, they were embedded 

vertically in optimal cutting temperature compound (OCT, TissueTek; Scene Acryl Black 906, 

Boesner). The slicing was performed using a CM1950 Leica rotary cryotome (Leica 

Microsystems GmbH, Wetzlar, Germany) equipped with a custom made imaging system.43 

The exposure time was automatically selected to ensure optimal use of the dynamic range of 

the EMCCD sensor. Every 200 µm fluorescent and color images were recorded. Episcopic 

images were evaluated using the analysis tool of the ImageJ software. A number of 4-5 

distinct slices were measured. Regions of lower signal intensity were related to regions of 

higher intensity, yielding rough estimates of probe accumulation within the affected tissue. 

Above, around and in two areas below the ligation, sections of 20 µm thickness were 

collected for further histological and immunohistochemical analysis. 

In vivo fluorescence mediated tomography (FMT). FMT studies were performed using the 

small-animal imaging system FMT 2500 (PerkinElmer, Waltham, MA). Mice (n = 5) were 

shaved around the body at the region of interest and received 4.0 nmol of the probe as an 

i.v. injection via the tail vein 7 days post surgery. One healthy mouse without myocardial 

infarction was imaged as a control. Four hours after injection animals were placed inside the 

FMT imaging chamber under isoflurane anesthesia as described before.39 Animal scan times 

were in the range of 2–5 min and image reconstruction times were about 1–3 min. Volumes 
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of interest were drawn around the heart region with the highest fluorochrome concentration 

close to the apex. The whole imaged region was used for comparison of probe 

concentration. 

Ex vivo fluorescence reflectance imaging (FRI). Cryoslices of explanted hearts (n = 4) were 

placed inside the imaging chamber of the In-Vivo FX PRO Imaging System (Bruker Biospin 

MRI GmbH, Ettlingen, Germany). For imaging of the IRDye800cw-labeled probe, the 

excitation wavelength was set to 730 nm using an appropriate bandpass filter. Emission at 

790 nm was recorded using a filter-equipped high-sensitivity (4-million-pixel) cooled charge-

coupled device (CCD) camera. Acquisition time was 2 minutes for each image with a field of 

view (FOV) of 70x70mm. Using the manufacturers software, regions of interest (ROIs) were 

drawn around areas of putative infarction (recognized by HE staining of neighboring slides 

beforehand) and around remote areas of the same slide. Additionally, ROIs were placed 

inside slides of unaffected myocardial tissue for comparison. Additionally, healthy hearts (n = 

4) without MI were processed accordingly. 

Histology and immunofluorescence of cryosections. After drying and pre-fixation in 4% 

paraformaldehyde (PFA, Santa Cruz Biotechnology) cryosections were stained with 

hematoxylin and eosin according to the manufacturer’s protocol (Morphisto). Further 

cryosections were stained for CD31 (DIA-310, Histonova), ETAR (ab178454, Abcam), CD68-

Alexa488 (ab201844, Abcam) and -smooth muscle actin-FITC (F3777, Sigma). 

Fluorophore-coupled secondary antibodies at 594 nm and 488 nm wavelengths 

(LifeTechnologies) were used for visualization. The mounting media Prolong Diamond 

(LifeTechnologies) containing DAPI was used for tissue embedding and visualization of the 

cell nuclei. All slices were imaged using an Axio Imager M2 microscope (Carl Zeiss) 

equipped with the Zeiss Zen Pro 2.0 software (Carl Zeiss) or an Eclipse 50i microscope 

(Nikon) and NIS-Elements BS 3.22 software (Nikon).  

Histology and immunohistochemistry (IHC) of FFPE sections. After excision, hearts (n = 4) 

were fixated in 4% neutral buffered formalin for 24 hours and subsequently embedded in 

paraffin according to standard protocols. Sections of 5µm thickness were then manufactured 

using a microtome (HM355S, Thermo Scientific). Sections were stained for ETAR (ab178454, 

