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Chapter 1

The aim of this thesis was 1) to develop a mouse intensive care unit and a method by
which characteristics of myocardial ischemia and reperfusion (I/R) injury can be studied
in vivo in a situation that comes closest to I/R injury in patients (chapter 2-4), and 2) to
apply the 77 vivo method to investigate the role of inflammation and innate immunity
in myocardial I/R injury (chapter 5-7).

Myocardial I/R injury develops during the time of occlusion and reperfusion of a
coronary artery or e.g. during coronary artery bypass grafting (CABG). When an artery
is occluded by a thrombus, the downstream tissue (area at risk) becomes ischemic and
the developing injury is called ischemic injury (dark gray in Figure 1). This is commonly
modelled in the mouse by artificially induced ischemia through ligation of the left
anterior descending coronary artery (LAD), which supplies the left ventricle of blood,
by occlusion at 2 mm distance from the auricle. At larger distances, one finds differences
in LAD- branching and would therefore create differences in areas at risk'.

When the artery is opened by thrombolysis or following percutaneous transluminal
coronary angioplasty (PTCA), it will be reperfused by blood and the developing injury
is called reperfusion injury (light gray in Figure 1).

Sustained ischemia causes death of the total area at risk as depicted by the broken line
in Figure 1. Reperfusion prevents the total area to die, but triggers pathways that induce
and accelerate the development of injury exponentially as depicted by the deflection of
the dashed line (Figure 1). Therefore, treatments directed at reperfusion injury could
potentially reduce myocardial I/R injury.

Many factors play a role in the development of I/R injury®. Until now, some of them
have been investigated 77 vivo in mice. In chapter 2 we give an impression of iz vivo I/R
studies using transgenic and knock out mice.

Anesthesia affects hemodynamic-, metabolism-, and inflammation parameters and
therefore I/R injury via several pathways in a positive or negative way*. However,
the specific role of anesthesia in mouse models of myocardial I/R is often neglected.
Therefore, in chapter 3, we describe our research that was performed to find the
anesthetic regimen with the most stable hemodynamic parameters in mouse anesthesia.
The influence of two anesthetic regimens was investigated on blood pressure and heart
rate during the first 100 min after induction of anesthesia.

Most often, myocardial I/R studies in the mouse use the so-called open-chest model.
With this model the injury and inflammation is not only a consequence of myocardial
I/R but also of the surgical opening of the chest. Open-chest surgery affects I/R injury
by induction of the inflammation cascade and a decreased blood pressure®. Nossuli et
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Outline

al. (2000)° showed for the first time that a closed-chest method resulted in undetectable
levels of IL-6 mRNA after sham I/R in mice, whereas open-chest surgery resulted in
detectable levels. They applied a recovery time between a preparative surgery and the
I/R intervention. Chapter 4 presents a description of our lateral approach of the LAD,
instead of Nossulis medial approach, during a preparative surgery. This method can then
be used to better model the inflammatory response occurring during PTCA treatment
of myocardial I/R in AMI patients, during which procedures the chest is also not opened
(in contrast to myocardial I/R during CABG surgeries).

A REEELEN Reperfusion

- v ——

Ischemic
= .‘

o~ injury

Cell death

Time
Investigated interventions:

[ 10 IEETEN Reperfusion | IL-67, NIrp3/-, ASC/-
IPC

Figure 1, adapted from Garcia-Dorado, 20062

The duration of occlusion and re-opening of the LAD affects I/R injury in the area
at risk. It has been published that 2 h of ischemia (with open chest) resulted in total
infarction of the area at risk’. In chapters 5 and 7, we therefore chose to expose our mice
to ¥2 h and/ or 1 h ischemia. Induction of reperfusion induces inflammatory reactions
with time dependent characteristics at cellular and molecular level that can finally result
in remodelling and heart failure®. We chose to investigate Y2 , 3 or 24 h reperfusion, also
called early reperfusion, for technical reasons’.
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Chapter 1

IL-6 is an early and important inflammation parameter. It is associated with acute
myocardial infarction and injury in patients'®. High levels of IL-6 can activate the
coagulation pathway and vascular endothelial cells and inhibit myocardial function®. It
may also directly affect the cell death programs activated by I/R and result in myocardial
infarction. Therefore, we were interested in the role of IL-6 in myocardial I/R injury.
Our hypothesis in chapter 5 was that the I/R injury would be smaller in IL-6" mice
than in wild type mice. Measurements of infarct size were performed by Evans blue and
Triphenyltetrazoliumchloride (TTC) staining in slices that contained the area at risk.
The early development and the distribution of tissue injury was evaluated by analysis
of neutrophil influx and fibrin deposition in immunohistochemically stained slices'.
Levels of pro-inflammatory cytokines TNF-a, IL-1f, IL-6 and the systemic acute phase
protein serum amyloid A (SAA) were measured in myocardial tissue and plasma to
investigate their time course during reperfusion and whether IL-6 deficiency resulted in
a possible compensation of these inflammatory parameters''.

A practical complication of the closed-chest method is the lack of a visual check of
ischemia and reperfusion. Therefore, in chapter 5 and 7, ECGs were used to examine
the ST-segment elevation/ resolution as a sign of myocardial I/R'. In chapter 5, the
simultaneously detected arrhythmias were analyzed.

Preconditioning of the heart by short episodes of nonlethal ischemia, ischemic
preconditioning (IPC), protects the heart for I/R injury™ '; Both the number of the
ischemic episodes, and the time lapse between the episodes and the final coronary
occlusion' have their effect on the development of the infarct size. As stimuli for the
innate immune inflammasome complex appear to overlap with those for myocardial I/R
and IPC, we examined the possibility that the NLRP3 inflammasome is involved in IPC
and acute I/R injury of the heart in chapter 6 and 7.

I/R stimuli that are transported by blood or nerves, can be excluded from a study by
using a Langendorff-perfused heart. This method uses isolated (ex vivo) hearts. The
investigator administers a perfusate with self-determined substrates and oxygen levels.
Separate acquisition hardware is necessary to collect data. Chapter 6a offers ex vivo
data of Langendorff-perfused wild type, Nlrp3” and ASC” hearts to examine the role
of the innate immune components NOD-like receptor-containing protein 3 (Nlrp3)
and adaptor protein Apoptosis-associated Speck-like protein containing a Caspase
recruitment domain (ASC) in the acute development of myocardial I/R injury and in
the efficient cardioprotection by an IPC intervention.

12
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In chapter 6b we show the letter, that we wrote in response to the article of Sandanger et

al. (2013)". We tried to explain why they had found exactly opposite results compared
to ours.

In chapter 7 we examined the role of NLRP3 in our iz vive closed-chest model. We
hypothesized that Nlrp3” mice would develop smaller infarct sizes, lower cytokine levels,
and lower STAT3 signaling, due to reduction of iz vive inflammation, when compared to
WT mice. Moreover, we expected to find abrogated IPC protective effects in the Nlrp3™”
mice. In addition, we characterized the inflammatory response to cardiac I/R in our
closed-chest model with the commonly used open-chest model. This was necessary to
detect the model choice’s influence on the time frame of Nlrp3 expression (in chapter 7).
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Muyocardial ischemia and reperfusion injury:
studies using transgenic and knockout mice.
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Chapter 2

Abstract

Transgenic and knockout mice are created and used for a large variety of research
objectives. This overview describes the (genetically modified) mouse models that
have been used to study the onset and consequences of myocardial ischemia and
reperfusion injury. The role of cytokines, chemokines, leukocytes, reactive oxygen
species, anti-oxidants, NO, complement system, coagulation system, heat shock
proteins, apoptosis and necrosis, and acute phase reactants are presented.

18




Studies using transgenic and knockout mice

Cardiovascular diseases continue to be the most frequent cause of mortality and
morbidity in the Western world. Among the Dutch population in 2004, 44.6358
people (33% of total mortality) died from cardiovascular causes. Within this group,
acute myocardial infarction (AMI) accounted for 22% of deaths'. Newly developed
therapeutic interventions have improved survival from AMI but as a consequence the
number of patients with chronic heart diseases such as heart failure has increased.

Persistent myocardial ischemia results in complex alterations in ventricular architecture
involving both the infarcted and noninfarcted areas™*. These alterations, often referred
to as “ventricular remodelling”, can importantly affect the function of the ventricle
and, thereby, the prognosis for survival. Infarcted myocardium shows lengthening of
myocytes in its noncontractile area. Also the myocytes in the noninfarcted myocardium
will lengthen as a result of volume-overload hypertrophy. This process of ventricular
enlargement and dilation, which tends to restore stroke volume despite a persistently
depressed ejection fraction, can be influenced by three interdependent factors, that is,
infarct size, infarct healing and ventricular wall stresses’.

Limitation of infarct size is best achieved by induction of reperfusion. The best therapies
to open the occluded coronary artery and limit myocardial damage® are percutaneous
transluminal coronary angioplasty (PTCA) or thrombolysis’. Even when it no longer can
alter infarct size, an open circulation will still improve ventricular function® and survival.
However, induction of reperfusion is also associated with an intense inflammatory
reaction that plays a role in both the acute extension of injury and later repair of the
myocardium’. When the area that was at risk but not infarcted during ischemia develops
inflammation and infarction during reperfusion, this is called reperfusion injury.

The inflammatory reaction during reperfusion is associated with an induction of
endothelial adhesion molecules and influx of leukocytes, which produce an enormous
variety of mediators for continuation of inflammation and for induction of coagulation.
These mediators include oxygen-derived free radicals, proteases, chemokines, cytokines,
and lipid-derived chemotactic agents. Many investigators are studying the pathogenesis,
time course, and factors involved in the inflammatory process to come to a clear
understanding of this process and finally design useful and clinically relevant therapies.
Reperfused mouse infarcts demonstrate a strong but transient inflammatory reaction
with a rapid replacement of cardiomyocytes by granulation tissue leading to a thin
mature scar at 14 days'’.

The development of transgenic and knockout (KO) mice has created the opportunity to
investigate the function of a single gene product in myocardial ischemia and reperfusion
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(I/R) injury. When the left anterior descending (LAD) coronary artery is temporally
occluded, smaller or larger myocardial infarcts in transgenic or KO mice compared to
wild type (WT) mice lead the way to understand the positive or negative role of the
over-expressed or missing protein.

In this review, we will discuss the results of studies that report on gene products that
play a role in myocardial I/R injury, principally (when possible) in the mouse. This
discussion should take into account that inter-species variation in reaction to myocardial
ischemia and reperfusion are significant and any conclusions need to be drawn with
care'®!". Also, differences in gender may make a difference, as for example female hearts
are less sensitive to myocardial ischemia and reperfusion than male hearts'>. Moreover,
the restriction to myocardial tissues is necessary as comparisons between myocardial
and nonmyocardial tissues show differences in inflammatory reactions depending on
differential involvement of mechanisms of monocyte and neutrophil infiltration through
the endothelium®. Finally, studies on hearts in vivo show other results than on hearts
ex vivo, which lack the internal milieu of circulation, metabolism and connection with
the central nervous system'*". The results from studies with transgenic and KO mice,
which have been used to determine the role of specific mediators in myocardial I/R
injury, are summarized in Table 1.

The inflammatory reaction in myocardial ischemia and reperfusion injury in mice

Cytokines
Most biological systems require cellular interactions for their development and regulation.

The cross talk between cells generally involves a variety of cytokines, which are induced
by a large panel of stimuli and secreted by many cell types. Cytokines are particularly
important in promoting the proliferation and differentiation of hematopoietic cells and
in regulating and determining the nature of the immune response.

Cytokinesare classified based on the structure of their receptors. One of the largest families,
also called the type-I cytokine receptor family, includes the receptors for interleukin
(IL)-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, IL-12, IL-15, granulocyte-macrophage
colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSEF),
leukemia inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor
(CNTF), leptin, cardiotrophin-1 (CT-1), thrombopoietin, erythropoietin, growth
hormone and prolactin’®. A large variety of studies have been performed to decipher the
effects of the IL-6 family cytokines, such as in IL-6 transgenics (tg), IL-6Ra tg, IL-11 tg,
OSM tg, LIF tg, LIF KO, CT-1 KO, CNTF KO, glycoprotein (gp) 130 KO and gp130
tg variants (reviewed by Kamimura)'”. However, these transgenic and KO mice have not
been used in myocardial ischemia and reperfusion studies yet.
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Studies using transgenic and knockout mice

IL-6

IL-6 is discussed here as an example of a member of a type I cytokine receptor sub-family
that shares a common receptor component gp130 and has many similar physiological
effects, such as in I/R injury. The biology of IL-6 is well worked out. All cells that
arise from the lymphoid and myeloid progenitors either produce IL-6 or contain
IL-6 receptors. Gpl30 stimulatory cytokines can differentiate monocytes to
antigen-presenting cells such as macrophages and dendritic cells (DCs).

As one way to study the role of IL-6 77 vivo, Kopf et al. created an IL-6 KO mouse in 1994.
This mouse exhibited no obvious developmental defects and was apparently healthy and
fertile. IL-6 injections in IL-6 KO and WT mice induced a similar acute-phase reaction,
indicating that the liver cells of IL-6 KO mice were still responsive to IL-6"%.

The activation of signal transduction pathways by IL-6 is complex. IL-6 binds to the type
I cytokine receptors IL-6Ra (80 kDa) and gp130 (130 kDa). The expression of gp130
is ubiquitous, while that of IL-6Ra is more restricted. In complex with soluble IL-6Ra.,
IL-6 can function in most parts of the body by activation of gp130". IL-6/ IL-6R
modulates e.g. the endothelium to produce chemokines and integrin expression and
leads to an increased capacity of leukocyte recruitment®. This might indirectly increase
the number of extravascular neutrophils, which may mediate reperfusion injury*'.

The IL-6 promoter/enhancer region contains response elements for the transcription
factors nuclear factor-#B (NF-uB), activator protein-1 (AP-1), and CCAAT/enhancer
binding protein (C/EBP). Induction of myocardial C/EBP (beta subunit) was found
after myocardial ischemia and reperfusion in the rat. A rapid and sustained production
of IL-6 with simultaneous expression of IL-6R and gp130 suggested that these factors
may participate in a local inflammatory cascade*. Moreover, IL-6 mRNA was induced
in myocytes in the viable border zone of a myocardial infarct in dogs < 1 h after induction
of reperfusion®.

Gp130 does not have an intrinsic kinase domain but it does contain regions required
for its association with a nonreceptor tyrosine kinase called Janus kinase (JAK). The
formation of the hexameric IL-6/ IL-6Ra/ gp130 complex initiates signal transduction
by activating JAK.

The cytoplasmic domain of gp130 contains, in contrast to IL-6Ra, several potential motifs
for intracellular signaling, such as for SHP-2 recruitment (Src homology 2-containing
tyrosine phosphatase 2) and for STAT activation (signal transducer and activator of
transcription). SHP-2 and STAT molecules recognize phosphorylated tyrosine residues,
which leads to the generation of the two major gp130 signaling pathways: the SHP-2-
ERK- MAPK cascade and the STAT pathway'”?%.

IL-6 KO mice had a similar infarct size as WT mice after 30 min ischemia and 24 h
reperfusion. A positive effect of IL-6 on the myocardium was found in WT mice that
developed smaller infarcts than IL-6 KO mice in the late phase of preconditioning. The
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difference was explained by a reduced expression of the JAK/ STAT pathway in IL-6
KO mice when compared to WT mice”. In a permanent myocardial ischemia and
reperfusion model, IL-6 KO mice had a similar infarct size and left ventricular function
as WT mice at 24 h after infarct induction. In IL-6 KO mice, the LIF concentration was
increased at 48 h after infarct induction, and angiotensin II and AT1 receptor (AT1R)
protein were strongly increased at baseline and after infarct induction, suggesting
compensatory up-regulation of STAT3 phosphorylation. Administration of IL-6 to WT
mice did not change the infarct size after 24 h ischemia®.

I'NF-a

A second important cytokine involved in ischemia and reperfusion is TNF-a, which
belongs to the TNF family of cytokines. Both myocytes and myocardial macrophages
express TNF-a.. The binding of TNF-a. to (one of the TNF receptors) TNFR1 induces
receptor trimerization and activates a caspase cascade. Initiation of the caspase cascade
results in the apoptosis of a target cell. However, signal transduction via TNFR1 also
involves the activation of transcription factors NF-#B and c-jun N-terminal kinase
(JNK, a member of the MAP kinase superfamily), which subsequently leads to the
generation of anti-apoptotic and inflammatory responses (reviewed by Baud and Karin®
and by Zhao and Vinten-Johansen”). Thus, the orchestration of TNF-o/ TNFRI
signaling could determine the final output, i.e., apoptosis or inflammatory responses'.
A negative effect of TNF-o on the myocardium was described by usage of TNF-a KO
mice that developed less injury than WT mice after 30 min ischemia and 2 h reperfusion.
TNF-o upregulated NF-»B levels, induced chemokines and adhesion molecule levels
and facilitated leukocyte infiltration®. Indeed, it was reported that local administration
of TNF-a to arteries downregulated the endothelial Fas ligand expression and induced
the mononuclear cell infiltration®'.

However, other studies found no effect of TNF-a. on infarct size when hearts of TNF-a.
KO mice were compared to WT mice after 30 min ischemia and 24 h reperfusion, while
the transcription factors NF-xB and AP 1 did increase. Even a positive effect of TNF-a.
on the myocardium was found in WT mice that developed smaller infarcts than TNF-a
KO mice in the late phase of preconditioning™.

Transgenic mice that overexpress the cytokine TNF-a in their myocytes, develop cardiac
hypertrophy, fibrosis, and subsequent dilated cardiomyopathy and die prematurely®.
The development of chronic heart failure is associated with leukocyte infiltration in
the atria and ventricles, upregulation of ICAM-1, but not of P-selectin levels. ICAM-1
could be the mediator of cardiac dysfunction, as TNF-a overexpressing/ ICAM-1 KO/
P-selectin KO mice had markedly improved cardiac function when compared to WT
mice*. This effect of TNF-a on ICAM-1 expression (but not on IL-6 expression) and
subsequent neutrophil-myocyte adhesion was confirmed by an iz vitro study in rats.
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Fas ligand (FasL) is also a member of the TNF family and induces apoptosis in target
cells that express Fas. Mice that overexpressed (human) FasL on endothelium had
42% smaller infarcts than wild type mice after 30 min myocardial ischemia and 72 h
reperfusion and demonstrated better hemodynamic parameters. Neutrophil influx was
reduced by 54% after 6 h reperfusion, suggesting that endothelial FasL exerts potent
anti-inflammatory actions®.