Abcam) as well as by hematoxylin and eosin (Morphisto) according to the manufacturer’s 

protocol. All sections were scanned using the Aperio AT2 Scanner (Leica) and imaged using 

the Aperio Image Scope software (Leica). In addition, Elastica van Gieson (EvG) staining 

was performed according to the manufacturer’s protocol (12739, Morphisto). Images from 

sections were recorded by an Eclipse 50i microscope (Nikon) and NIS-Elements BS 3.22 

software (Nikon).  
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Data analysis and statistics. Images from cryoslicing/CCD imaging were evaluated using the 

analysis tool of ImageJ (1.49v). Gray values were corrected for exposure time to give 

comparable data (signal intensity per second, SI/s). Values are displayed as mean ± 

standard deviation. Data from FRI were collected and yielded fluorescence signal intensities 

(SI) from 0 to 20 absorption units (au). Data from four infarcted hearts (n = 54 slices) and 4 

healthy hearts (n = 32 slices) were evaluated. A two-tailed t-test with Welch correction was 

performed to compare mean fluorescence signal intensity from infarcted and remote areas 

as well as from healthy hearts, using Prism 7.02 software (GraphPad). Significant differences 

were concluded from p-values < 0.05. Data are displayed as box plots with min-to-max 

whiskers. Levels of macrophage infiltration (from immunohistochemistry of CD68-positive 

cells) and collagen deposition (from EvG stainings) were evaluated by using Adobe 

Photoshop software CS2 (version 9.0) in combination with ImageJ. Briefly, CD68 expression 

was evaluated by separating RGB channels of section images and measuring regions of 

interest (ROIs) in the respective channel of infarcted hearts in comparison to sections from 

healthy hearts in ImageJ. Collagen deposits were evaluated by first selecting a red color 

range corresponding to high collagen amounts within Photoshop and extracting this range 

into a new file. Then this file was background subtracted by ImageJ and the mean gray 

values were measured. Significant differences were concluded from p-values < 0.05 

(unpaired t-test). Data are displayed as columns with error bars (standard deviation). 

 

Results 

The ETAR targeted fluoroprobe CH861 detects regions of ischemic injury. 

Left anterior descending (LAD) artery occlusion led to defined myocardial infarction in all 

examined animals. Preliminary evaluation of infarcted hearts (n = 18) by cryoslicing 

combined with CCD fluorescent imaging revealed a distinct accumulation of CH861 in 

regions of ischemic injury. Differences between infarcted and remote myocardium could be 

observed for all time points (day 1, day 7 and day 21 post surgery), but were low when using 

the commonly applied amount of 2.0 nmol of probe per animal (fig. 1a,c,e). However, 

variances between time points were already visible. Especially at day 21 post surgery 

enhanced signal intensity was not only located in infarcted area adjacent to the border of the 

left ventricle, but also in remote regions (fig. 1e). Increasing the dose to 4.0 nmol per animal 

(≈ 250 µg/kg) clearly enhanced the differences in signal intensity at all time points examined 

(fig. 1b,d,f). As control, hearts of untreated animals without MI (n = 4) were evaluated using 

either CH861 (fig. 1g) or pure IRDye800cw (hydrolyzed @ 4.0 nmol, fig. S1), but regions of 

enhanced fluorescence could not be detected. Likewise, we applied the pure dye to MI 
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animals, which also resulted in an enhanced fluorescence in infarcted tissue at all time points 

examined (fig. S1), but the signal intensity was low compared to CH861 (see also fig. 2b). 

This signal can be attributed to unspecific extravasation of the dye within the inflammatory 

processes due to increased endothelial permeability.  

 

Figure 1: Fluorescent images (pseudo-colored) and color photographs (RGB) of cryoslices during CCD 

imaging. a,c,e: images of hearts 4 hours after injection of 2.0 nmol of CH861 at day 1 (a), day 7 (c) and day 21 

(e) after surgery. b,d,f: images of hearts 4 hours after injection of 4.0 nmol of CH861 at day 1 (b), day 7 (d) and 

day 21 (f) after surgery. g: healthy heart 4 hours after injection of 4.0 nmol of CH861. h: infarcted heart 1 day after 

surgery and 4 hours after injection of 4.0 nmol of pure IRDye800cw (scale bar represents 2 mm). 

The signal intensities (SI) of the cryoslices were evaluated by ImageJ software and 

standardized to exposure time (SI per second). Ratios of infarcted area to remote 

myocardium ranged from 1.17-1.22 in slices from animals injected with 2.0 nmol of the probe 

and from 1.42-1.66 in slices from the 4.0 nmol group. With only 2.0 nmol of the probe, 

differences between healthy and MI hearts could be observed, but were very low in terms of 

grey values. At day 7 after surgery we observed the highest signal intensity differences in 

affected tissue compared to remote myocardium in the 4.0 nmol group (fig. 2a) and therefore 

decided to add further experiments based on this setup. The control experiments with pure 

IRDye800cw also showed enhanced fluorescence intensity from infarcted regions, but with 

much lower SI (fig. 2b). Examination of healthy hearts with either of the probes likewise 

showed much lower intensity (fig. 2c). 
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Figure 2: Evaluation of cryoslices of heart tissue. Signal intensities of slices from a. ETAR probe treated mice 

(with the indicated amount) and b. IRDye800cw treated mice (4.0 nmol). Patterned bars display values of 

infarcted areas; solid bars display values of remote regions. c. Signal intensities of healthy tissue slices of mice 

treated with the ETAR probe CH861 (patterned bar) and with pure IRDye800cw as a control (solid bar). All data 

are displayed as mean ± standard deviation per second of exposure time. 

Since the technique of cryoslicing combined with fluorescent imaging collects photons from 

the whole residual tissue of the cryoconserved organ, and not from a single defined slice, a 

quantification of probe distribution is hardly feasible and signal enhancement can only be 

seen as an estimate of probe accumulation. Therefore, no statistical analysis was performed 

on these data. 

 

In vivo imaging by FMT reveals high ETAR signal intensity in the heart apex 

To show the versatile applicability of our probe, we therefore decided to visualize infarcted 

hearts by FMT in vivo, which allows relative quantification of probe distribution inside 

specified regions/volumes of interest. At 4 hours after i.v. injection of the probe enhanced 

fluorescence intensity in the left anterior region of the chest was identified in all mice (fig. 

3a,b). The relative accumulation of probe inside the drawn regions of interest (ROIs) at the 

apex region was 22-29% compared to whole probe amount inside the measured chest area. 

After organ removal post mortem, we imaged the isolated hearts again by FMT and could 

clearly visualize an area of high signal intensity at the apex region (fig. 3c). Control mice 

without MI did not show any enhanced fluorescence intensities for the ETAR probe in the 

imaged chest area in vivo, nor did the explanted heart (fig. 3d). 
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FRI enables evaluation of ETAR signal intensities in tissue slices 

Hearts from mice that underwent in vivo imaging were subsequently analyzed by FRI 

concerning probe distribution. This technique allows semi-quantitative evaluation of 

fluorescence intensities from cryoslices with a defined thickness prepared for e.g. 

microscopy. Slices were imaged and regions of high fluorescence were compared to regions 

of low SI (fig. 4a), including unaffected, more superior regions close to the base of the heart 

(fig 4b). Summarizing all examined hearts (n = 4) we analyzed 54 ROIs for infarcted regions 

and 54 ROIs for remote regions. We found significant differences in mean SI, 10.8 ± 0.6 au 

(au = absorption units) in infarcted areas, compared to a mean of 4.8 ± 0.4 au in remote 

areas (p < 0.0001). In addition, healthy hearts (fig. 4c, n = 4) were prepared in the same 

manner and quantified (n = 32 ROIs) to give a mean SI of 4.3 ± 0.5 au (p < 0.0001, fig. 4d). 

Figure 3: In vivo imaging of mice after 

MI by FMT. a. front view, two different 

mice b. side view with ROIs of the same 

mice. c. Explanted heart after MI showing 

areas of high SI in the apex region (front 

and side view). d. in vivo (top) and ex 

vivo image of a healthy heart revealing a 

lack of signal accumulation (color bar 

relates to in vivo images in a,b,d). 
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Figure 4: FRI evaluation of cryoslides. a. Examples of three consecutive slices of an infarcted heart (7 days 

post surgery) close to the apex with distinct regions of higher SI in regions of ischemic injury. b. Slices of an 

infarcted heart above the infarcted regions. c. Slices of a healthy heart. d. Quantification of cryoslides by FRI 

(box-plot min to max, numbers: mean ± SEM). Infarcted regions show a significantly higher SI than remote areas 

of the same hearts or healthy hearts (ns = not significant).  