Interferon (IFN)-a/p, IFN-y, and IL-10

Interferon (IFN)-0/f, IFN-y, and IL-10 belong to another common receptor family.
IL-10 was tested in IL-10 KO mice and proved to be an anti-inflammatory cytokine.
I/R injury was increased accompanied by higher TNF-a levels, NO production, and
ICAM-1 expression in the ischemic tissue”. The absence of IL-10 increased the influx

of neutrophils. The presence or absence of NO did not influence the protective effect
of IL-10%.

IL-1

IL-1 is classified within the IL-1 receptor family. The type I IL-1 receptor is responsible
for specific signaling, while the type II IL-1 receptor functions as a nonsignaling receptor.
Mice lacking type I IL-1 receptors are of normal vitality and exhibit no phenotype®.
They have not been used in myocardial ischemia and reperfusion studies yet.

Immunoglobulin

Immunoglobulin -like superfamily is another class of receptors. It consists of the receptor
for macrophage colony-stimulating factor (M-CSF), platelet-derived growth factor
(PDGF), epidermal growth factor (EGF) as well as the proto-oncogene products ¢ Kit
(stem-cell factor (SCF) receptor) and Flt-3 (receptor for Flt-3 ligand). M-CSF showed
a modest and transient upregulation in the mouse during the early days of myocardial
reperfusion but the growth factor for mast cells, SCE did not'.

Chemokines and chemokine receptors

Chemokines and chemokine receptors are divided into two groups according to the
nature of their ligand: C-C and C-X-C chemokines*'. In a closed-chest mouse model
of 15 min ischemia and 3 h reperfusion, in which there is no infarction, macrophage
inflammatory protein (MIP)-1a,-1f3, and -2 were increased in the venous endothelium.
This induction was independent of TNF-a*2. Transgenic mice with overexpression of
the chemokine monocyte chemoattractant protein-1 (MCP-1) by cardiomyocytes had
less damage than WT mice after 45 min ischemia and 3 days reperfusion. They had
chronic infiltration and activation of leukocytes, resulting in elevated TNF-a secretion
and SAPK/JNK1/2 activation (stress-activated protein kinase/ ¢ Jun N terminal kinase).
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The activation of this MAP-kinase pathway is in part responsible for the preconditioning
effect of MCP-1 overexpression®.

CXCR2 mediates neutrophil chemotaxis but also inhibits hypoxia-induced death of
isolated cardiac myocytes. CXCR2 KO mice develop significantly smaller infarcts than
WT mice after 45 min ischemia and 24 h reperfusion. Bone marrow of CXCR2 KO
mice that was transplanted into lethally irradiated WT mice resulted in the same trend
after ischemia and reperfusion. However, ex vivo experiments showed contradicting

larger infarcts in CXCR2 KO mice*.

Leukocytes
Leukocyte extravasation occurs in several steps, regulated by distinct adhesion molecules.

The first step is the initiation of leukocyte rolling along the activated endothelium, a
process mainly mediated by the selectins: calcium dependent low-affinity adhesion
molecules consisting of L-selectin (on leukocytes), E-selectin (on endothelium), and
P-selectin (on a granules of platelets and Weibel-Palade bodies of endothelial cells)®.
The second step, firm adhesion and subsequent transmigration of leukocytes into the
subendothelium, is mediated primarily by integrins, vascular adhesion molecule-1
(VCAM-1), and intercellular adhesion molecule-1 (ICAM-1). VCAM-1 binds the 1
integrin (VLA-4) on the monocyte or T lymphocyte. Endothelial ICAM-1 (CD54)
binds the leukocyte 32 integrins CD11b/CD18 (Mac 1) or CD11a/CD18 (LFA-1).
Studies in the dog demonstrated that (an influx of) neutrophils that express CD11b/
CD18 are present in intact cardiac myocytes that express ICAM-1 mRNA in the border
zone of previous ischemic myocardium®'. Moreover, these studies show that ICAM-1
mRNA is expressed later by the cardiomyocytes than IL-6 mRNA* and that TNF-a
and histamine are released by degranulating mast cells*’.

TNF-a treatment of the mouse cremaster muscle showed that CD11b/CD18 and not
CD11a/CD18 uses ICAM-1 to mediate slow leukocyte rolling®. However, this might
not predict the situation in the myocardium as the sensitivity of ischemic tissues to
infiltration by neutrophils depends on the type of endothelium'.

Individual CD18 KO, ICAM-1 KO, E-selectin KO, and P-selectin KO mice develop
smaller infarcts than wild type mice after 30 min ischemia and 2 h or 24 h reperfusion.
This is accompanied by a smaller neutrophil influx in the ischemic and reperfused
myocardium®>°. However, after 60 min ischemia and 2 h reperfusion, areas of
infarction are similar in P-selectin KO and WT mice’'. Treatment of CD18 KO and
WT mice with antibodies against CD18, ICAM-1, and VCAM-1 resulted in persistent
neutrophil influx. Even in vitro studies showed that influx of neutrophils in cultured
cardiac endothelium cannot be blocked by antibodies against CD18'. Administration
of VCAM-1 antibodies to CD18 KO and WT mice attenuated neutrophil influx by
90%, but did not diminish myocardial injury.
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The mobilization of leukocytes not only requires the interaction of the various classes
of adhesion molecules, but also the presence of counter receptor molecules expressed
on the leukocytes/ endothelial cells, in addition to the establishment of a chemotactic
gradient to guide leukocytes to the source of the inflammatory signal®.

Oxidative injury by reactive oxygen species and anti-oxidants

Some researchers found that reactive oxygen species (ROS) act as signaling elements,
regulating the secretion of pro-inflammatory cytokines that lead to alterations of
endothelial permeability®.

Myocardial I/R injury may be mediated, in part, by ROS, which are formed by
neutrophil NADPH oxidase, endothelial xanthine oxidase, and mitochondria derived
oxidants. Detoxification of oxygen-derived free radicals is catalyzed by the anti-
oxidants/ free radical scavengers superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GSHPx). The three distinct types of SOD are the mitochondrial manganese
SOD (MnSOD), the cytosolic copper/zinc-SOD (Cu/ZnSOD), and the extracellular
Cu- and Zn- containing glycoprotein SOD, predominantly found in intravascular
and extravascular cellular fluids such as plasma, lymph, and synovial fluid. They form
hydrogen peroxide and molecular oxygen by dismutation of two superoxide radicals.
Catalase and GSHPx further scavenge the hydrogen peroxide™.

Studies in mice showed that the O, radical production was severely affected in NADPH
KO mice when compared to WT mice after 30 min ischemia and 24 h reperfusion,
but that the infarct size was similar. Moreover, the leukocyte rolling and adhesion in
the inflamed mesenteric artery were unaffected, indicating that NADPH oxidase does
not contribute to reperfusion injury in mice”. In dogs, neutrophil NADPH oxidase
inhibitors and a monoclonal antibody against neutrophil CD18 reduced the oxygen
radical production, which was also associated with a significantly smaller infarct size
and no-reflow areas. Thus these data demonstrate that neutrophils are a major source
of oxidants and that anti-neutrophil interventions can effectively prevent the increase
in oxygen radical concentration during reperfusion®*. MnSOD overexpressing mice
showed a decreased area of infarction when compared to WT mice after 30 min ischemia
and 24 h reperfusion, whereas Cu/ZnSOD overexpressing or KO mice and GSHPx
overexpressing mice did not. Mitochondrial MnSOD thus seems to play a protective
role in the development of reperfusion injury”.

Heme-oxigenase (HO)-1, also known as heat shock protein (HSP) 32, degrades the
inducer of inflammation and pro-oxidant heme’ and generates the anti-oxidant
bilirubin, which protects cells against oxidative injury. In addition, HO-1 also generates
carbon monoxide (CO), which contributes to the regulation of vascular tone, and is
reported to have anti-inflammatory properties™. Indeed, it was found that administration
of CO releasing molecules limited reperfusion injury in WT mice®. Moreover, HO-1
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overexpressing mice had smaller infarcts and a reduction in inflammatory cell infiltration
when compared to WT mice after 1 h myocardial ischemia and 24 h reperfusion®
or reduced apoptosis after 30 min ischemia and 3 h reperfusion®. When HO-1 KO
mice were subjected to chronic hypoxia (10%), they developed more right ventricular
dilatation and (spontaneous) infarction than WT mice®.

Mice that overexpressed extracellular SOD were protected against the results of daily
repetitive (15 min) myocardial ischemia and reperfusion. This suggests a role for ROS in
the pathogenesis of ischemic cardiomyopathy. The ROS transgenic mice had markedly
less chemokine induction, and fibrosis than WT mice, and no ventricular dysfunction®.
The free radical nitric oxide (NO) is produced within cells that contain neuronal NO
synthase (nNOS or NOS 1), inducible NO synthase (iNOS or NOS 2) and endothelial
NO synthase (eNOS or NOS 3). NO diffuses freely across cell membranes and induces
relaxation of the arterial smooth muscle cells. It exhibits anti-thrombotic activity by
inhibiting platelet adhesion, probably by an inhibition of interactions between von
Willebrand Factor (vWF) and glycoprotein IIb/IIla (reviewed by Loscalzo)®.

From mouse studies it is known that NO, which is derived from eNOS, protects the
heart partially after 20 or 30 min ischemia and 2 h reperfusion®. Expression of eNOS
was especially found in the endothelial lining of blood vessels in eNOS-GFP mice®’.
However, two different strains of eNOS KO mice respond differently to myocardial
ischemia and reperfusion: one showed an increased infarct size66 and the second a
decreased infarct size. The latter had an upregulated iNOS system that could be blocked
by an iNOS inhibitor that upon administration exacerbated the infarct size®®. However,
iNOS KO mice had similar myocardial infarcts as WT mice after 30 min ischemia
and 24 h reperfusion®®. These results emphasize the redundancy of the system. These
contradicting results emphasize the importance to investigate phenotypes in colonies
of mixed genetic background, as they might reveal not only more phenotypes, but also
lead to better understanding of the molecular or cellular mechanism underlying the
phenotype and to the discovery of modifier genes®.

The complement system

The inflammartory reaction after ischemia and reperfusion is mediated by complement
activation”. The complement system consists of at least 20 plasma proteins with
inflammatory and immune regulatory functions. It is divided in three pathways that
converge in the cleavage of component C3 to C5 and to a formation of the membrane-
attack complex C5b C9. Immune complexes that contain IgM and IgG activate the
first pathway, the classical pathway. To a lesser extend it is activated by ligand bound
C-reactive protein (CRP)”" and tissue damage products, e.g. after myocardial infarction,
that may include mitochondrial cardiolipin’, mitochondrial proteins and nucleic
acids (reviewed by Sim and Reid)”. The second pathway, the mannan-binding lectin
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pathway, binds to pathogens. The third pathway, the alternative pathway, is activated
independently of antibodies™.

The small fragments C5a and C3a (also called anaphylatoxins) induce and amplify
inflammatory responses. C5a is considered to be one of the most inflammatory
peptides. It activates neutrophils, monocytes and macrophages by binding to their
C5a receptor, which results in increased adhesion, aggregation, oxidative metabolism,
and ROS production in neutrophils, lysosomal enzyme production in neutrophils
and macrophages, and secretion of pro-inflammatory cytokines from monocytes and
macrophages (reviewed by Guo and Ward)”. The time course of mediator expression in
reperfusion injury was shown in a canine myocardial ischemia and reperfusion model.
It was found that C5a is expressed < 1 h reperfusion, transforming growth factor-f31
(TGEF-B1) > 1 - 3h and MCP-1 > 3h7. The same group reported that MCP-1 mRNA
was expressed on venous endothelium, but that it was not significantly expressed without
induction of reperfusion”.

Several complement factors have been tested in KO mice, such as for C3, C4, C5,
C6, factor B, factor D, and mannan-binding lectin. They have been found to protect
against renal, intestinal hepatic and skeletal muscle I/R injury (reviewed by Arumugam
et al. 2004)”°. The Cl-esterase inhibitor, which blocks the classical pathway, reduced
myocardial I/R injury in rats’®, pigs”, cats*’, and humans®!. Studies as to the mechanisms
of complement mediated myocardial injury in mice have not been published yet.

Heat shock proteins (HSPs)
These proteins, also called stress proteins, are induced by heat, heme, heavy metals,

hypoxia, hyperoxia, shear stress, stretch, UV-light, cytokines, and ROS. They are believed
to mediate cardioprotection through their biological functions as molecular chaperones,
which ensures that the cell’s proteins are in the right shape and in the right place at
the right time. HSPs are also believed to play a role in the presentation of fragments
of proteins on the cell surface to help the immune system recognize unhealthy cells.
HSP72 overexpressing mice had smaller myocardial infarcts than WT mice after 30
min ischemia and 2 h reperfusion, indicating that HSP72 protected against reperfusion
injury®.

Inflammation and coagulation after myocardial ischemia and reperfusion
As soon as the endothelium of the arterial wall is injured or a plaque in the artery ruptures,

blood platelets aggregate and adhere to collagen fibers in the vascular endothelium,
using a platelet collagen receptor glycoprotein Ia/Ila. This adhesion is mediated by vWE
which forms links between the platelet glycoprotein Ib/IX and collagen.

The platelets are then activated and release the contents of their granules into the
plasma, which in turn activates other platelets and white blood cells. Platelets undergo a
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change in their shape which exposes a negatively charged phospholipid surface for those
coagulation factors that require it. Fibrinogen links the adjacent platelets by forming
bridges via the glycoprotein IIb/I1a.

Few studies on inflammation and coagulation after myocardial ischemia and reperfusion
have been performed in mice. One of them is a study on the prostanoids prostaglandin
(PGI2) (vasodilator and platelet-aggregating inhibitor) and thromboxane (TXA2)
(platelet-aggregating inducer). Mice lacking the PGI2 receptor, the IP KO mice, had
larger myocardial infarcts than WT mice after 1 h ischemia and 24 h reperfusion. PGI2,
which was produced endogenously during ischemia and reperfusion, exerted a protective
effect on cardiomyocytes independent of its effects on platelets and neutrophils. In
contrast, mice lacking the TXA2 receptor, TP KO mice, did not show a difference in
myocardial damage, suggesting that TXA2 played a minor role in this process®.

Some members of the coagulation system induce pro-inflammatory reactions. Platelets
contain and are capable of releasing the pro-inflammatory mediator CD40 ligand,
which induces tissue factor (TF) synthesis and increases IL-6 and IL-8 levels®. Activated
platelets release tissue factor (TF) from their a-granules® and release P-selectin (together
with stimulated endothelial cells)®®, which not only induces the adhesion of leukocytes
to the endothelium but also induces the expression of TF on monocytes®”. TF binds
with factor Vlla to induce factor Xa activation, leading to cleavage of prothrombin to
form thrombin.

Thrombin can contribute to local inflammation and tissue damage by activation of a
family of protease-activated receptors (reviewed by Coughlin®®) that stimulate cells to
express IL-1, IL-6, IL-8, MCP-1, P-selectin, E-selectin, ICAM-1, and platelet activating
factor (PAF) (reviewed by Esmon®).

Inflammatory mediators, especially IL-6, increase platelet production with formation
of more thrombogenic platelets. The platelets then have an increased sensitivity to
thrombin activation (reviewed by Esmon? and by Van der Loo”"). As platelets possess
the soluble IL-6R, IL-6 can increase the platelet function through binding of the IL-
6sR/ IL-6 complex to platelet membrane gp130 and induce the signaling pathway’.
Inhibition of coagulation and inflammation after ischemia and reperfusion was
demonstrated in the rabbit myocardium by a specific antibody to TF, and by inhibition
of thrombin with hirudin. The administered agents effectively reduced the infarct size
by an anti-inflammatory mechanism. This beneficial effect was independent from the
clotting endproduct fibrin, suggesting that either inhibition of TF-factor Vlla directly,
or via the intermediate protease thrombin, mediated these cardioprotective effects™.
Recent experiments in mice confirmed that blockade of the TF-factor VIla complex
with active site blocked factor VIla diminished myocardial infarct size in a closed-chest
I/R model according to Jong et al. (2003)** (Loubele et al, ISTH 2005).

Thrombin is bound by antithrombin, which inhibits NF-#B activation on monocytes
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and endothelial cells, and in parallel the expression of IL-6, TNF-a, and TF”.
Antithrombin can therefore alter anti-inflammatory processes. Thrombomodulin (TM)
binds thrombin and reduces its ability to cleave fibrinogen and increases its capacity to
cleave circulating protein C. Activated protein C is anticoagulant, since it inactivates
factors Va and VIIla and also plasminogen activator inhibitor I (PAI-I) (reviewed by
Pearson”).

Apoptosis and necrosis
Myocyte death during myocardial ischemia and reperfusion is caused by necrosis and

apoptosis. Necrosis is, in general, a rapid occurring form of cell death that may trigger a
significant inflammatory response. Necrotic cells show depletion of ATP stores, cellular
and organelle swelling, denaturation and coagulation of cytoplasmic proteins, and
disruption of the cell membrane. Apoptosis is an energy-dependent process in which cell
death follows a genetically controlled programmed sequence of events. Cells lose their
membrane phospholipids asymmetry; show condensation of chromatin, and formation
of cytoplasmic blebs (reviewed by Zhao)®. The presentation of phosphatidylserine at
the surface of apoptotic myocardial cells was visualized in vivo by annexin-V staining
in mice that were subjected to reperfusion after 30 min ischemia. Caspase inhibitors
interfered with this process”.

Attenuation of apoptosis was also demonstrated in Bcl-2 overexpressing mice, which had
smaller infarcts than WT mice after 30 min ischemia and 3 h reperfusion®. Increased
myocardial damage was shown in caspase-3 overexpressing mice when compared to WT
mice after 30 min ischemia and 2 and 24 h reperfusion”.

Necrosis mostly develops after a period of intense or transmural ischemia whereas
apoptosis mostly develops after a longer time of ischemia or during reperfusion'®. This
was confirmed in a study with TNFR1/ TNFR2 KO and WT mice that demonstrated
no significant difference in necrosis after 24 h permanent myocardial ischemia. However,
the peak frequency and extent of apoptosis were accelerated in the TNFR1/ TNFR2 KO
mice, which was not secondary to a selective upregulation of the FasL/ Fas receptor

system. TNF signaling is therefore suggested to offer a cytoprotective effect'®.