 

Localization of ETAR and CH861 in infarcted myocardium  

On the cellular level infarcted areas were identified by the examination of H&E stained 

sections. Morphological changes, as described for mouse hearts undergone MI, encompass 

ventricular wall thinning, chamber dilation, and the transition from necrosis to mature scar 

tissue.44 At day 1 post surgery, affected regions showed large coagulative necrotic areas with 

signs of edema and leucocyte infiltration within the left ventricle wall (fig. 5a, arrow). 

Episcopic images (fig. 5d-f) corresponding to the H&E stained sections highlight the co-

localization of probe with areas of pathological changes. After 7 days, infarcted regions can 

be located by a blueish color due to the replacement of cardiomyocytes with granulation 

tissue and ongoing inflammation (fig. 5b, star). After 21 days these areas are extended and 

the left ventricle is severely dilated (fig. 5c, arrowhead). The results were verified by 

immunofluorescence 7 days post surgery (fig. S2), showing a high number of CD68-positive 

cells, most likely macrophages, in the infarcted area as well as high amounts of collagen 

deposits as shown by Elastica van Gieson staining (fig. S3). The latter shows collagen 

deposits in large numbers within the infarcted areas, whereas the healthy control heart does 

not show domains of increased staining. Levels of increased CD68 expression and collagen 

deposition were evaluated and show significantly enhanced values in sections from infarcted 

hearts (fig. S4). The affected area correlates with the regions of high ETAR fluorescence 

signal intensity from the initial cryoslicing/CCD imaging experiments (fig. 5d-f). 
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Figure 5: Accumulation of probe in infarct areas. H&E staining (a-c) and episcopic fluorescence imaging (d-f), 

showing sections at day 1 (a,d), day 7 (b,e) and day 21 (c,f) post surgery. At all time points analyzed, probe 

accumulation is co-localized with infarcted areas and/or regions of remodeling processes. Arrow = necrotic area, 

star = inflammation, necrosis and fibrosis, arrowhead = dilated ventricle. 

 

Subsequently, we performed ETAR IHC (fig. 6) to follow the expression of ETAR as target of 

the probe and further verify that the localization of the probe within infarcted tissue is 

correlated to high ETAR abundance. In healthy hearts a low but uniform distribution of 

endothelin receptors throughout the myocardium can be found, located primarily at the cell 

membranes (fig. 6a,c). In the left ventricle wall of the infarcted heart (day 7 post surgery), a 

more intense staining for ETAR is observed (fig 6b). ETAR can be identified in a high number 

of small vessel structures (red arrows, fig. 6d), and also in intact cardiomyocytes (black 

arrows, fig. 6d). The analysis of ETAR and CD31 expression of vessels inside the 

myocardium identified CD31-positive endothelial cells and ETAR-positive cells in close 

proximity (fig. S5). This hints towards a contribution of ETAR to angiogenic processes within 

the healing myocardium. Thus, our results support the importance of ETAR-involvement in 

this mechanism as its expression is enhanced in infarcted areas. As the formation of new 

vessels is necessary for tissue repair, angiogenic factors emerge quite early after MI, leading 

to new vessel formation with only few days delay.45, 46 Among these, vascular endothelial 

growth factor (VEGF) is the most prominent, which is known to be upregulated via 

ET-1/ETAR-signaling.47 
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Figure 6: ETAR expression in MI. IHC of a sham operated (a, c) and an infarcted heart day 7 post surgery (b, d). 

(c) Magnification of indicated area in (a). Peripheral membranous expression in myocytes can be observed. (d) 

Magnification of the left ventricle wall of the infarcted heart shown in (b). Increased ETAR expression in 

cardiomyocytes and endothelial cells.  Red arrows: vessels, black arrows: cardiomyocytes. 