Acute phase reaction

A systemic inflammation helps the body to recover from a local inflammatory trigger,
such as an infection, or ischemic injury. The first 24 to 48 h of a systemic inflammation
is known as the acute phase response, which is characterized by changes that include a
fluctuation in hormone and electrolyte levels, an alteration of nitrogen balance, fever,
an increase in vascular permeability, and the synthesis of acute-phase proteins (APPs)
by hepatocytes such as fibrinogen, C-reactive protein (CRP) and serum amyloid A
component (SAA)'*>'%, In humans, procoagulant and increased concentrations of CRP
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are associated with a greater risk for arterial thrombotic events'™. CRP activates the

105106 and is a predictor of early mortality

107,108

complement system in infarcted myocardium
in patients with unstable angina or non-Q wave myocardial infarction
Mice do not express measurable quantities of CRP; other acute phase genes are involved
in expressing proteins that act in the acute phase reaction. SAA is the most important
APP in mice'”. There are three SAA genes'' that code for the isotypes: SAA1, SAA2,
and SAA3, located on mouse chromosome 7'

The IL-6 family cytokines that share gp130 as a receptor, such as CNTE IL-6, LIE
OSM, IL-11, CT-1, induce SAA in mice'?. Accordingly, it was shown that the acute-
phase reaction is severely compromised in IL-6 KO mice after tissue damage'®. In the
human CRP (gene) transgenic IL-6 KO mice, wounding did not result in hCRP release,
while it did in hCRP transgenic WT mice. Injection of IL-6 in the IL-6 KO mice did
not induce the hCRP gene, while injection of IL-1f3, OSM, or LIF did. This indicates
an IL-6-dependent and -independent regulation of hCRP'". In another mouse study it
was shown that the human CRP transgene is proatherogenic and induces complement
factor C3, VCAM-1 and collagen expression'™.

In vivo and in vitro studies established that IL-1'", and TNF''¢ are also involved in
mediating the induction of APP synthesis. IL-6 family cytokines directly upregulate the
mRNA expression of type II APPs through STAT3 activation, and contribute to the

1117»119

increase in type-I APP levels, which are mainly regulated by IL-
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Conclusions

The discussed results from studies with transgenic and KO mice (some studies with other
species — dogs, rabbits), which have been used to determine the role of specific mediators
in myocardial I/R injury, cover many potentially pathological pathways. Not all relevant
pathways have however been addressed with available transgenic or KO mice and many
questions remain to be answered concerning myocardial I/R injury. One major example
is the influence of components of the complement system, particularly related to the
mechanisms of its activation and its influence on myocardial damage (necrosis).

In discussing mice models one should however take a few major limitations into account.
Such factors include differences in 7z vivo myocardial ischemia and reperfusion regime,
genetic background, anesthetic regimes, and outcome assessment methods; each of these
may affect the results and may explain some of the observed conflicting data. Moreover, one
has to realize that reperfusion injury depends on quite complex cascade reactions and that
every single knocked-out or transgenic mediator belongs to a large interrelated network of
reactions. Other components of such systems can compensate easily for the single protein
by upregulating the activity or expression of other molecules.

Within this limited framework we summarized the main findings in Table 1.

From this summary we conclude that: 1) The cytokine TNF-a shows different outcomes
in two mouse studies: protection and no protection to injury after 30 min ischemia and
2 h and 24 h reperfusion respectively. FasL overexpression and normal IL-10 levels
protect the myocardium. 2) Chemokine MCP-1 overexpression has a minor protecting
effect, while a normal CXCR2 level has a damaging effect on the myocardium. 3) The
leukocyte and adhesion molecules P-selectin, E-selectin, ICAM-1 and CD18 have a
damaging effect on the myocardium. 4) Studies on the role of ROS, anti-oxidants, and
NO showed that the NADPH oxidase has no effect on myocardial I/R injury; neither
has overexpression of the SODs Cu/ZnSOD, and GSHPx or lack of Cu/ZnSOD. Only
MnSOD overexpression, HO-1 (HSP32), and ecNOS protect the myocardium. 5) The
HSP72 overexpression protects the myocardium too. 6) No mice have been used to study
the role of the complement system on myocardial reperfusion injury yet. 7) Within the
coagulation system, PGI2 has a protecting effect but TXA2 has not. Finally, 8) Bcl-2
overexpression protects the myocardium from apoptosis, while caspase-3 overexpression
exacerbates reperfusion injury.

This overview shows that the usage of (genetically modified) mice in myocardial
ischemia and reperfusion research has offered interesting results on the role of single
gene products. Many mice are waiting to be tested with newly developed equipment.
We are looking forward to a uniform technical approach of the “reperfusion injury”
issue, which will improve the reproducibility of the results.
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Table 1. Transgenic and knockout mice that have been used in myocardial ischemia and

reperfusion studies.
Intervention Model Infarction within area Effect Ref
at risk
1L-6 KO 30 min ischemia & AOI = + 56% (both) 26
24 h reperfusion
TNF-0. KO 30 min ischemia & AOI 28% (KO) Arrhythmias 30
2 h reperfusion AOI 49% (WT) Functional recovery
NF-#B \ chemokines
adhesion molecules ¥
leukocyte influx v
TNF-a KO 30 min ischemia & AOI = 56% (both) 32
24 h reperfusion
Fas ligand 30 min ischemia & AOI V 42% Hemodynamics M 36
overexpression 72 h reperfusion Neutrophil influx ¥
IL-10 KO 30 min ischemia & AOI 49% (WT) ICAM-1 N 37
2h,6h,24h AQI 64% (KO) TNF-o ™
reperfusion Nitrite/nitrate P
(i) IL-10 KO 30 min ischemia & (i) AOI N (i) Neutrophil influx P 38
(ii) iNOS KO 24 h reperfusion (ii) AOI not different
(iii) IL-10 KO/ (iii) AOI M (iii) Neutrophil influx
iNOS KO
TNF-aR KO 15 min ischemia & (no infarction) MIP-1a,-1f3,-2 N 42
3 h reperfusion (mRNA & protein)
MCP-1 over- 45 min ischemia & AOI 23% (tg) TNF-« levels ™ 43
expression 3 days reperfusion AOI 30% (WT) SAPK/JNK1/2
(i) CXCR2 KO 45 min ischemia & (i) AOI 51% Vv (i) PMN infiltration 44%/ 44
(i) CXCR2 KO 24 h reperfusion (i) AOI 53% Vv (ii) PMN infiltration 65%\
bone marrow in wt
(i) P-selectin KO 30 min ischemia & (i) AOI 27% PMN infiltration 49
(ii) E-selectin KO 24 h reperfusion (i) AOI 24%
(iii) ICAM-1 KO (iii) AOI 26%
(iv) CD18 KO (iv) AOI 18%
AOI 43% (WT)
CD-18 KO 30 min ischemia & AOI 45.1% (WT) PMN infiltration 50
ICAM-1 KO 2 h reperfusion 19.3% (CD-18 KO) 54% (CD-18 KO),
17.9% (ICAM-1 KO) 32%\ (ICAM-1 KO)
CD-18 KO PMN infiltration 13
50%\ (CD-18 KO)
VCAM-1 1 (both)
P-selectin KO (i) 30 min ischemia & (i) AOI 42.5% (WT) 51
2 h reperfusion AOI 24.4%(KO)
(ii) 60 min ischemia & (i) AOI not different
2 h reperfusion
NADPH oxidase 30 min ischemia & AOI (KO) and (+/-) Fractional shortening 55

24 h reperfusion

not different

not different
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(i) MnSOD over- 30 min ischemia After 24 h reperfusion: After 1 week reperfusion: 57
expression & 24 h and 1 week (i) AOT ¥V (i) Anterior wall motion ¥ (WT)
(ii) Cu/ZnSOD over- reperfusion (i, iii, iv) not different Fractional shortening Vv (WT)
expression Heart rates not different
(iii) Cu/ZnSOD KO Cardiac output ¥
(iv) GSHPx over- (ii, iii, iv) not different
expression
HO-1 over-expression 1 h ischemia & AOI 14.7% (tg) Inflammatory cells 61
24 h reperfusion 56.5% (WT) Oxidative damage ¥V
HO-1 over-expression 30 min ischemia & - Apoptosis N 62
3 h reperfusion
EcNOS KO 20 and 30 min AOI 20.9% (WT) P-selectin 66
ischemia & 2 h AOI 46.0%(ecNOS KO) PMN infiltration P
reperfusion
HSP72 over- 30 min ischemia & AOI 12% (tg) 82
expression 2 h reperfusion AOI 33% (WT)
(i) PGI, RKO 60 min ischemia & (i) AOI ™ 83
(i) TXA, R 24 h reperfusion (ii) AOI similar
Bcl-2 over-expression 30 min ischemia & AOI 36.6% (tg) More resistant to apoptosis 98
3 h reperfusion AOI 69.9% (WT)
Caspase-3 over- 30 min ischemia & AOI similar (2h) Does not trigger full apoptotic 99
expression 2and 24 h AOI + 22% (WT) response
reperfusion AOI =+ 40% (tg)
(i) ICAM-1 KO 30 minand 1 h AOI not different PMN W (24 h reperfusion) 120
(ii) P-selectin KO ischemia & 3, 24, and (30 min & 1 h ischemia
72 h reperfusion and 24 h reperfusion)
(bovine and 30 min ischemia &  After 24 h reperfusion: After 1 week reperfusion: 121
human) eNOS over- 24 h and 1 week AOI 33% \ (bovine) LVEDP \ (bovine)
expression reperfusion AOI 32% V' (human)

Mutant mouse studies on myocardial I/R injury are presented. Excluded were studies on preconditioning, remodelling,
pharmacology and studies that were performed in isolated perfused hearts. Differences related to the variations in (WT)
mouse strains or experimental procedures may not be neglected'**!'* but are not specified in this table. All the remarks
were compared to WT mice, except when otherwise indicated. AOI: area of infarction as percentage of area at risk, KO
knockout, tg transgenic.
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Chapter 3

Abstract

Near-physiologic hemodynamic conditions for several hours were needed to study
cardiovascular physiology in a mouse model. We compared two commonly used
anesthetic treatments, urethane-a-chloralose (U-0.Ch; 968 mg U and 65 mg a.Ch/kg)
and 2,2,2-tribromoethanol (TBE; 435 mg/kg) and fentanyl-fluanisone-midazolam
(FFM; 3.313 mg fentanyl, 104.8 mg fluanisone and 52.42 mg midazolam/kg) with
respect to mean arterial blood pressure (MAP) and heart rate (HR) for 100 min at
similar levels of surgical anesthesia. Assessed every 10 to 15 min, the U-aCh+TBE
group maintained a significantly (p<0.001) lower mean MAP (49 + 4 mmHg)
than did the FFM group (78 + 5 mmHg). Mean HR in the U-aCh+TBE group
significantly (p<0.001) increased from 308 + 34 bpm at the beginning to 477 + 43
bpm at the end of the experiment. In comparison, the FFM group showed a stable
HR 0f 431 + 37 bpm. The MAP and HR of the U-aCh+TBE group were extremely
unstable, with sudden and unpredictable changes in MAP when examined at 1-min
intervals. The results of our study show that U-aCh+TBE anesthesia should not be
used in mouse models in which stable, near-physiologic hemodynamics are needed
for cardiovascular studies.
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FFM versus U-aCH+TBE anesthesia

Introduction

The growing availability of genetically altered mice has accelerated the development
of new techniques to study cardiovascular physiology. Measurement of changes in
physiologic parameters during a cardiovascular intervention study requires controlled
anesthesia. General anesthesia can be induced by several volatile, intraperitoneal (i.p.) or
intravenous (i.v.) anesthetics. The choice of an anesthetic agent or combination of agents
is limited by its side effects, such as cardiac and respiratory depression. Particularly in
cardiovascular intervention studies, stable blood pressures and heart rates are crucial.
Anesthetic treatments with urethane (i.e. ethyl carbamate) alone'? or in combination
with a-chloralose* yield minimal cardiovascular and respiratory system depression, and
both drugs have been advised for use in cardiovascular studies™. In some countries,
however, the use of urethane is prohibited in survival studies because of its carcinogenic
potential both for mice and humans’. After urethane administration, mice frequently
develop pulmonary adenomas early in life’.

The anesthetic 2,2,2-tribromoethanol (TBE) is administered to produce surgical
anesthesia®, with good skeletal muscle relaxation and only a moderate degree of respiratory
depression’. In addition, it is popular now for use in transgenic mice'’. However, TBE
is reported to cause a high rate of post-operative fatalities that are associated with
abdominal adhesions, peritonitis, and intestinal disturbances such as diarrhea or even
complete obstruction. These problems are exacerbated when TBE is exposed to light or
not used promptly after preparation. Further, TBE must be stored at 4°C®'".

Flecknell & Mitchell introduced the use of the anesthetic mixture fentanyl- fluanisone-
midazolam (FFM) in 1984". The opiate fentanyl takes effect rapidly but is relatively
short-acting. It causes a profound depression of the nervous system, including the
respiratory centers in the brain stem, leading to respiratory depression and bradycardia”"’.
Fluanisone is a neuroleptic of the butyrophenone group. This agent potentiates the
analgesia provided by fentanyl but counteracts its emetic side effect and partially
antagonizes the respiratory depression”'’. Midazolam is a benzodiazepine and produces
general anesthesia with sufficient muscle relaxation for major surgery when used in
combination with fentanyl and fluanisone. This effect is synergistic’. If midazolam is
used alone, it has a very broad margin and a short induction time'“.

Advances in the cardiovascular intervention studies in mice at our laboratory
prompted the question whether FFM was a good alternative to the use of
U-aCh+TBE for the reduction of pain in anesthetized animals. Here we describe
the direct comparison of these anesthetic treatments with respect to blood pressure
(BP) and heart rate at similar levels of surgical anesthesia. Supplemental doses of
anesthetics were administered at signs of a pedal withdrawal reflex and a concomitant
temporal increase in BP even if the mean arterial blood pressure (MAP) was low.
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Our results show that FFM anesthesia is preferable to using U- aCh+TBE for
cardiovascular studies in mice.

Materials and methods

Animals

The Animal Studies Ethics Committee of the University of Amsterdam approved all
experiments. The 13 male SW mice used (Harlan Sprangue Dawley, Inc., Horst, The
Netherlands) weighed 25 to 35 g and were housed in open-topped cages at constant
temperature (21 to 22°C), humidity (50 + 10%) and light cycle (12:12-h dark:light).
Rodent chow (AM-II 10 mm, Hope Farms, Woerden, The Netherlands) and drinking
water were available ad libitum.

Preparation of anesthetic mixtures

To prepare the U-0.Ch mixture, we first dissolved a-chloralose (Sigma, St. Louis, Mo.) in
normal saline at 60°C to a final concentration of 10 mg/ml. We then dissolved urethane
(Sigma) (in a sealed glass) by adding the a-chloralose solution to a final concentration
of 150 mg/ml.

The TBE (Sigma) stock solution was prepared by adding 25 ml 2-methyl-2-butanol
(tertiary amyl alcohol; Sigma Aldrich) to a 25-g bottle of dry TBE. A 1:40 dilution in
normal saline resulted in the 2.5% working solution for 77 vivo use. Congo red (Sigma)
with a transition interval from pH 3.0 (blue) to pH 5.0 (red) was added as an indicator
of intact TBE15, which was safe for use only as long as the pH had not changed
(pH must be > 5.0).

The FFM mixture was prepared by dissolving 1 ml of Hypnorm (Janssen Pharmaceutica,
Beerse, Belgium) containing fentanyl and fluanisone and 1 ml Dormicum (Roche,
Mijdrecht, The Netherlands) containing midazolam in 2 ml sterile water. The final
concentrations were 0.079 mg/ml fentanyl citrate, 2.5 mg/ml fluanisone, and 1.25
mg/ml midazolam'.

Study design

The group of seven mice received U-aCh+TBE, and the group of six mice received FFM
in random order.

i) Induction. To induce the U/0Ch anesthesia, each mouse in that group initially was
given 300 mg TBE/kg (12 ml TBE/kg)" i.p. A few minutes later, each received 600 mg
Ul/kg and 40 mg aCh/kg (4 ml U-aCh/kg) i.p. To induce FFM anesthesia, each mouse
received 0.553 mg/kg fentanyl citrate, 17.5 mg/kg fluanisone and 8.75 mg midazolam/
kg (7 ml FFM/kg) i.p.
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ii) Control and maintenance. A constant infusion of Hartmann solution (NPBI, Emmer
Compascuum, The Netherlands; concentration per liter: 7 g NaCL, 0.4 g KCL, 3.0 g Na
lactate, 0.2 g CaCL)) or sterile 0.9% saline (Braun, Melsungen, Germany) was applied at a
rate of 7 ml/kg/hour via the tail vein’. Extra boluses of Hartmann solution or pasteurized
4% plasma protein solution (i.e., gepasteuriseerde proteine oplossing (GPO); Central
Laboratory for Blood Research, Amsterdam, The Netherlands) were administered via the
carotid artery to replace blood loss after the surgical manipulations. U-aCh+TBE was
administered via single i.p. injections; FFM was administered via i.p. infusion (Harvard
Apparatus, Inc., Holliston, Mass.) at a rate of 1.106 mg/kg fentanyl citrate, 35 mg/kg
fluanisone, and 17.5 mg/kg midazolam (14 ml/kg FFM) hourly’.