 

Discussion 

The contribution of endothelin signaling to the pathophysiology of myocardial infarction in 

humans has first been investigated by Fukuchi and Giaid, who found distinct 

immunoreactivity for both ET-1 and endothelin converting enzyme (ECE-1) in macrophages 

that had accumulated in infarcted regions of ischemic tissue of cardiomyopathy patients.48 

Molecular imaging is an attractive means to evaluate druggable receptors in disease 

settings. Diagnosis using molecular imaging techniques allows non-invasive delineation of 

receptor expression and status and may show effects of therapy.49 We herein show that a 

novel fluorescent probe targeting ETAR is capable of delineating areas of high receptor 

density inside the infarcted area in ex vivo tissue examinations as well as in vivo with FMT in 

a mouse model of MI. The first build of the probe, labeled with Cy 5.5, showed favorable 

biodistribution and bioavailability in wild-type mice, including a balanced excretion route, 
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advantageous distribution and elimination half-lives and high specificity in myocardial tissue 

at the used time point.50, 51 We do not expect substantial differences in distribution behavior 

applying IRDye800cw. This dye has the same amount of sulfonic acid groups as Cy 5.5 

(four) to render the compound hydrophilic and therefore water soluble. The favorable 

excitation and emission profiles of IRDye800cw and its low toxicity have made this dye a 

widely used compound for preclinical optical molecular imaging applications as well as for 

clinical fluorescence-guided surgery interventions.52, 53  

Recently, the utilization of a small molecular tracer for the imaging of ET receptor density in 

the rat heart after MI using positron emission tomography (PET) was introduced. Higuchi and 

colleagues developed an 18F-labelled antagonist compound specific for ETAR and showed its 

ability to image receptors in healthy rats in vivo. However, in contrast to our results presented 

here, the infarct area was not enhanced after MI, as shown by autoradiography. On the other 

hand, and in-line with our studies (fig. 5 and 6), they showed IHC clearly delineating 

localized ETAR signal from the infarct zone and a positive correlation with CD31-staining, 

arguing that the signal originates from a small number of activated endothelial cells with 

strong ETAR expression rather than from cardiomyocytes.54 Both ETAR and ETBR are 

expressed within cardiac tissue, with ETAR predominating on myocytes. However, ETAR has 

only rarely been identified on endothelial cells; mouse renal glomerular endothelial cells 

(RGECs) express higher levels of ETAR following renal ischemia/reperfusion injury and 

cultured human RGECs show increased ET-1 and ETAR expression after induction of 

hypoxia.55 Also, in patients with vascular disorders, enhanced ET-1 and ETAR expression on 

endothelial cells was reported.56  

In ischemic cardiomyopathy enhanced expression of ETAR has been found by mRNA 

quantification of myocardial tissue and elevated ET-1 signaling through ETAR is proposed to 

help maintain cardiac function.57 Shortly after acute MI, a sudden loss of a high number of 

cardiomyocytes due to apoptosis and necrosis leads to an intense inflammation and in the 

formation of a firm collagen-based scar.58 In our model of MI, post-ischemic inflammation 

was identified by CD68-positive macrophages in affected tissue and collagenous scar 

formation was revealed by Elastica van Gieson staining. Rat models of MI have identified the 

coincidence of elevated ET-1 levels with increased procollagen gene expression within the 

first week post MI.27, 59 Cardiac fibroblasts express endothelin receptors and ET-1 signaling 

leads to increased collagen deposition and scar formation, which in turn prevents the 

thinning and expansion of the infarct zone. Therefore, an early enhancement of ET-1 and 

ETAR expression is proposed to be beneficial for infarct healing.60  

On the other hand, in animal models of heart failure, the benefit of long-term endothelin 

receptor antagonist treatment on survival has been described, with positive effects on 
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cardiac remodeling, including reduced cardiac hypertrophy and left ventricular collagen 

density, improved left ventricular contractility and increased left ventricular ejection fraction.61, 

62 So at later time points reduced ET-1/ETAR signaling seems to promote beneficial 

remodeling processes. To understand and interpret these contradictory results, there is a 

strong need for more detailed comprehension of the role of ET receptors in the 

pathophysiology of MI.  