After the induction of anesthesia and during the recording time, the mouse was maintained
at a steady level of surgical anesthesia’®. To test the depth of anesthesia, a pain stimulus was
given every 15 min by squeezing between the toes of an extended rear leg by using a pair of
tweezers (i.e., pedal withdrawal reflex)’. Only a motor response that was associated with an
increase in MAP was considered an indication of pain. When the mouse showed a painful
response, we administered an additional bolus injection of anesthetic, which contained
1/3 of the initial TBE dose, 1/5 of the initial U-a.Ch dose'” or 1/2 of the initial FFM dose.
iii) Surgery. After anesthesia was induced, the mouse was prepared for surgery. The anterior
cervical area was shaved, and the mouse was placed in a supine position. A warming pad
(Harvard Apparatus, Inc.) and a heat lamp maintained body temperature, which was
monitored by using a rectal probe (Ellab, Roedovre, Denmark). After a middle cervical
incision, the right carotid artery was localized by using blunt dissection and cannulated
with a polyethylene catheter (outer diameter, 0.61 mm) filled with heparinized saline
(35 U/ml saline, Leo Pharma, Weesp, The Netherlands). The catheter was connected via a
blunted needle (19-gauge 1%, Becton Dickinson, Alphen aan den Rijn, The Netherlands)
and 3-way port to a pressure transducer (Wheatstone-bridge, MF10 sensor, Baxter,
Deerfield, IL.). Output signals were amplified by using a custom-made amplifier, sampled
at 1 kHz (Data Acquisition Card AT-MIO-16E-10, National Instruments, Austin, Tex.),
and transferred directly to a recorder (Salm en Kipp, Breukelen, The Netherlands). Blood
pressure was recorded continuously.

To determine HR, the recorder speed was increased for 2 to 3 sec every 15 min, and
the systolic blood pressure peaks were counted. A Y-tube (Y210, Endomed, Didam,
The Netherlands) was inserted directly into the trachea via tracheotomy and connected
to a small-animal ventilator (CIV101, Columbus Instruments, Columbus, Ohio) to
ventilate the mouse artificially. In light of pilot data (not shown), we decided to ventilate
with warmed and humidified air containing 40% O, at tidal volume of 0.3 to 0.5 ml,
inspiration time/ expiration time of 0.25 to 0.30, and 100 to 120 breaths per minute.
At the end of the experiment, the mice were killed by cervical dislocation while still
anesthetized.
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Statistical analysis

In the analysis, we used the averaged MAP tracings for successive 10 min intervals
(the "mean MAP”) resulting (together with the MAP at 0 min) in 11 data points per
mouse during the recording time of 100 min.

To analyze the effect of an anesthetic treatment on the repeated (averaged) measurements
of BP and HR, we set up a mixed linear model. Using mixed model methodology, we
can incorporate the correlation (covariance structure) between different measurements
over time from the same animal. We modeled whether measurements close in time are
more correlated than measurements farther apart by imposing a first-order autoregressive
pattern of covariance'®. Time was treated as a continuous variable, and in a sequential
analysis, the need for higher-order polynomials of time was examined.

We tested for the effect of treatment and treatment by time interaction. Furthermore,
we estimated the differences in mean scores between the groups and identified the 95%
confidence intervals. P values below 0.05 were considered significant. All mixed models
were completed by using SAS software version 6.12 with the “proc mixed” procedure®.

Results

Quality of anesthesia

The time needed to induce anesthesia in mice by using U-aCh+TBE (approximately 25
min) was longer than that when using FFM (approximately 5 min).

During the preparation of the mice for surgery, additional boluses of TBE instead of
U-0.Ch were administered if the animals reacted to pain stimuli. We chose supplemental
doses of TBE to avoid overdosing with urethane, which was toxic to some mice in
previous experiments (unpublished data). Each mouse (mean weight, 31 g; Table 1)
received a total of 968 mg/kg urethane and 65 mg/kg a-chloralose. In contrast, the
initial FEM bolus was sufficient to complete the surgery without provoking any signs of
pain in this group of mice.

The total time needed (from the time of the first injection until the recording could
be started) was 87 + 22 min for the U-aCh+TBE animals and 68 + 19 min for the
FFM-anesthetized group.

During the recording time, the mice anesthetized with U-aCh+TBE showed no
indication of pain in response to painful stimuli (Figure 1a). Motor responses to pain
stimuli in the FFM-anesthetized mice were associated with simultaneous temporarily
increased MAP (Figure 1b). Supplemental boluses of anesthetic then were administered
in addition to the 1.106 mg/kg fentanyl citrate, 35 mg/kg fluanisone, and 17.5 mg
midazolam/kg already being administered hourly via i.p. infusion. The extra anesthetic
boluses did not cause decreased blood pressures.
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Figure 1

(A) Representative example of the sudden drops and increases in mean arterial pressure in mice (n = 7)
anesthetized with urethane-o-chloralose + 2,2,2-tribromoethanol. Temporal heart rates in this tracing
were 430 bpm at a mean arterial pressure of 70 mmHg and 280 bpm at a mean arterial pressure of 40
mmHg. (B) A representative example of mice (n = 6) anesthetized with fentanyl-fluanisone-midazolam,
showing small temporal increases in arterial blood pressure due to pain stimuli (PS) in a stable mean arterial
pressure tracing of 83 mmHg that was consistent throughout the 100-min experiment. Heart rate during
this tracing was 480 bpm.

Hemodynamic function and instability

At similar levels of anesthesia, the U-aCh+TBE group maintained a significantly
(p<0.001 at all time points) lower mean MAP (49 + 4 mmHg) than did the FFM
group (78 + 5 mmHg) (Figure 2a). Differences in estimated mean MAP between these
groups at 95% confidence intervals were -28 (-42 to -14), -29 (-39 to -19), and -31
(-42 to -20) at 0, 30, and 80 min respectively. The HR showed no significant difference
between both groups, except at the first time point (Figure 2b). However, among the
animals of the U-aCh+TBE group, the HR significantly (p<0.001) increased during
the experiment, from 308 + 34 bpm at the onset to 477 + 43 bpm at the end of the
experiment. In addition, although the mean MAP of the U-aCh+TBE group over the
course of the experiment was calculated as 49 + 4 mmHg, the actual MAP showed
phases of markedly increased and decreased MAP. During phases of increased MAP,
HR also was increased temporarily. The change from high to low MAP and HR was
abrupt and occurred within 1 min. All animals in the U-aCh+TBE group demonstrated
these abrupt changes in hemodynamic parameters (Figure la). In contrast, the
FFM-anesthetized mice maintained a stable MAP and a stable HR (431 + 37 bpm)
throughout the experiment (Figure 1b).
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Figure 2
(A) Mean arterial pressure (t = 0 + averaged polynomial trends over time) for urethane- a-chloralose+

2,2,2-tribromoethanol (M) and fentanyl- fluanisone- midazolam ().
(B) Heart rate (t = 0 + averaged polynomial trends over time) for urethane- oa-chloralose+

2,2,2-tribromoethanol (M) and fentanyl- fluanisone- midazolam (4).

Vasoconstriction

Infusion of Hartmann solution or 0.9% saline via the tail vein of U-aCh+
TBE-anesthetized mice was difficult to impossible because of vasoconstriction. The
average total volume of saline, Hartmann solution, or GPO administered was 0.31 +
0.10 ml (n = 4, Table 1). Compared with that of the other group, the tail vein of the
FFM-anesthetized mice was easier to use for i.v. injections, and the mean total volume
of saline, Hartmann solution, or GPO administered was 0.32 + 0.15 ml (n = 6, Table 1).
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Table 1.

Characteristics of the study population and anesthetic dosage among our Swiss mice anesthetized with
urethane-o-chloralose and 2,2,2-tribromoethanol (U; n = 7) or fentanyl-fluanisone-midazolam (FFM;
n=6). MAD, mean arterial pressure; SD, standard deviation

Bodyweight  Time between Total anesthetic Total saline, Amplitude of
(g administration mixture (ml) initial Hartmann fluctuations in

and recording + supplemental solution, MAP (mmHg)

(min) or GPO (ml) within 1 min

U FFM U FFM U FFM U FFM U FFM

34 30 105 105  0.24+0.40  0.95 - 0.24 8 1+0
29 32 60 60 0.21+0.36 1.78 - 0.13 11 1+0

35 29 70 65 0.29 +0.65 1.40 0.25 0.27 6 1+0
31 27 110 65 0.20 +0.49 1.13 0.20 0.5 17 1+0

29 25 115 65 0.14+0.63 1.30 - 0.5 7 1+0
29 31 70 50 0.18+0.63 1.25 0.40 0.25 15 1+0
28 80 0.17 + 0.60 0.40 22

Mean 31 29 87 68 0.20 +0.54  1.30 0.31 0.32
SD 2.8 2.6 22 19 0.05+0.12  0.28 0.10 0.15

Discussion

Investigation of the hemodynamic effects of cardiovascular interventions in mice
requires a stable anesthetic plane with maintenance of near-physiologic blood pressure
and heart rate. We investigated the efficacy of FFM anesthesia versus a U-aCh+TBE
combination for maintaining stable hemodynamics in mice. Our data show that the
rather unknown anesthetic combination FFM provides more stable and near-physiologic
hemodynamics in combination with deep surgical anesthesia compared with those

following U-aCh+TBE.

Quality of anesthesia

It is difficult to test whether a mouse is under surgical anesthesia. We used the response
to a pain stimulus in the paw associated with a change in MAP as an indicator of
insufficient anesthesia. MAP was chosen because we were able to measure this parameter
simultaneously with inducing the stimulus.

FFM anesthesia was easily maintained. In contrast, the doses of urethane (750 mg/kg)
and o-chloralose (50 mg/kg)" used did not produce sufficiently deep anesthesia, and
mice continued to respond to pain stimuli. This finding agrees with those of Johnson
et al. (1976), who reported that the anesthetic effect of a single dose of 30 to 40 mg
urethane to 8-month-old mice (which, if we assume a body weight of 35 g, results in
857 to 1143 mg/kg urethane) was unpredictable, and a second dose frequently was
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required to obtain surgical anesthesia®®. We were limited in our ability to administer
comparable extra doses of the U-0Ch mixture because cumulative boluses exceeding
2000 mg/kg urethane were lethal. Our combination of urethane with a-chloralose, with
the aim of reducing the urethane dose, clearly did not abbreviate the induction time.
We therefore varied the dosage in the supplemental boluses of U-aCh and occasionally
provided additional TBE. TBE has been reported to induce anesthesia within 30 to 80
sec and to maintain surgical anesthesia for at least 4 to 16 min?'; but in another study,
this agent improved the induction depth in only 7 of 12 mice®.

Hemodynamic function and stability

The stable HR of 431 + 37 bpm in the FFM group is comparable with that found in
awake male Balb/c mice by use of telemetry®. In this latter study, a HR of 350 to 400
bpm occurred during FFM anesthesia, whereas the HR was 450 to 500 bpm in awake
animals. Extrapolating these published findings to our data indicates that the HR in the
U-0Ch+TBE group increased during the experiment from rather low levels at the onset
of the experiment (308 + 34 bpm) to physiological HR at the end of the experiment
(477 + 43 bpm). U-aCh-anesthetized C3H/He] mice, however, show HRs as high as
600 bpm>°. The increase in HR detected during our study could have been caused by
the diminishing effect of TBE over time or by urethane doses approaching 1200 mg/kg,
which may activate sympathetic structures in the CNS, causing increased catecholamine
secretion from the adrenal medulla"*.

The stable MAPs in our FFM group (78 + 5 mmHg) were comparable to those
(mean, 97 + 3 mmHg) recorded in unanesthetized Swiss mice with the use of a tethering
system”. The reason for the low MAPs in our U-aCh+TBE group (49 + 4 mmHg)
remains unclear. The U-aCh anesthetized C3H/He] mice with HRs of 600 bpm, in
the study mentioned previously, showed MAPs of 80 to 100 mmHg*®. One possible
explanation for these differences is that the U-aCh+TBE mixture, rather than urethane
alone, caused the low MAP?. Another explanation is that the mice in our study were
at a greater depth of anesthesia than were the urethane-anesthetized mice used in the
other studies. This hypothesis is supported by the fact that we had to use higher doses of
U-aCh than those in the other studies' to achieve sufficient analgesia to proceed with
the surgery.

The fluctuations in HR in our U-aCh-anesthetized group could have been the result of
maintenance of a constant body temperature. Although we are unable to relate HR to
body temperature in our experiment, Grafenburg et al. (1981) showed that amplitudes
in HR fluctuations were largest at a constant body temperature of 34°C, smaller at
body temperatures of 38°C, and disappeared with rapid body temperature shifts*. The
origin of the urethane-related HR changes may be within the sinus node itself or the
sinoauricular conduction system”. However, the unpredictable and sudden onset of
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the drop in MAP suggests sudden loss of distal vasomotor tone and is probably not a
CNS-related phenomenon. Both theories could be further investigated by simultaneous
measurements of cardiac output.

Finally, one has to consider the possibility that interstrain variabilities to urethane
anesthesia exist in mice, contributing to different responses of MAP or HR*.

Conclusions

In light of our findings, we consider FFM an attractive alternative to U-aCh+TBE in
studies of cardiovascular function in anesthetized mice. For use in creating transgenic
mice, the anesthetic FFM is a better choice than is the TBE-containing mixture for the
following reasons: suitable and predictable HR and MAP during an intervention; lack of

toxicity to laboratory personnel; and no mutagenic and carcinogenic effects in the mice.
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Abstract

Studies on myocardial ischemia and reperfusion in the mouse can be accomplished
by use of reversible ligation of the left interventricular branch artery (LAD), which
is also called the left anterior descending coronary artery (LAD) in clinic. To study
interactions of coagulation, inflammation, and reperfusion injury, the model should
not be influenced by effects of the surgery. In existing closed-chest mouse models,
the release of inflammatory factors attributable to surgical intervention could be
separated from the release resulting from induction of myocardial ischemia and
reperfusion. In these models, the final myocardial injury was induced by reversible
closure of the LAD several days after a preparative surgery that included median
thoracotomy.

In an attempt to develop a less invasive procedure to approach the LAD, we replaced
median thoracotomy with lateral thoracotomy. After this procedure, bodyweight
was regained within four days, and on days 9 to 11 after the preparative surgery,
cytokine values were back to baseline. During 1 h of ischemia, mean arterial
pressure (MAP) remained at 78 + 2 mmHg). After induction of reperfusion, MAP
was 67 + 4 mmHg, indicating better perfusion pressure of myocardial tissue at
microcirculatory level than in simple open-thorax models. Electrocardiographic
recording revealed transient ST-segment elevation indicating reversible transmural
ischemia and reperfusion. Evans blue and 2,3,5-triphenyltetrazolium chloride
(TTC) staining visualized the extent of area of infarction (AOI) and area at risk
(AAR). The procedure-related mortality was 13%, which compared well with
published data from median thoracotomy studies.

We conclude that our new model provides stable near-physiologic hemodynamics
and allows study of the inflammatory response resulting from myocardial ischemia
and reperfusion, with low procedure-related mortality.
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Introduction

Studies to gain insight into the molecular responses to myocardial ischemia and
reperfusion (I/R) injury require state-of-the-art animal models. Myocardial injury in
smaller laboratory animals is mostly induced by ligation of the left interventricular
branch artery (LIB). The LAD could remain occluded on a long-term basis to
investigate myocardial remodeling', or be intermittently occluded and re-opened to
investigate ischemic preconditioning”® and reperfusion. After an ischemic episode,
induction of myocardial reperfusion is necessary for recovery of left ventricle function’.
However, not only ischemia, but also reperfusion in itself causes myocardial injury. This
additional myocardial reperfusion injury is supposedly caused by several mechanisms,
such as calcium overload, microcirculatory dysfunction, capillary edema, thrombotic
embolization, activation of the complement and coagulation cascade, and activation of
inflammation®.

Lutgens and co-workers' developed a technique to permanently ligate the LAD in
the mouse via a lateral thoracotomy. Michael and co-workers” applied a technique in
mice that has been widely used: median thoracotomy to approach the LAD to induce
ischemia and reperfusion. As both surgical techniques induce high cytokine values that
may interfere with the release of cytokines during myocardial ischemia and reperfusion,
the latter technique was improved by Nossuli and co-workers®: preparing the mouse
seven days before induction of myocardial ischemia and reperfusion, using a snared
occluder with closed-chest. After seven days, the inflammatory response secondary to
the preparative surgery had indeed subsided.

Although it was technically demanding, we sought to combine elements of the
aforementioned approaches, aiming at a less invasive technique, resulting in less
activation of inflammation. We tested the time needed to recover, by weighing mice
every day from the day of the preparative surgery and by testing heart tissue values of the
pro-inflammatory cytokines interleukin (IL)-6, IL-1f3, tumor necrosis factor (TNF)-a
and interferon (IFN)-y on days 9 to 11 after the preparative surgery. Furthermore, we
measured mean arterial pressure (MAP) in this closed-chest model during myocardial
I/R, as near physiological blood pressures would result in adequate perfusion of the

previously ischemic area. Finally, we visualized the extent of area of infarction (AOI) and
area at risk (AAR).
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Materials and methods

Animals

The Animal Studies Ethics Committee of the University of Amsterdam approved all
experiments. One hundred male C57BL/6] mice (8 to 11 weeks old, weighing 22 to 28
g) were obtained from the Jackson Laboratory (Bar Harbor, Maine). They were housed in
open-topped cages at constant temperature (21 to 22°C), humidity (50 + 10%) and light
cycle (12:12-h dark:light). Rodent chow (AM-II 10 mm, Hope Farms, Woerden, The
Netherlands) and drinking water were available ad libitum. The microbial status of the
mice conformed with Federation of European Laboratory Animal Science Associations
(FELASA) guidelines’, which entailed regular screening of sentinel mice for 15 viruses,
11 bacteria, and 11 parasites. Most mice participated as controls in experiments that will
be described in detail in future publications.

Preparative surgery

Mice were anesthetized by intraperitoneal (i.p.) administration of a fentanyl/ fluanisone/
midazolam (FFM) mixture (7 ml/kg of body weight), resulting in stable anesthesia, as
reported'’. In short, this mixture was prepared by adding 1 ml of Hypnorm (Janssen
Pharmaceutica, Beerse, Belgium) containing fentanyl and fluanisone and 1 ml of
Dormicum (Roche, Mijdrecht, The Netherlands) containing midazolam, to 2 ml of
sterile water. The final concentrations were 0.079 mg/ml fentanyl citrate, 2.5 mg/ml
fluanisone, and 1.25 mg/ml midazolam. Anesthesia was maintained by bolus injections
of 0.5 times the initial FFM volume when the mouse showed a pedal withdrawal reflex
that was tested every 15 min''.

The hair over the appropriate skin area of the mice was shaved, and mice were intubated
with an Intramedic PE-90 tube (Becton Dickinson, Sparks, Md.) after visualization
of the trachea via a mid-cervical incision, then the tubing was connected to a closed
“small animal ventilating system” (CIV101 ventilator, Columbus Instruments, Ohio)
incorporating a Y-tube (Y210°, Endomed, the Netherlands) with one inspiration (I)
and one expiration (E) wire. Ventilation was set at 100 breaths/min, tidal volume of
0.3 ml, and inspiration-to-expiration time ratio of 0.3, supplied with 40% O,". Body
temperature was monitored using a rectal probe (Ellab, Roedovre, Denmark), and was
kept constant (36.6 to 37.4°C) by use of a custom-made, water-heated warming pad.
Standard lead-I electrocardiograms were recorded.
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Figure 1a
First step of the lateral thoracotomy, i.e. opening of the skin over the third and fourth ribs, and separation
of the rectus abdominis and pectoralis.

Lateral thoracotomy was performed as follows. The skin over the left third and fourth
ribs was cut. The rectus abdominis and pectoralis were kept intact and put aside
(Figure 1a) by use of a 5-0 polypropylene monofilament suture (Ethicon, Norderstedt,
Germany). For further dissection, a microscope (Carl Zeiss, Zena, Germany) was used
at magnification of 200x. The ventral portion of the intercostal muscle between the
third and fourth ribs was cut, and a wound retractor (Mini-Goldstein, Fine Science
Tools, Heidelberg, Germany) was applied to spread the wound. Only a small opening
in the pericardium was created. The needle of a 8-0 monofilament polypropylene
suture (Ethicon) was bent to a U-shape, put in parallel to the heart, turned toward it at
2 millimeters from the auricle, and placed loosely underneath the LAD. The endings of
the 8-0 suture were tunneled through an Intramedic PE-10 tube (Beckton Dickinson),
and were exteriorized between the second and third and between the fourth and fifth
ribs, respectively (Figure 1b). The suture endings were connected to each other with a
small knot in the top and were saved under the skin.
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Figure 1b
The thorax was opened between the third and fourth ribs, the suture was loosely put under the LAD, the

endings of the suture were tunneled through the PE-10 tube and exteriorized both between the second and
third ribs and between the fourth and fifth ribs.

The thorax was closed with 2 stitches of a 7-0 monofilament polypropylene suture
(Ethicon), while the PE-10 tube was left behind in the thorax (Figure 1c¢). The thoracic
muscles were released and moistened with 0.9% saline (Braun, Melsungen, Germany),
and the skin over the thorax and trachea was closed with a 6-0 braided silk suture
(Ethicon). Analgesia was obtained by a single subcutaneous injection of buprenorphin
(0.05 to 0.10 mg/kg/ 12 h) (Temgesic®, Schering-Plough, Maarssen, The Netherlands)'.
On achievement of spontaneous breathing by mice, the ventilator was shut down, and
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the endotracheal tube was retracted. The mice were given 0.5 ml of 0.9% saline (Braun)

i.p., and they were allowed to recover in a temperature-controlled room (30°C) for the
first 12 to 24 h.
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Figure 1c
The endings of the suture were connected to each other with a small knot in the top and saved under the
skin. The thorax was closed, while the PE-10 tube was left behind in the thorax.
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Recovery from preparative surgery tested by measurement of body weight and
cytokines

To investigate the recovery of the preparative surgery, and in addition to daily care
and noting discomfort, such as piloerection, withdrawal, or reduction in normal
activity, 15 mice were weighed every day. To assess the release of local inflammatory
activity as a consequence of surgery, cardiac cytokine values were measured in six mice
on days 9 to 11 after preparative surgery. For this purpose the heart was split in two,
with one part containing the myocardial tissue surrounding the LAD, and the other
comprising non-infarcted tissue as a control. The tissues were placed in 9 volumes
(wt./vol.) of Greenburger lysis buffer (pH 7.4, 150 mmol/l NaCL, 15 mmol/l TrisHCL,
1 mmol/l CaCL,, 1 mmol/] MgCL,, 1% Triton (vol./vol.), 10 pmol/l pepstatin A, 10
pmol/l leupeptin and 10 pmol/l aprotinin), homogenized, lysed for 30 min on ice, and
centrifuged twice (1,780 and 20,800 x g, respectively). IL-6, IL-13, TNF-a and IFN-y
were measured, using enzyme-linked immunosorbent assay (ELISA; R&D Systems,
Minneapolis, Minn.). The ELISA was performed according to the recommendations of
the manufacturer. Detection limits were 50, 63, 60, and 31 pg/ml.

Induction of myocardial ischemia and reperfusion on day 9 to 11 confirmed by
ECGs and MAP

Mice kept under FFM anesthesia could breathe spontaneously under 100%
oxygen-supplemented air (0.2 L/min) via a cone (diameter (d) = 0.7 mm) placed at
one centimeter distant from the nose. To record ECG (Einthoven lead I), AgCl-coated
silver needles were pierced through the skin of the forelimbs and of the left hindlimb.
To record MAP in five mice, the right carotid artery was localized by blunt dissection
and cannulated by a polyethylene catheter (OD = 0.61 mm) filled with heparinized
0.9% saline (35 U/ml of saline, Leo Pharma, Breda, The Netherlands). The catheter
was connected, via a blunted needle (19-gauge, 1%2 in., Becton Dickinson) and
three-way port, to a pressure transducer (Wheatstone-bridge, MF10 sensor, Baxter,
Utrecht, The Netherlands). Output signals were amplified by use of a custom-made
amplifier, sampled at 1 kHz (Data Acquisition Card AT-MIO-16E-10, National
Instruments, Austin, Tex.), and band pass filtered at 100 and 50 Hz and DC, and
directly transferred to LabView5.0 (National Instruments). The skin over the old scar
was opened, and the LAD sutures were tightened for 1 h to achieve ischemia, as verified
by continuous ECG recording (Figure 1d). Releasing the sutures, again confirmed by
continuous ECG, induced reperfusion.
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Figure 1d

The mouse had recovered from the preparative surgery and was prepared for induction of myocardial
ischemia and reperfusion, i.e. anesthetized, NOT artificially ventilated, temperature controlled and
connected to a ECG recording system (ECG-i). Ischemia was induced by pull of the sutures (ECG-ii
represented the ECG after 10 min). Reperfusion was induced by release of the sutures (ECG-iii represented
the ECG after 10 min).

Presence of myocardial ischemia and reperfusion confirmed by AOI/AAR measu-
rements

To assess the AOI/AAR, after 3 h of reperfusion, two mice were re-anesthetized,
heparinized via the tail vein (200 U of heparin (Leo Pharma)) in 0.2 ml sterile 0.9%
saline), and exsanguinated via the vena cava, with the blood collected in 10% citrate.
The thorax was opened via median section on the right side of the septum, the (long)
sutures were retracted from outside to inside the thorax, and the PE tube was removed.
The sutures were tied to definitely occlude the LAD. A 23-gauge blunted needle
(Becton Dickinson, Etten-Leur, The Netherlands) attached to a 2-ml syringe filled
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with 4°C cardioplegic solution was cannulated in the aorta and attached by use of 6-0
silk suture. The heart was excised and (retrogradely) infused with cardioplegia solution
to rinse. The needle was attached to a 1-ml syringe, and the heart was infused with
50 to 100 ul of 2% Evans Blue (Sigma Chemical Co., St. Louis, Mo.) to delineate
the non-ischemic from the ischemic zone. The heart was fixed within several min at
-20°C after infusion of type-VII low gelling temperature agarose (Sigma Chemical Co.).
The needle was removed, and the heart was serially sectioned in 0.8-mm-thick slices
along the longitudinal axis. The first section contained the suture around the LAD.
To differentiate between the viable and infarcted tissue previously rendered ischemic,
the sections, apex, and base of the heart were soaked between Whatman filter papers and
stained by 1.5% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, Steinheim,
Germany) in phosphate buffer (pH 7.4) for 20 min at 37°C.

Results

Time to perform the preparative surgery

The FFM anesthesia was sufficiently deep to start surgery about 5 min after the first
FFM injection. The preparative procedures before the thorax was opened took 15 min,
the manipulations with open thorax took 20 min, and closure of the skin together with
the postoperative care took 10 min.

Recovery from the preparative surgery

During the preparative surgery, in contrast to median thoracotomy, (electro-)
coagulation of vessels was not required. In experienced hands, 87% of 100 mice (95%
Confidence Interval (CI) 79-93) survived the preparative surgery, recovered completely
from anesthesia within 24 h, and did not experience signs of discomfort. Thirteen mice
died: two during installation of the ventilation tube; ten during recovery from artificial
ventilation, directly after removal of the ventilation tube probably due to laryngeal
edema, or during the recovery from anesthesia in a temperature-controlled housing; and
one because of a puncture of the LAD. After a small weight loss on the day of surgery,
all 15 observed mice (re) gained their original bodyweight by day 3 (Figure 2). After 9
to 11 days, tissue values of IL-6, IL-1f3, TNF-a, and IFN-y, were below their respective
detection limits, confirming that the inflammatory response had passed.
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Figure 2
Bodyweight recovered during 10 days after the preparation surgery. Data are expressed as means + SEM
(n=15).

Induction of myocardial ischemia and reperfusion on day 9 to 11 monitored by
ECG and MAP

Just before induction of myocardial I/R, ECGs confirmed absence of previous myocardial
infarction (Figure 1d, ECG-i). Pulling on the sutures, to induce myocardial ischemia,
resulted in ST-segment elevation (Figure 1d, ECG-ii) within seconds. In addition to
ST-segment elevation, some widening of the QRS complex and axis deviation was
observed, signifying ischemia-related intraventricular conduction alterations.

At the same time, MAP decreased from 78 + 2 mmHg to 50 + 6 mmHg within 3 min
after induction of ischemia, then recovered to 67 + 4 mmHg during the remaining
ischemic period of 1 h. During reperfusion, the elevations diminished (Figure 1d,
ECG-iii) within 5 min and resulted in no changes in MAP (Table 1), except for that
in one mouse, in which ventricular arrhythmia was associated with hypotension.
Ninety-cight percent (85/87 survivors; 95% CI 93-100) of the mice survived the

procedure of myocardial ischemia and reperfusion (without measurements of MAPs).
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Table 1 Hemodynamic parameters. Data are expressed as means + SEM.

MAP (mmHg) HR (beats/min) N
Baseline 78 2 403 + 18 5
1 min MI 70+ 0 412+0 1
1- 2 min MI 55+5 440 + 32 2
2- 3 min MI 50+6 402 + 36 3
3- 4 min MI 56 + 8 410 + 19 4
4-5 min MI 52+6 459 + 21 3
5- 10 min MI 54 +7 449 + 29 5
10- 20 min MI 59 +3 461 + 38 5
20- 30 min MI 65+4 436 + 32 3
30- 60 min MI 67 +4 425 + 26 4
0- 30 min R 66 2 432 + 29 5

Confirmation of myocardial ischemia and reperfusion

Staining of the heart by use of Evans Blue and TTC dyes after ischemia and reperfusion
confirmed the presence of myocardial ischemia. AOI and AAR were clearly present in
mice that previously had ST-segment elevation. One representative example is shown

(Figure 3).

Figure 3
Representative example of the myocardial staining for AAR (red), AOI (white) and non-ischemic zone
(blue). The ruler indicates distances in millimeters.
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Discussion

We have adapted a published model of myocardial I/R injury in mice, by combining a
lateral approach of the LAD' and a delayed occlusion technique®. We applied an FFM
anesthetic regimen that we have recently analyzed and found to be stable with respect to
hemodynamics'. Good anesthesia is an important element in this kind of research; we
observed that the mice rapidly recovered from the preparative surgery, which is probably
a result of the hemodynamically stable anesthesia during the surgery. In addition,
post-operative analgesia may have aided the mice to recover. As buprenorphine is known
not only as an analgesic agent but also as an antagonist of fentanyl, its use results in
early resumption of feeding and more rapid recovery from muscular relaxation and
ventilation depression® ' 13,

Inflammation has been shown to be involved both in the initiation and progression
of atherosclerosis. Moreover, inflammatory cytokines play an important role in the
sequelae of acute myocardial ischemia and reperfusion. To unravel the individual
contribution of pro-inflammatory cytokines such as IL-6 or TNF-a, our myocardial
ischemia and reperfusion mouse model, using IL-6 or TNF-a (double) knock-out mice,
is particularly suited.

A major advantage of the separation between the preparative surgery and the induction
of myocardial ischemia and reperfusion is the quiescent inflammatory state achieved
at the onset of MI, as indicated by undetectable values of various pro-inflammatory
cytokines in heart tissue. Our data essentially confirm those of Nossuli and co-workers®,
who observed that, after preparative surgery, the mRNA content of IL-6 and TNF-a
in sham-operated animals were comparable to that in naive hearts, and induction
responses in myocardial ischemia and reperfusion were much less variant than those on
the day when surgical trauma was caused. We adhered to the advised recovery time after
preparative surgery of at least seven days. In addition, spontaneous breathing during
myocardial I/R of the mouse with closed-chest will prevent cytokine release that might
occur during artificial ventilation'®. Finally, our results indicate that the refinement of
the lateral thoracotomy used in our model still enables reversible closure of the LAD to
study myocardial ischemia and reperfusion and that, after initial decrease on induction
of ischemia, MAP reaches near-normal values before induction of reperfusion.

In previous experiments with opening the thorax we found MAP to decrease to around
40 mmHg. This observation supports the notion that a closed-chest is a prerequisite
for good reperfusion at the tissue level”. Despite the technical complexity and labor
intensity needed, the described model provides stable near-physiologic hemodynamics
and allows study of the inflammatory response resulting from myocardial ischemia and
reperfusion, with low procedure-related mortality. This is an improvement compared
with responses in the existing models.
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Abstract

Objective and design We examined the role of IL-6 in the temporal development of
cardiac ischemia- reperfusion injury employing a closed-chest I/R model.
Materials/ Methods Infarction, local and systemic inflammation, neutrophil
infiltration, coagulation and ST-segment elevation/ resolution were compared
between wild-type (WT) and IL-6 deficient (IL-67) mice after 1 h ischemia and 0,
5, 3, and 24 h reperfusion.

Results 1L-6 deficiency reduced infarct size at 3 h reperfusion (28.8 + 4.5% WT
vs 17.6 + 2.5% IL-67), which reduction persisted and remained similar at 24 h
reperfusion (25.1 +3.0% WT vs 14.6 + 4.4% IL-67). Serum Amyloid A was reduced
at 24 h reperfusion only (57.5 £ 4.9 WT vs 24.8 + 5.6 pg/ml IL-67" mice). Cardiac
cytokines (IL-6, IL-1 and TNF-a) peaked at 3 h reperfusion, but IL-1f3 and
TNF-a levels were unaffected by IL-6 deficiency. Significant neutrophil influx was
only detected at 24 h reperfusion and was similar for WT and IL-67. Tissue factor
peaked at 24 h reperfusion, whereas fibrin/ fibrinogen peaked at 3 h reperfusion
and was completely resolved at 24 h reperfusion; both coagulation factors were
unaltered by IL-6 deficiency. Prolonged ST-segment elevation was observed during
ischemia, that completely resolved for both genotypes at early reperfusion.
Conclusions The data suggest that, in the absence of major surgical intervention,
IL-6 contributes to the development of infarct size in the early phase of reperfusion;
this contribution did not depend on neutrophil influx, IL-1f3 and TNEF-a, tissue
factor and fibrin.
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Introduction

Acute myocardial ischemia- reperfusion (I/R) is associated with an inflammatory response
that may contribute to I/R-induced injury of the heart* One important pleiotropic
inflammatory mediator that is released quickly upon cardiac I/R is interleukin (IL)-6**.
Clinical studies have shown that chronically elevated IL-6 levels in blood are independently
associated with acute coronary syndromes, suggesting an etiologic role for this cytokine
in the process of myocardial injury>¢. However, several pre-clinical animal studies have
refuted IL-6 as major contributor to acute myocardial injury. Left ventricular remodeling
and survival after permanent ischemia’, left ventricular remodeling after 48 h I/R® or infarct
size development after an acute episode of I/R were similar between wild-type and IL-6"
mice’ !, Recently, Samanta et al. (2014)® have shown that IL-6 did contribute to adverse
remodeling at 35 days following I/R. However, these studies performed I/R immediately
following the surgical preparative intervention of chest opening and puncturing of the heart
to allow the ligation of the LAD. This surgical intervention significantly raises the baseline
level of cytokines whereupon the effects of I/R-induced cytokine production are studied'>.
In a previous study we demonstrated that 75% of the inflammatory cytokine response to
acute I/R in such an open-chest model could be ascribed to the chest opening. In addition,
the opening of the chest was associated with priming of the NLRP3 inflammasome,
which priming was not observable in the closed-chest model®. Knowing that effects of
inflammatory mediators are highly dependent on the actual concentration of the cytokine
and the state of the innate immune system (e.g. '), it is therefore still unknown whether
IL-6 affects acute myocardial injury in the absence of major surgery, i.e. in a closed-chest
model of cardiac I/R. Such a closed-chest model better reflects the condition of acute
cardiac syndromes as occurring in AMI patients and/or during PCI procedures, whereas
the open-chest model better mirrors cardiac surgical procedures. Therefore, in the present
study we examined to what extent IL-6 affects acute myocardial I/R injury in a closed-
chest mouse model.

IL-6 belongs with tumor necrosis factor (TNF)-a and IL-1f to the pro-inflammatory
cytokines and may therefore contribute to increases in serum amyloid A (SAA)' in
the systematic circulation and to neutrophil influx into the injured cardiac tissue®. In
addition, it has been suggested that IL-6 contributes to activation of the coagulation
system in experimental models of endotoxemia, due to the existence of cross-talk

between inflammation and coagulation'® '

. Such an increased coagulation, when
associated with microvascular thrombosis, is then a possible mechanism through which
IL-6 can increase infarct size after myocardial ischemia-reperfusion'®. Possible changes
in coagulation may then impact the resolution of ischemia during reperfusion due to
changes in no-flow regions within the heart, as reflected by a divergent ST segment

resolution'” °.
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In this study we hypothesized that 1) IL-6 contributes to acute myocardial I/R injury,
and 2) it does so through alteration in inflammatory pathways and activation of the
coagulation system. We expected to find smaller infarct sizes in IL-6 deficient mice
due to a less pronounced pro-inflammatory and pro-coagulant effect. We therefore
measured infarct sizes, tested pro-inflammatory cardiac cytokine levels and systemic
SAA levels, used immunohistochemistry to evaluate neutrophil influx and activation of
the coagulation system (tissue factor and fibrin/ fibrinogen), and used ECG analysis as a

121

surrogate marker of no-flow in a closed-chest mouse model®' after 1 h ischemia and V2,

3 or 24 h reperfusion.