The applied fluorescent probe CH861 shows promising results in this first proof of principle 

study. A further evaluation of the optimal time points for imaging or therapy is warranted and 

may enable a more detailed understanding of ET-axis contribution to post MI inflammation 

and remodeling. The limitations of our study result from the reduced translatability into 

clinical practice. While fluorescence guided surgery already found its way into tumor 

resection techniques in a number of cancers, e.g. glioma63, prostate cancers64 and 

hepatoblastoma65, its applicability for vascular diseases is rather limited. Recently, 

intravascular catheter-based techniques have been introduced, which hold promise for future 

applications. 66-68 In contrast to PET-tracers, targeted probes for optical imaging have not yet 

been approved for human use. Only indocyanine green (ICG), fluorescein and methylene 

blue as unspecific perfusion-type probes have got an FDA approval. However, in view of 

future developments and the clinical need for new diagnostic and therapeutic approaches, 

fluorescence optical imaging and targeted optical probes may contribute to advancements in 

medical management of cardiovascular diseases. 

 

Conclusion  

With our developed probe we deliver a novel tool to gain dynamic insights into ET-axis 

engagement in cardiovascular disease, where its exact contribution is not yet well 

understood. Using a murine model of myocardial infarction, our preliminary experiments 

show that CH861 is capable of depicting ETAR expression within the infarct area in ex vivo 

tissue examinations as well as in vivo by FMT. The observed differences in signal intensity 

from cryoslides of infarcted, remote and healthy myocardium in FRI are significant and 

suggest a relevant role for the endothelin axis in MI. Future investigations are necessary to 

validate this role, especially concerning time-course of enhanced receptor expression and 

signaling. 
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The Supporting Information is available free of charge on the ACS Publications website at 
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Supplemental material: Additional histological images and histological data (PDF). 
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Figure 1: Fluorescent images (pseudo-colored) and color photographs (RGB) of cryoslices during 
CCD imaging. a,c,e: images of hearts 4 hours after injection of 2.0 nmol of CH861 at day 1 (a), day 7 (c) 
and day 21 (e) after surgery. b,d,f: images of hearts 4 hours after injection of 4.0 nmol of CH861 at day 1 

(b), day 7 (d) and day 21 (f) after surgery. g: healthy heart 4 hours after injection of 4.0 nmol of CH861. h: 
infarcted heart 1 day after surgery and 4 hours after injection of 4.0 nmol of pure IRDye800cw (scale bar 

represents 2 mm). 
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Figure 2: Evaluation of cryoslices of heart tissue. Signal intensities of slices from a. ETAR probe treated 
mice (with the indicated amount) and b. IRDye800cw treated mice (4.0 nmol). Patterned bars display values 
of infarcted areas; solid bars display values of remote regions. c. Signal intensities of healthy tissue slices of 
mice treated with the ETAR probe CH861 (patterned bar) and with pure IRDye800cw as a control (solid bar). 

All data are displayed as mean ± standard deviation per second of exposure time. 
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Figure 3: In vivo imaging of mice after MI by FMT. a. front view, two different mice b. side view with 
ROIs of the same mice. c. Explanted heart after MI showing areas of high SI in the apex region (front and 
side view). d. in vivo (top) and ex vivo image of a healthy heart revealing a lack of signal accumulation 

(color bar relates to in vivo images in a,b,d). 
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Figure 4: FRI evaluation of cryoslides. a. Examples of three consecutive slices of an infarcted heart (7 
days post surgery) close to the apex with distinct regions of higher SI in regions of ischemic injury. b. Slices 
of an infarcted heart above the infarcted regions. c. Slices of a healthy heart. d. Quantification of cryoslides 
by FRI (box-plot min to max, numbers: mean ± SEM). Infarcted regions show a significantly higher SI than 

remote areas of the same hearts or healthy hearts (ns = not significant). 
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Figure 5: Accumulation of probe in infarct areas. H&E staining (a-c) and episcopic fluorescence 
imaging (d-f), showing sections at day 1 (a,d), day 7 (b,e) and day 21 (c,f) post surgery. At all time points 
analyzed, probe accumulation is co-localized with infarcted areas and/or regions of remodeling processes. 

Arrow = necrotic area, star = inflammation, necrosis and fibrosis, arrowhead = dilated ventricle. 
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Figure 6: ETAR expression in MI. IHC of a sham operated (a, c) and an infarcted heart day 7 post 
surgery (b, d). (c) Magnification of indicated area in (a). Peripheral membranous expression in myocytes. 
(d) Magnification of the left ventricle wall of the infarcted heart shown in (b). Increased ETAR expression in 

myocytes and endothelial cells.  Red arrows: vessels, black arrows: cardiomyocytes. 
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