Materials and methods

Animals

IL-6" mice were originally generated by Kopf et al.”. Eight- to 10 week-old male IL-6"
mice (backcrossed onto a C57BL/6 background for at least 6 generations) and inbred
C57BL/6 mice (for controls) (Jackson Laboratory; Bar Harbor, ME) were used in this
study. They were housed in open topped cages at constant temperature (21-22°C),
humidity (50 + 10%) and light cycle (12 h dark-light). Rodent chow (AM II 10 mm,
Hope Farms, Woerden, The Netherlands) and drinking water were available ad libicum.
Experiments were approved under number DIX 228 by the animal ethics committee
of the Academic Medical Center, Amsterdam, The Netherlands, and comply with
US National Institutes of Health or European Commission guidelines. The flowchart
(Figure 1) shows the number of mice in each analysis.

<7 days MW sham Reperfusion Analysis code Mice per group
[Prep. | 1n ] 0/ %13/24h | (1) nfarct size 4WT vs #IL6+

1
2) SAAIn plasma,

3) Cytokines tissue/ plasma
4) Immunohistochemistry

(
(
(
(

[Prep |[[ M | (3)5vs 5
\ Prep. | H s ‘ %h | (3)4vs 5
Prep || m ] %n | @) 12vs7 (3)6vs5 (4)6vs5
[Prep | ] sham |  3n | (3)5vs 5
Pep ||| m [ an | (1)6vs 8  (2)10vs 12 (4)6vs 6
[Prep. | [| sham | 24h | (3)4vs 5
(Pep | [ wm ] 24h |movss 2129 (3)8vsE (N)7vs6
Figure1

Flowchart with time frame, numbers of mice used and analyses performed.
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Preparative surgery for I/R in closed-chest

Stable anesthesia (with stable hemodynamic parameters) was induced by 10 ml FEM/ kg
BW i.p. (FFM: Fentanyl- Fluanisone- Midazolam)® *. Hypnorme (VetaPharma, Leeds,
UK) contains 0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone. Midazolame (Actavis,
Iceland) contains 5 mg/ml dormicum. Both Hypnorm and Midazolam were 1:1 diluted in
H,O prior to their 1:1 mixing. Anesthesia was maintained by bolus injections of ¥2 times
the initial FFM volume. Paw withdrawal reflex and tail pinch were used to monitor the
adequacy of anesthesia. After an induction time of 5 min, a preparative surgery was started
as described previously”'. Briefly, the skin of the throat was cut to visualize the trachea. The
mice were intubated with an Intramedic PE-90 tube (Beckton Dickinson, Sparks, Md), and
volume controlled ventilated (CIV101 ventilator, Columbus Instruments, Ohio) with room
air supplied with 40% O,. Body temperature was maintained between 36.6 and 37.4°C.
Lateral thoracotomy was performed between the 3 and 4* rib, while the rectus abdominis and
pectoralis were kept intact and put aside. The pericardium was locally opened, and a U-bended
8-0 prolene suture was put under the LAD approximately 2 mm lower than the tip of the left
auricle, similarly as reported by Michael et al. (1995)* and Xu et al. (2014)%. The endings were
tunnelled in parallel through an 2 mm Intramedic PE-10 tube (Beckton Dickinson, Sparks,
Md) and separately brought outside between the adjacent ribs. The thorax was closed under
application of gentle pressure on both sides of the thorax to expel air, and the endings of
the 8-0 prolene suture were hidden s.c. Post-operative analgesia was induced by 0.1 mg/kg
buprenorphine s.c. (Temgesic®, Schering-Plough, Maarssen, The Netherlands). Sterile 0.5 ml
0.9% saline i.p. was administered as fluid. Mice were allowed to recover in a temperature-
controlled room of 30°C for 1 day and at room temperature for > 8 days.

Ischemia-reperfusion

Nine 11 days after the preparative surgery, when the inflammatory reaction had subsided'>
! the mice were re-anesthetized with FFM, and allowed to freely breathe under 40%
oxygen-supplemented air. ECG (Einthoven lead I) was recorded by AgCL coated-silver-
needles. Output signals were amplified by a custom-made amplifier, sampled at 1 kHz,
and band pass filtered at 100 Hz, 50 Hz and DC, and directly transferred to LabView5.0
(National Instruments, Austin, TX, USA). The skin was opened over the old scar, and
the LAD (8-0 prolene) sutures were tightened for 1 h to achieve ischemia as verified by
ECG recording. Release of the sutures, again confirmed by ECG, resulted in reperfusion.
Mice were sacrificed at different time points after 0, Y2, 3, or 24 h reperfusion. Sham-
treated mice had identical surgical procedures as the experimental group except that the
sutures were not pulled. Mice in the 24 h reperfusion group were administered 0.1 mg/
kg buprenorphine s.c. (Temgesic®, Schering-Plough, Maarssen, The Netherlands) after
30 min reperfusion and housed in a temperature- controlled room of 30°C. All mice were
sacrificed after reperfusion under FFM anesthesia.
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Blood sampling

After each experiment, the mice were heparinized via the tail vein (200 Units heparin
(Leo Pharma, Breda, Netherlands) in 0.2 ml sterile saline) to prevent coagulation in
the tissues®. Blood was collected from the vena cava into a plastic syringe containing
0.1 volume of 3.2% sodium citrate. After centrifugation plasma samples were stored at
-80°C until further analysis.

Infarct size

To identify the area at risk (AAR) and area of infarction (AOI) within the left ventricle
of WT and IL-67 mice after 3 and 24 h reperfusion, hearts were subjected to Evans blue
and 2,3,5 triphenyl-tetrazolium chloride (TTC) staining®. Briefly, after exsanguination
the chest was opened via medial section, on the right side of the septum. The sutures were
tied to definitely occlude the LAD. A 23G1 Gauge blunted needle (Becton Dickinson,
Etten-Leur, The Netherlands) attached to a 2 ml syringe filled with 4°C cardioplegic
solution was cannulated through the aorta into the LV lumen and attached to the aorta.
The heart was excised from the body and (retrogradely) infused with cardioplegia to
rinse. Next, the needle was attached to a 1 ml syringe and the heart was infused with
50-100 pl 2% Evans Blue (Sigma, St. Louis, MO, USA) to negatively mark the area
at risk (AAR). The heart was cooled for several min at 20°C after infusion of type VII
low gelling temperature agarose (Sigma, St. Louis, MO, USA). The needle was removed
and the heart was serially cut into transverse sections. The first section contained the
suture around the LAD. To differentiate between the viable and necrotic areas of the
myocardium within the AAR, the three 0.8 mm sections, the apex, and the base of the
heart were soaked between Whatman filterpaper and stained by 1.5% TTC (Sigma-
Aldrich, Steinheim, Germany) in phosphate buffer for 20 min at 37°C. Each of the
sections was weighed. Area of infarct (AOI), area at risk (AAR), and left ventricle (LV)
(averaged from both sides of a slice) were assessed using computer-assisted planimetry
(NIH imager, Scion Image, Meyer Instruments, Houston, TX, USA) to calculate
volumes. Two observers blinded for genotypes and reperfusion times independently
scored the images of the stained sections.

Homogenate preparation

After exsanguinations, hearts were homogenized (1 vol) in Greenburger lysis buffer (300
mM NaCL, 15 mM Tris, 2 mM MgCL,, 2 mM Triton(X 100), Pepstatin A, Leupeptin,
Aprotinine (20 ng/ml), pH 7.4) (9 vol). After centrifugation, the supernatant was frozen
at -80°C for cytokine measurements.
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Cytokines (in hearts and plasma), and SAA (in plasma)

After 24 h reperfusion, IL-6, IL-1p, and TNF-a. levels were in duplicate determined in
plasma and in supernatants from control hearts, sham hearts, and from ischemic and
non-ischemic parts (hearts were longitudinally split in two parts that contained the
ischemic area and the area not at risk to distinguish the local inflammatory responses).
Measurements of 1L-6, IL-18, and TNFa levels (detection level 0.50; 0.63; and 0.60
ng/mg respectively) were performed using commercially available ELISA kits (R&D
systems, Abingdon, UK).

SAA levels were singularly determined in remaining plasmas after 0, %2, 3, and 24 h
reperfusion (detection level 55 ng/ml) (Biosource International, Inc. Camarillo, CA, USA).

Tissue sampling for histology and immunohistochemistry

After V2, 3, and 24 h reperfusion, WT mice and IL-67 were killed by exsanguinations
under anesthesia (see paragraph ‘Blood sampling’). Hearts were taken from the chest,
and transversally cut at the side where the suture was loosely saved after induction of
reperfusion. The apex was removed and the mid-section was fixed in 4% paraformaldehyde
for 6 h at room temperature, and embedded in paraffin using automatic embedding
equipment (Tissue Tek, Miles Scientific Inc., USA). 4 pm sections were obtained and
every 30™ slice was stained with hematoxylin and eosin, which resulted in 10-13 stained
slices a heart.

For immunohistochemistry the tissue sections were deparafhinized, rehydrated, and
washed with water and PBS. Endogenous peroxidase activity was blocked by 1.5% H,O,
in PBS for 30 min at room temperature, and washed in PBS. Non-specific binding sites
were blocked with TENG-T (10 mM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25% gelatin,
0.05% (vol/vol) Tween-20, pH 8.0) or 10% normal goat serum (Dako, Glostrup,
Denmark) for 30 min at RT, and then washed in PBS. Sections were incubated at
4°C overnight with the different primary antibodies. The following antibodies were
used: Ly6 for neutrophils (Pharmingen, San Diego, CA, USA), Tissue Factor (1:250
anti-tissue factor) and fibrin (Biotinylated goat anti-mouse fibrinogen (Accurate Chemical
& Scientific Corporation, Westbury, NY) recognized fibrin/ fibrinogen deposition).
In each case, controls were treated with isotypic control IgG. Sections stained for
Ly6G and fibrin were subsequently incubated with HRP conjugated swine anti rabbit
immunoglobulins and enzyme activity was detected using 3,3’ diaminobenzidin-tetra-
hydrochloride (DAB, Sigma-Aldrich, St. Louis, MO) or 3 amino-9 ethylcarbazole (AEC,
Sigma-Aldrich) as a substrate. If the primary antibody was tissue factor, sections were
sequentially incubated with biotinylated swine anti rabbit immunoglobulins (Dako),
strep-ABCAP (Dako) and the Alkaline Phosphatase substrate kit I (Vector). The slides
were mounted in Entallan or glycerin gelatin respectively after a slight hematoxylin
(Ly6G), or no counterstaining (TF and fibrin/ fibrinogen) and analyzed.
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Image analysis

The hematoxylin and eosin section with the largest visible I/R damage was the starting
point to select 3 adjacent sections a heart for immunohistochemistry; The number
of Ly-6G positive cells, and the expression of tissue factor and fibrin/ fibrinogen was
investigated in the same areas and quantified by digital image analysis. In short, stained
sections were scanned using the Philips IntelliSite Ultra Fast Scanner (Philips Digital
Pathology Solutions, Best, The Netherlands). The mid left ventricular free wall (0.33-
1.2 mm?) was selected (endocardium and pericardium were always excluded) and a
digital image was captured at 10x magnification. The resulting JPG files were further
analyzed in Image] (U.S. National Institutes of Health, Bethesda, MD). Ly6G positive
cells were manually counted using the Image] cell counter and expressed as number of
neutrophils/mm?. Tissue Factor and fibrin images were converted to 8-bit grey scale
images and the immunopositivity was measured by setting an intensity threshold. The
immunopositive area was expressed as a percentage of the total area.

Analysis of the ST-segment

We limited our analysis of the ST segment changes by studying randomly 20 WT and 20
IL-6" mice. One WT mouse and two IL-67 mice seemed to have disturbing electrical
noise and were excluded from the data. The resulting ECG readings of 19 WT and 18
IL-67" mice were averaged over 10 s recordings using software written in the Matlab (the
Mathworks, USA) script language. Time alignment within a trace was performed using
cross correlation with a template derived from a QRS complex. Because the morphology
of the QRS complex changed as a result of the intervention it was not possible to align
the differently shaped QRS complexes. Alignment of different traces was therefore done
using the P wave. Afterwards, the QRS complexes were aligned by hand. The amplitude
of the ST segment above the iso-electric line was measured 20 ms after the start of the

QRS-complex.

Statistical analysis

All measurements are reported as mean + SE. All data (except AOI/AAR, AAR/LV, and
AOI/LV) were not normally distributed, and therefore we opted for non-parametric
testing using the one way analysis of Kruskal-Wallis on medians. A P-value of less than
0.05 was considered statistically significant. Statistics were performed using the Prism

software package (GraphPad, San Diego, CA).
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Results

Infarct sizes as demarcated by TTC and Evans blue staining showed significantly smaller
infarcts in IL-67 mice when compared to WT mice after 3 h reperfusion: Figure 2a
shows infarct sizes of 28.8 + 4.5% in WT mice vs 17.6 + 2.5% in IL-67 mice after
3 h reperfusion. No further change in infarct size with IL-6 ablation was observed at
24 h reperfusion, 25.1 + 3.0% in WT mice vs 14.6 + 4.4% in IL-6"" mice, indicating
that IL-6 mediated effect on infarct development is effective during the first hours of
reperfusion. The difference in infarct size between genotypes cannot be ascribed to
differences in the area at risk (Figure 2b). Figure 2¢-f shows representative examples of
TTC and Evans blue stainings.

a 40- b
2 5 60
30
9 -
a4
% 207 T T
?
10
, — s — — s — — s —
wT IL-67" WT IL-67" WT IL-6"
3h 24 h 3h
IIIII|lI|||Il||I|l|||| EEETTITITIT NI VT TN, RSB EERERER R IIIIIIIIIIIIIIIIIIIII
Figure 2

a Infarct sizes in WT mice and IL-67 mice after 3 and 24 h reperfusion. b Area at risk sizes in WT
mice and IL-67" mice after 3 and 24 h reperfusion. Values are mean + SEM; Black bars represent WT
mice; Striped bars represent IL-67" mice. Numbers in the bars indicate the number of analyzed samples.
o—f Representative examples of Evans blue and TTC-stained hearts of, respectively, WT 3 h, [L-67 3 h, WT
24 h, and IL-67 24 h reperfusion

To examine whether inflammation was constricted to the ischemic part of the heart
only, we first compared the non-ischemic with the ischemic part of the heart for the
Y2 h and 24 h reperfusion time points only. After ¥2 h reperfusion, cardiac IL-6 levels
were already significantly elevated in the ischemic part of the heart as compared to the
non-ischemic part in WT mice (5.6 + 1.0 pg/mg vs 1.7 + 0.2 pug/mg; n=0, respectively),
indicating IL-6 to be a fast responder to cardiac ischemia (data not shown). After 24h
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reperfusion cardiac IL-6 was only mildly elevated in the ischemic part, showing the
transient behavior of IL-6 during I/R (ischemic 3.0 + 0.2 vs non-ischemic 1.5 + 0.1
pg/mg; n=8) (data not shown). Thus, the lack of increase in IL-6 in the non-ischemic
part of the heart throughout the experiment indicates that I/R induced inflammation
remains confined to the ischemic part of the heart. Figure 3 demonstrates levels of
cardiac cytokines in the ischemic part of the heart for WT and IL-67" mice at different
times of reperfusion. IL-6 levels peaked at 3 h reperfusion, and were undetectable in
IL-67 hearts (Figure 3a). A similar time pattern was observed for IL-1f3 with a peak at
3 h reperfusion (Figure 3b). No differences in IL-13 were observed between WT and
IL-67 at any time point, suggesting that IL-6 is without effect on IL-1f3 levels. Cardiac
TNFa also peaked at 3 h reperfusion, with no differences in TNF-a. levels between W'T
and IL-6" mice at any time of reperfusion (Figure 3c). Cardiac IL-6, IL-1f3 and TNF-a
levels in ischemic area and the non-ischemic area were not different in sham groups at
0, % and 24 h reperfusion (data not shown), indicating that the temporal changes in
cytokines were due to the I/R intervention per se.
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Figure 3

Cardiac cytokines a) IL-6, b) IL-1f3, and ¢)
TNF-a in the ischemic part of the heart for
WT and IL-67 mice at 0, 12, 3, and 24 h
reperfusion. Values are mean + SEM; ND
means undetectable; *Indicates p<0.05;
Black bars represent WT mice; Striped bars
represent IL-67 mice; Numbers in the bars
indicate the number of analyzed samples.

TNFa/ heart tissue (ng/mg)
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Next we examined whether the omission of IL-6 affected the acute phase protein
response, by monitoring the production of SAA (produced by liver). Plasma SAA levels
after 0 h and % h reperfusion in WT (n=4 and 12) and IL-6" (n=6 and 12) mice
were undetectable. SAA levels increased significantly in WT mice after 3 h and 24 h
reperfusion and were highest after 24 h reperfusion (Figure 4). SAA was also increased at
3 h reperfusion in IL-67" mice, however, in contrast to WT mice, no further increase in
SAA was observed at 24 h reperfusion; resulting in significantly decreased SAA in IL-6
mice at 24 h reperfusion. These data indicate that the production of the acute phase
response protein SAA is partly, but not solely, dictated by the rise in IL-6.

80- Figure 4
* Plasma SAA levels in WT and IL-67 mice
60- after 3 and 24 h reperfusion. Values are
o mean + SEM; *Indicates p<0.05; Black bars
é 404 represent WT mice; Striped bars represent
= T IL-6" mice; Numbers in the bars indicate
% . 1 the number of analyzed samples.
. =123 ==
WT IL-6™ WT IL-67
3h 24 h

Having established that IL-6 affected the acute development of cardiac infarction and
the rise in the systemic inflammatory marker SAA, we now examined whether IL-6 plays
a role in neutrophil influx and coagulation activation following cardiac I/R through
immunohistochemical analysis (Figure 5). Typical examples of staining for neutrophil,
tissue factor and fibrin/ fibrinogen for WT and IL-6" are demonstrated in Figure 5
a-f. The influx of neutrophils in our closed-chest model of myocardial I/R shows a
later response as compared to the cytokine response. Influx of neutrophils at 2 h was
non-detectable, and only very minimal present at 3 h reperfusion. At 24 h reperfusion
there was a significantly increased influx of neutrophils, however, this influx was similar
between WT and the IL-67 mice (Figure 5 g). Tissue factor was already detectable at
Y2 h of reperfusion and demonstrated a non-significant increase with prolongation of
reperfusion time, without any significant effect of IL-6 on this development of tissue
factor during reperfusion (Figure 5 h). Finally, immunostaining for fibrin/ fibrinogen
also revealed the early presence of this coagulation factor that peaked at 3 h reperfusion,
but completely disappeared at 24 h reperfusion, with no differences between WT and
IL-6" (Figure 5 i). The data suggest that the cytokine IL-6 is not involved in the early
recruitment of neutrophils or the activation of the coagulation system in the early
reperfusion phase when employing a closed-chest model of myocardial I/R.
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Finally, we applied ECG recording during cardiac I/R to monitor ST-segment elevation
as surrogate marker of degree of ischemia and successful and complete reperfusion.
Figure 6 shows a summary of the averaged ST-segment elevation during ischemia,
and its resolution during the early reperfusion phase for WT (Figure 6a) and IL-6"
(Figure 6b) mice. Pulling of the sutures induced an immediate elevation that peaked
after 30 s. The elevation showed a short lasting normalization at 2 min ischemia and
increased for a second time to reach its maximum after 20 min ischemia. The elevation
persisted during the remaining ischemic period. Releasing of the sutures induced a short
episode of partial ST-segment resolution that lasted approximately 30 s. Next the ST-
segments were again elevated at 1%2 min at a level that was higher than during ischemia.
This temporal increase disappeared within 5 min and the resolution was complete
after 30 min for both WT and IL-67 mice. In none of the mice a secondary rise or
re-elevation in ST-segments was observed during reperfusion.
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Figure 6

Averaged ST-segment (mV) during 60 min ischemia (uninterrupted line) and during the early reperfusion
phase (interrupted line) for a) WT mice (n=19) and b) IL-6" mice (n=18).

Discussion

In this study we have demonstrated that IL-6 is one of the mediating factors that
contributes to the development of cardiac infarct size during the early period (< 1 d) of
reperfusion, following an injurious period of cardiac ischemia in the absence of surgical
stress. In addition, our data suggest that the observed IL-6 effects on acute cardiac
infarction are not mediated through changes in IL-13, TNF-a, neutrophil influx or an
altered activation of the tissue factor-thrombin pathway.
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IL-6 deficiency and myocardial infarct: closed-chest versus open-chest I/R models

In our closed-chest model the absence of IL-6 resulted in smaller infarcts. These results are
in contrast to previous studies employing the open-chest model of cardiac I/R, reporting
no effect of IL-6 deficiency on infarct size” '°. Previous studies have demonstrated'> ' that
the major differences between these models is the enhanced activation of inflammatory
pathways; i.e. the surgical stress of chest opening resulted in inflammatory priming. We
demonstrated that >75% of inflammation in the open-chest model is due to surgery,
and not to the actual cardiac I/R". As such, the open-chest model mimics the clinical
condition of cardiac I/R during CABG procedures, whereas the closed-chest model
mimics the clinical condition of cardiac I/R during PCI or thrombolytic procedures.
Thus, these data indicate that under conditions of an already activated inflammatory
background (due to e.g. surgery in the open-chest model, sepsis, etc.), the role of a single
acute inflammatory responder such as IL-6 on acute reperfusion injury is not detectable.
Although open-chest studies suggest that inflammatory pathways/ mediators other than
IL-6 become more critical for modulating myocardial I/R injury in these conditions
(e.g. the Nlrp3 inflammasome'?, TLR4*" %), further studies are necessary to decipher the
precise molecular mechanisms explaining the different outcome between the open-chest
and closed-chest models. Infarct sizes in closed-chest models are also usually much
smaller (5-30% of risk area; present study and Durgan et al. (2010)%) than infarct
sizes in open-chest studies (35-60% of risk area), despite the fact that in these closed-
chest models a longer duration of ischemia (45-60 min) is used as compared to the
open-chest models (30 min ischemia). The decreased inflammation in the closed-chest
models is thus associated with a smaller infarct size as compared to open-chest models,
supporting the concept that inflammation contributes to the acute infarct development
upon reperfusion.

Theoretically, the inflammatory response caused by the preparative surgery could have a
preconditioning effect. However, since such preconditioning has an early window (2-3
h) and a delayed window (which begins 12-24 h later and lasts 3-4 d) of protection®
that is much shorter than the 9-11 days pause we had chosen, it is unlikely that
preconditioning could have affected our I/R results in the closed-chest model.

Inflammatory mediators and I/R-induced acute cardiac infarction

Inflammation plays a modulating role in cardiac ischemia-reperfusion, both in the early
reperfusion phase during infarct development and in the post-infarct phase during
cardiac remodeling®" *. Early responder cytokines such as TNF-a and IL-6, localized in
resident mast cells and endothelial cells, are quickly released and increased in expression
upon the early moments of cardiac I/R. However, their role on modulating infarct
size is likely critically dependent on the precise pathophysiological conditions present.
TNF-a knockout mice are reported to have reduced or unaltered infarct size in the
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isolated heart or open-chest model*. IL-67- mice are now also reported to have reduced
(present study) or unaltered infarct size” '°. Deletion of IL-6 was also reported to
protect against acute kidney I/R*. It is becoming increasingly clear that these cytokines
are all part of a larger network of interacting cytokines that, depending on context
(e.g. background inflammation, timing in I/R processes) can activate or inhibit cell
death/ survival signaling cascades. One, often ignored, important context characteristic,
concerns the duration of the ischemic episode; we previously demonstrated this for the
cardioprotective effects of folic acid: folic acid protected against 25 min ischemia, but
not against 35 min ischemia®. Similarly, it was shown that deletion of the macrophage
migration inhibitory factor protected hearts from 60 min ischemia, but trended to
increase I/R injury with much shorter ischemia®. It is therefore also possible that
the protection we now describe with IL-6 deletion following 60 min ischemia, is still
commensurate with findings that report no effect of IL-6 deletion following only 30
min ischemia” '°. Literature indicates that mechanisms contributing to I/R injury differ
depending on the ischemic duration, such that the efficacy of factors affecting specific
mechanisms also depends on ischemia duration.

For TNF-a it has been reported that this cytokine can indeed directly contribute to
cell death®, however, no such data can be found for IL-6. It has been reported that
IL-6 induces mitochondrial dysfunction (decreased ATP production, increased
ROS production) in adipocytes® but, although mitochondria are crucial mediators
of myocardial I/R injury, it is unknown whether similar IL-6 effects are obtained in
myocardial tissue. We did find decreased amounts of the acute-phase response protein
SAA in IL-6" mice. It has been shown that SAA can function as an agonist for the innate
immune receptors TLR2/4% %%, which receptors are part of the signaling cascades that
contribute to acute cardiac infarction””?* %, Thus, it is possible that IL-6 contributes to
infarct development indirectly through activation of TLR cellular pathways.

IL-6 effects on infarct cannot be explained by neutrophils and coagulation

In an attempt to further examine factors that contribute to myocardial injury in WT
and IL-67" mice we examined neutrophil influx by histology. It is known from literature
that the induction and release of IL-6 induces the expression of intercellular adhesion
molecule-1 (ICAM-1) on the myocyte surface in the viable border zone of the infarct?'.
The etiologic role of released IL-6 in stimulation of myocyte ICAM-1 was previously
demonstrated by others*, and binding of neutrophils to ICAM-1 is considered to be
a causal factor in myocyte injury after ischemia' *>%. Although we did not quantify
ICAM-1 expression ourselves, neutrophils were uniformly distributed throughout
the previous ischemic area both in WT and IL-6" mice; the influx in time and the
distribution were equal in WT and IL-67 mice suggesting that IL-6 is not important
for the early recruitment of neutrophils to reperfused ischemic tissue. This can be taken
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as evidence that the causal pathway IL-6- ICAM-1-neutrophil is not operational in the
present model; alternatively, if operational in WT mice, it apparently can be bypassed
easily by other cytokines in IL-67" mice. In fact, TNF-a was shown previously to induce
ICAM-1 and subsequent neutrophil influx instead of IL-6 or IL-13%. Since TNF-a
levels were similar between WT and IL-67" mice within the first 24 h reperfusion in our
study, this could well explain the fact that neutrophil influxes appeared to be independent
of IL-6. Most importantly, the similar influx of neutrophils between WT and IL-6"
mice negates that neutrophils can explain the reduced infarction observed in the IL-6"
mice. Moreover, the difference in the time course between infarction (complete at 3 h
reperfusion, no further increase with 24 h reperfusion) and influx of neutrophils (hardly
detectable at 3 h reperfusion, only at 24 h reperfusion) also makes it rather unlikely
that neutrophils contributed to cardiac infarction in our model. This is commensurate
with current thinking that I/R-induced infarction mostly takes place during the first 30
min reperfusion, and is dictated by mechanisms such as opening of the mitochondrial
transition pore, activation of calpains and hypercontractilicy*® .

Another element in myocardial injury that may be affected by different IL-6 levels
relates to coagulation activation. IL-6 is known to be an important agonist of monocytic
tissue factor induction in humans and primates, either directly, or after endotoxin

stimulation'® 7

, thus we expected a role of IL-6 in inducing myocardial tissue factor and
subsequent fibrin formation. In addition, previous studies using an antibody against
tissue factor, active protein C or active site inhibited factor VIla demonstrated reduction
in infarcted area, thus demonstrating a possible causal relationship between coagulation
and ischemic myocardial injury'® “>*. However, it has recently been suggested that
these anticoagulants may also directly activate cytoprotective signaling independent of
coagulation inhibition®® .

We were unable to detect any differences in the presence of tissue factor or fibrin at any
time of reperfusion between WT and IL-6" mice. A possible reason as to why IL-6 does
not seem to affect coagulation parameters may be related to the rather low and short-term
activation of coagulation in our closed-chest myocardial I/R model. Although there is a
trend in increased tissue factor at 24 h of reperfusion, the fibrin data indicate complete
disappearance of fibrin at 24 h reperfusion. The fast disappearance of fibrin suggests
resolution of coagulation at 24 h of reperfusion. This is also indirectly supported by our
ECG monitoring. The ischemia-induced ST-segment elevation was quickly and equally
resolved during reperfusion in both WT and IL-6" mice. It is therefore likely that IL-6
exerts its detrimental effects on acute infarct development through mechanisms other
than coagulation activation or neutrophil action.

In conclusion, our data indicate that IL-6 contributes to the development of infarction,
in a closed-chest model of myocardial I/R that is associated with attenuated inflammation
as compared to open-chest models. The beneficial effects of IL-6 deletion on infarction
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cannot be explained by modification of other inflammatory mediators, neutrophil influx
or coagulation activation. The effects of IL-6 are apparent within the first 3 h of reperfusion,
suggesting a more direct, cellular signaling effect of IL-6 on the cellular mechanism that
cause I/R-induced cell death. The present findings merit a further investigation into these
direct molecular mechanisms of IL-6 related to myocardial I/R injury.
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Abstract

Objective: Recent studies indicate that the innate immune system is not only
triggered by exogenous pathogens and pollutants, but also by endogenous danger
signals released during ischemia and necrosis. As triggers for the innate immune
NLRP3 inflammasome protein complex appear to overlap with those for myocardial
ischemia- reperfusion (I/R) and ischemic preconditioning (IPC), we explored the
possibility that the NLRP3 inflammasome is involved in IPC and acute I/R injury
of the heart.

Principalfindings: Baseline cardiac performanceand acute I/R injury were investigated
in isolated, Langendorff-perfused hearts from wild-type (WT), ASC” and NLRP3™"
mice. Deletion of NLRP3 inflammasome components ASC”~ or NLRP3"" did not
affect baseline performance. The deletions exacerbated I/R-induced mechanical
dysfunction, but were without effect on I/R-induced cell death. When subjected to
IPC, WT and ASC” hearts were protected against I/R injury (improved function
and less cell death). However, IPC did not protect NLRP3”" hearts against I/R
injury. NLRP3” hearts had significantly decreased cardiac IL-6 levels with a
trend towards lower IL-1f levels at end reperfusion, suggesting abrogation of IPC
through diminished IL-6 and/or IL-1f signaling. Subsequent experiments showed
that neutralising IL-6 using an antibody against IL-6 abrogated IPC in WT hearts.
However, inhibition of the IL-1 receptor with the IL-1 receptor inhibitor Anakinra
(100 mg/L) did not abrogate IPC in WT hearts. Analysis of survival kinases after
IPC demonstrated decreased STAT3 expression in NLRP3” hearts when compared
to WT hearts.

Conclusions: The data suggest that the innate immune NLRP3 protein, in an
NLRP3-inflammasome-independent fashion, is an integral component of IPC in
the isolated heart, possibly through an IL-6/ STAT3 dependent mechanism.
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Introduction

The innate immune system is the first line of defence against stress signals such as
exogenous pathogen-associated molecular patterns (PAMPs) and pollutants. Intriguingly,
recent data have demonstrated that the innate immune system is also activated by ischemia
and necrosis through endogenous danger-associated molecular patterns (DAMPs), the
so-called sterile inflammatory response’. Such DAMPs may entail uric acid, adenosine,
ATP, heat shock protein, HMGBI1, DNA, or myosin released by damaged cells'?.
Interestingly, it is suggested that these DAMPs activate the cellular innate immune system
through trigger mechanisms involving potassium extrusion and radical production®>.
Exact similar trigger mechanisms are implicated in cardiac ischemia- reperfusion (I/R)
and ischemic preconditioning (IPC), suggesting that activation of the innate immune
system is maybe an intrinsic part of I/R and IPC physiology. In the current work we
examine to what extent the NLRP3 inflammasome, a specific part of the innate immune
system, affects acute I/R and IPC cardiac physiology. Such interrelationships between
hypoxia, IPC and inflammation are also well documented for other non-inflammasome
parts of the immune system, where hypoxia-induced hypoxia-inducible transcription
factor HIF modulates inflammation and IPC through adenosine and NF-kB signaling”®.
Innate immune responses are activated within minutes upon encounter with DAMPs
or PAMPs. Such receptors entail the well-known Toll-like receptors (TLR), which are
located either at the cell surface or within endosomes, and the nucleotide oligomerization
domain (Nod)-like receptors (NLRs), which are intracellular cytosolic sensors’. NLRP3
inflammasome, a member of the NLRs, is a multiprotein complex consisting of
NLRP3, along with ASC (adapter apoptosis-associated speck-like protein containing
a C-terminal CARD) and caspase-1'°. Upon assembly, caspase-1 is activated resulting
in the processing and release of proinflammatory cytokines with a prominent role for
interleukin (IL)-1[°.

The NLRP3 inflammasome is critically involved in the sterile inflammatory response
as reported for e.g. monocytes and tumour cells* ' ''. In addition, it has recently been
shown that NLRP3 deficiency protects animals against renal ischemic tubular necrosis'.
Inflammation is also critically involved in myocardial I/R injury, with a prominent
role for IL-1P as an early mediator of inflammation’ '. Our first goal is therefore
to examine the role of the NLRP3 inflammasome in acute myocardial I/R injury,
knowledge that is currently missing in the literature. Conversely, IL-1f can indirectly
modulate IL-6 and TNF-a"®, inflammatory mediators that may also be protective,

because of their ability to induce IPC'® 7. Moreover, mitochondrial signals® ¢ 2

seem
to mediate both activation of the NLPR3 inflammasome and IPC protective effects in
relation to I/R injury. It therefore seems possible that NLRP3 inflammasome activation

may interact with IPC. To our knowledge, no information is available whether the
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NLRP3 inflammasome is involved in IPC. Our second goal is therefore to examine
the role of the NLRP3 inflammasome in cardiac IPC. Finally, although initial research
has emphasized the importance of the formation of the multiprotein complex NLRP3
inflammasome for its inflammatory effects, suggesting that the individual components
only exert their action through complex formation, very recent research has indicated
complex (=inflammasome)-independent effects of the separate components'® . Because
such information is currently lacking for cardiac I/R and IPC, we also addressed this
question through comparison of NLRP3 gene and ASC gene knockout mice.

In this study we have investigated whether the NLRP3 inflammasome is involved in
acute myocardial I/R injury and IPC, and whether specific inflammatory pathways that
are affected by ablation of constituents (NLRP3 or ASC) of the assembled NLRP3
inflammasome are involved in observed changes in I/R and IPC.

Methods

Animals

C57BL/6], Nlrp3”, and ASC’ mice were originally obtained from dr R.A. Flavell
(Yale University, New Haven, CT, USA), and described before?. Both genotypes were
backcrossed with C57BL/6] background for at least 9 generations. The wild-type (WT)
mice in the present study were all C57BL/6] obtained from Charles River. Experiments
were performed with male mice only. Mice were fed a standard chow (CRM(E) diet,
SDS, Witham, England) ad libitum and studied at 10-15 weeks of age. All experiments
were approved by the animal ethics committee of the Academic Medical Center,

Amsterdam, The Netherlands.

Heart Perfusion
In vitro I/R protocol was performed as previously described with slight modifications
Mice were heparinized (15 IU) and anesthetized with Nembutal (80 mg/kg). Following

tracheotomy, the mice were mechanically ventilated and a thoracotomy performed.

21,22

The hearts were cannulated in situ with perfusion started before excision of the heart.
Hearts were Langendorff-perfused at a constant flow (initial perfusion pressure 80
mmHg) at 37°C with Krebs-Henseleit solution containing (mmol/L) NaCL 118, KCL
4.7, CaCL, 2.25, MgSO, 1.2, NaHCO, 25, KH,PO, 1.2, EDTA 0.5 and glucose 11,
gassed with 95% O,/ 5% CO.,. The perfusate was in-line filtered by a 0.45-um filter.
End-diastolic pressure (EDP) was set at ~4-8 mmHg using a water-filled polyethylene
balloon inserted into the left ventricular (LV) cavity via the mitral valve. The hearts
were continuously submerged in 37°C perfusate. LV developed pressure was calculated
as the systolic pressure (Psys) minus EDP. The rate-pressure product (RPP, index of
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mechanical performance)) was the product of the developed LV pressure and the heart
rate. Following 20 min stabilization of LV pressure, all hearts were subjected to 35 min
of perfusion with or without IPC, followed by 35 min no-flow ischemia and 45 min
reperfusion. During ischemia, the hearts were submerged in Krebs-Henseleit perfusate
gassed with 95% N,/ 5% CO,. The IPC protocol consisted of 3 times 5 min ischemia
followed by 5 min reperfusion for the first two times of 5 min ischemia, and 10 min
reperfusion following the last 5 min ischemia, before the 35 min of ischemia.

In the first series of experiments, six different groups of hearts (n=7 each) were studied
consisting of WT, ASC” and NLRP3" genotypes, with each genotype subjected to
either I/R only or to I/R plus IPC.

In the second series of experiments, two groups were examined (n=7 each) to explore
potential NLRP3 cytokine-related pathways in IPC. In the first group, WT hearts were
continuously exposed from the start of the experiment to 100 mg/L Anakinra (Kineret,
Biovitrum; an interleukin 1 receptor (IL-1 RA) inhibitor during IPC, to examine a possible
role for IL-1 signaling in acute IPC. In the second group, WT hearts were continuously
exposed from the start of the experiment to 50 ng/ml anti-mouse IL-6 antibody (R&D
systems), to neutralize a possible role for IL-6 release and signaling in IPC.

At the end of these experiments, hearts were weighed and immediately homogenized in
1.5 ml homogenization medium (in mM: 250 sucrose, 20 Hepes (pH 7.4), 10 KCL,
1.5 MgCL,, 1 EDTA, 0.1 PMSE 5 ug/ml leupeptin, 5 ug/ml aprotinin and 1 pug/ml
pepstatin). Homogenates were frozen at -80 °C until further analysis for cytokines and
mRNA expression levels.

Finally, in a third series of experiments, two additional groups (n=4 each) were studied,
to examine whether IPC in NLRP3”" hearts was associated with alterations in well-
known cardioprotective survival pathways. To this end, isolated hearts from WT and
NLRP3” animals were subjected to IPC and global ischemia as described above. At
5 min reperfusion hearts were immediately freeze-clamped and stored at -80°C until
further analysis of survival kinases.

Lactate dehydrogenase enzyme activity in effluent

During the reperfusion period the effluent was collected at 5, 10, 15, 30 and 45 min
of reperfusion and immediately frozen at -80°C. Lactate dehydrogenase (LDH) activity
was determined using standard spectrophotometric analysis at 340 nm?*. LDH release is
used as index of necrosis, as other studies have shown a good correlation between LDH

release and TTC staining® .

Cytokine determination in hearts

Homogenate was treated with 0.5% Triton X-100 for 10 min, centrifuged at 10,000
g for 1 min and supernatant was used for further analysis. Cytokines were determined
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in the supernatant by ELISA: TNF-o (Quantikine Mouse TNF-a,, R&D systems),
IL-1B (Quintikine Mouse IL-1f, R&D systems) and IL-6 (Duoset Mouse IL-6, R&D
systems). Results are normalized to protein content determined by the Bradford method.

HMGBI mRNA expression analysis in hearts

Homogenate was treated with 0.5% Triton X-100 for 10 min, centrifuged at 10,000 g
for 1 min and supernatant was used for further analysis. Total RNA was extracted from
heart tissue with Trizol reagent (Invitrogen) according to the manufacturer’s protocol.
All RNA samples were quantified by spectrophotometry and stored at -80°C until
processed for reverse transcription. RNA was converted to cDNA by using oligo-dT
as primer. High mobility group box (HMGB)1 mRNA expression was analyzed by
RT-PCR performed on a Roche light cycler with SYBR green PCR master mix. Specific
gene expression was normalized to mouse peptidylpropyl isomerase A (PPIA) gene
expression. SYBR green dye intensity was analyzed with linear regression analysis. Primer
sequences (Biolegio) wereas follows: PPIA forward primer, 5’-tgccagggtggtgactttac; reverse
primer, 5’-gatgccaggacctgtatget; HMGBI forward primer, 5’-gagagatgtggaacaacactgc;
reverse primer, 5 -ctgtaggcagcaatatcctectce.

Survival kinases in preconditioned reperfused hearts

Total heart homogenate was obtained by grinding a snap-frozen heart in liquid
nitrogen into powder, followed by homogenization on ice in 1.5 ml homogenate buffer
(in mM: 20 Hepes (pH 7.4), 70 NaCL, 2.5 MgCL,, 1 EDTA, 0.1 PMSE 0.5% Triton,
0.1 PMSE 5 ug/ml leupeptin, 5 ug/ml aprotinin, 1 pug/ml pepstatin and phosphatase
inhibitors. The homogenate was kept on ice for 60 min with intermittent vortex mixing.
Finally, the mixture was homogenized again on ice, and stored at -80°C. Equal amounts
of homogenate protein were electrophoresed on a precast gel (4-12% Bis-Tris, Criterion
XT, Bio-Rad), and transferred to an Immobilon-FL Membrane (Type PVDE pore size
0.45um, Millipore). The membranes were blocked with ready to use blocking buffer
(#927-40000, Li-Cor) for 1 h. To detect phosphorylated proteins, the membranes
were incubated at 4°C overnight with antibodies against pSTAT3 (Tyr 705) (1:500;
Cell Signaling), pAMPKa. (1:2500; Cell Signaling), phospho-p44/42 MAP kinase
(1:5000; Cell Signaling) and pPKCe (1:2500; Bio connect). To detect total proteins, the
membranes were incubated at 4°C overnight with antibodies against STAT3 (1:1000;
Cell Signaling), AMPKa (1:5000; Cell Signaling), phospho-p44/42 MAP kinase
(1:10000; Cell Signaling), against PKCe (1:5000; Bio connect), and against a-tubulin
(1:20000; Sigma). After washing 3x with PBS with 0.1% Tween 20, membranes
were incubated for 1 h with secondary antibodies labelled with IRDye infrared dyes.
Following washing, membranes were analyzed with the Odyssey Infrared Imaging System
(Li-Cor). Densities of survival proteins were normalized to the density of a-tubulin.
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Statistical Analysis: Data are presented as means + SE. Data were analyzed ANOVA
followed by Fisher’s post hoc tests. Values of p<0.05 were considered to be statistically
significant.

Results

Genetic manipulations of the NLRP3 inflammasome components were without effect on
baseline cardiac physiological parameters of the isolated heart (Table 1). No differences
in the RPP or flow were found in the conglomerate of HR and peak developed LV
pressure, indicating that basal work performed by the hearts was not affected by deletion
of the NLRP3 or ASC component of the NLRP3 inflammasome.

Table 1 Physiological baseline characteristics of Langendorff-perfused hearts of wild-type
(WT), ASC’ and NLRP3"- mice.

Flow EDP Psys HR RPP

(ml/min/g) (mmHg) (mmHg) (beats/min) (103 mmHg/min)
WT 14.4 £ 0.7 6.1+0.5 118 +2 376+ 11 42.0+1.6
ASC’ 143+ 1.4 5.7+ 0.4 119+ 4 370 + 14 423+24
NLRP3" 13.8 £ 1.6 6.4+ 0.6 117 +3 359+9 39.7+1.5

Values are given as (mean + SEM). EDP: end-diastolic pressure; Psys: peak systolic pressure; HR: heart rate;
RPP: rate-pressure-product.

To evaluate I/R-induced lethal injury, we examined three classical parameters for
lethal injury, i.e. contracture (= EDP of the heart), mechanical performance (= RPP)
and cell death (release of the enzyme lactate dehydrogenase in the effluent). The I/R
intervention resulted in 50 + 4 mmHg EDP (Figure 1A) and 35 + 4 % recovery of the
RPP (Figure 1B) in WT hearts at the end of 45 min reperfusion. To examine whether
NLRP3 inflammasome components ASC and NLRP3 affected I/R-induced mechanical
dysfunction, ASC" and NLRP3" hearts were also subjected to I/R and compared to WT
hearts. ASC” hearts showed increased I/R injury on these functional cardiac parameters
as compared to WT hearts: EDP was increased to 66 + 2 mmHg, and RPP recovery
decreased to 12 + 3 %. The NLRP3"" hearts only demonstrated increased I/R-induced
contracture (63 + 3 mmHg) as compared to WT hearts, without affecting RPP recovery.
We conclude that both the ASC and NLRP3 component of the NLRP3 inflammasome
complex contribute to improved heart function immediately following an I/R insult.

Next we examined whether the NLRP3 components affected the IPC-protective effects
on mechanical function following I/R as observed in WT hearts (Figure 1A and 1B).
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IPCsignificantly improved cardiac function following I/R in WT hearts, as demonstrated
by diminished EDP and improved RPP recovery at end reperfusion. IPC was similarly
effective in ASC” hearts as in WT hearts, improving both EDP and RPP. Surprisingly,
IPC was without effect on these parameters for the NLRP3” hearts, indicating disrupted
IPC signaling in these hearts. These data thus demonstrated that the NLRP3 component
of the NLRP3 inflammasome is necessary for IPC protective effects on heart function,
whereas the ASC component is not.

A B
EDP % RPP

80 . . 80 #
. 60 # 60 #
£ # =
g 40 I i\i 40

20 20 *

0 - - 0 - -
WT ASC™ NLRP3 WT ASC™ NLRP3

Figure 1

Ablation of NLRP3, but not ASC, abrogated IPC protective effects on cardiac function following I/R. Effect
of ASC and NLRP3 gene ablation on cardiac mechanical performance following acute I/R with or without
IPC in isolated perfused mouse hearts. (A) End-diastolic pressure (EDP) measured at end reperfusion for
the different groups; (B) % Rate-pressure product (RPP) determined at end reperfusion and normalized to
baseline/ pre-ischemic values for the different groups. Black bars denote I/R groups, white bars reflect IPC
+ I/R groups. (n=7 for all groups). Mean + SEM, *p<0.05 vs I/R in WT, #p<0.05 IPC+I/R vs I/R similar
group (ANOVA).
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Subsequently, we examined whether the inflammasome components affected I/R and
IPC effects on cardiac cell death. LDH release during reperfusion was used as index
of cell death (Figure 2). Thirty-five min of ischemia resulted in a large release of LDH
during reperfusion for WT hearts. A similar release of LDH was observed for ASC”- and
NLRP3” hearts, indicating that deletion of these NLRP3 inflammasome components
does not affect acute cell death induced by I/R. IPC significantly reduced LDH release
in WT (-45%) and in ASC” (-33%) hearts. However, IPC had no effect on LDH
release in NLRP3” hearts. Thus, although both ASC and NLRP3 protein do not affect
I/R-induced cell death, the NLRP3 protein is necessary for IPC protective effects on
cardiac cell death.
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Figure 2

Ablation of NLRP3, but not ASC, abrogated IPC protective effects on cardiac cell death following I/R.
Effects of ASC and NLRP3 gene ablation on cell death (LDH enzyme release) after I/R with or without
IPC. Accumulative LDH release during 45 min reperfusion is given for the different groups. Black bars
denote I/R groups, white bars reflect IPC + I/R groups. (n=7 for all groups). Mean + SEM, *p<0.05 vs I/R
in WT, #p<0.05 IPC + I/R vs I/R similar group (ANOVA).
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Cytokines may be considered as inducers of IPC, in that small increases in cytokines can
activate cardiac intrinsic mechanisms against I/R injury. To examine whether reduced
cytokine levels were associated with the reduced IPC in NLRP3" hearts, cytokine levels
were determined in the reperfused WT, ASC” and NLRP3™ hearts (Figure 3). Deletion
of the ASC component had no effect on myocardial tissue levels of IL-6 (Figure 3A),
TNF-a (Figure 3B) or IL-1f (Figure 3C). Deletion of NLRP3 resulted in significantly
decreased myocardial IL-6 levels and in a non-significant trend in decreased IL-1f levels.
IPC was without significant effects on any of the cytokine levels in the reperfused heart,
despite a non-significant trend for decreased TNF-a levels in WT hearts. These data

therefore show associations between reduced IPC and reduced cardiac IL-6 and IL-1f3
levels in NLRP3” hearts.
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C IL-1B Reduced IL-6 cytokine levels in reperfused

15 NLRP3" hearts.
= Myocardial cytokine levels at end reperfusion
T 10 for wild-type (WT), ASC” and NLRP3™"
g hearts subjected to I/R with or without IPC.
g’ n IL-6 (A), TNF-a (B) and IL-1f (C) are
> 5 given. Black bars denote I/R groups, white
2 bars reflect IPC + I/R groups. (n=7 for all

0 groups). Mean + SEM, *p<0.05 vs I/R in

Cc” NLRP3™ WT (ANOVA).

To explore whether the observed directional decreased IL-1f3 and IL-6 levels in the
NLRP3” hearts may explain the IPC abrogation in NLRP3™ hearts, IPC was studied in
WT hearts during inhibition of these pathways.
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To inhibit IL-1f3 signaling, the IL-13 membrane receptor (IL-1R) was inhibited through
continuous perfusion with the IL-1R Anakinra. However, IPC was still effective during
IL-1R inhibition, neglecting an effect of IL-1R signaling in acute cardiac IPC. IPC +
Anakinra decreased EDP (Figure 4A), improved RPP recovery (Figure 4B) and decreased
LDH release during reperfusion (Figure 4C) in WT hearts vs I/R-only WT hearts. To
inhibit IL-6 signaling in WT hearts, IL-6 was neutralized through continuous perfusion
with the anti-IL-6 antibody throughout the experiment. This treatment abrogated IPC:
no improvement in EDP, RPP recovery or LDH release was observed (Figure 4). The
data demonstrate that IL-6 signaling is mandatory in IPC, and raise the possibility that
diminished IL-6 signaling abrogates IPC in NLRP3"" hearts.
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for the different groups, (B) for % Rate-
ressure product (RPP) determined at end
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To further explore the possible cellular mechanisms of diminished IPC in NLRP3™"
hearts, we determined HMGB1 mRNA levels in reperfused hearts. HMGBI1 was
reported as a preconditioning stimulus and was released in an inflammasome-dependent
fashion®. However, no differences in HMBG1 mRNA levels in the reperfused hearts
were observed between groups (Figure 5), negating a role for HMGBI in the attenuated
IPC response in NLRP3™ hearts.

HMGB1

Relative expression

WT ASC”  NLRP3”

Figure 5

Unaltered HMGB1 mRNA levels. Myocardial HMGB1 mRNA levels at end reperfusion for wild-type
(WT), ASC” and NLRP3" hearts subjected to I/R with or without IPC. Black bars denote I/R groups,
white bars reflect IPC + I/R groups. (n=7 for all groups). Mean + SEM, *p<0.05 vs I/R in WT (ANOVA).

Finally, in a separate series of experiments we examined several survival kinases that
have been associated with cardioprotection by IPC (Figure 6). No differences in
phosphorylation status of any of the survival kinases between preconditioned WT
and NLRP3" hearts at 5 min reperfusion were observed. There was a small increase in
AMPK expression in NLRP3” hearts versus WT hearts. The largest effect of NLRP3
gene knockout was however the diminished amount of STAT3 protein expression in
preconditioned hearts, as compared to WT preconditioned hearts. The diminished
STAT3 content, together with the reduced IL-6 content, suggest that the cardioprotective
IL-6/ STAT3 signaling pathway is reduced in the NLRP3" hearts.
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Decreased STAT3 and increased AMPK protein levels in NLRP3/ hearts.

Effect of NLRP3 gene ablation on survival kinases and their phosphorylation status in preconditioned
hearts analyzed at 5 min reperfusion following 35 min ischemia. PKC-¢ (A), ERK (C), AMPK (E) and
STAT3 (G), and their phosphorylation status (B, D, F, and H, respectively) are shown (n=4 hearts per

genotype). Mean + SEM, *p<0.05 WT vs NLRP3".
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Discussion

In this study we have demonstrated that the intracellular innate immune NLRP3
component of the NLRP3 inflammasome is a required component of IPC in the heart.
This role of NLRP3 in cardiac IPC is independent of the activation of the NLRP3
inflammasome, because ablation of the ASC-component of the NLRP3 inflammasome
was without effects on IPC. In addition, our data suggest that the NLRP3-mediated
cardioprotection is not transduced through extracellular IL-1f3 signaling, the cytokine
that is most frequently associated with the NLRP3 inflammasome, but most likely
through extracellular IL-6 signaling. Finally, the abolished IPC potential of NLRP3"
hearts was associated with a small increase in AMPK protein expression and a diminished
expression of the survival kinase STAT?3 in reperfused hearts.

The innate immune system consists of so-called pathogen recognition receptors that can
be grouped in TLRs and NLRs’. Several studies have clearly demonstrated a role for
TLRs in myocardial I/R injury, by showing that TLR deficiency resulted in diminished
I/R injury”. However, a possible role for TLR in IPC has received much less attention.
Only recently it has been shown that myocardial IPC requires TLR2 (but not TLR4)*.
Our study shows for the first time that myocardial IPC also requires NLR. In contrast to
TLR ablation, ASC or NLRP3 ablation did not result in diminished acute I/R-induced
cell death. Cardiac functional recovery (RPP) was even partly decreased with ASC
or NLRP3 ablation, suggesting divergent effects of the NLR constituents versus the
TLR constituents of the innate immune pathway on myocardial I/R injury. However,
our finding that NLRP3 is required for IPC cardioprotective effects is similar to the
observation that TLR2 is needed for IPC*. Interestingly, only ablation of the NLRP3-
component of NLRP3 inflammasome abrogated IPC, whereas ablation of the ASC-
component of the NLRP3 inflammasome was without effect on IPC. It thus seems that
it is a NLRP3 inflammasome-independent mechanism that is involved in cardiac IPC.
Other recent reports'® ' support our observation that NLRP3 and ASC, both being
crucial components of the so-called NLRP3 inflammasome protein complex, may affect
cellular biology through inflammasome-independent mechanisms.

The significant decrease in IL-6 levels, which we have found in our NLRP3" hearts,
suggests that IL-6 production is, at least partly, regulated by NLRP3. We are unaware
of other studies that have reported on IL-6 being dependent on NLRP3. As IL-18 was
reported to induce IL-6 production, it is possible that diminished IL-18 in the NLRP3"
hearts mediated the lower IL-6 content®. Further studies will be necessary to delineate
this association between NLRP3 and IL-6 cytokines at tissue levels. Most importantly,
the similar myocardial IL-1f levels among NLRP3” and WT hearts, together with the
observation that inhibition of the IL-1f receptor with the IL-1 receptor inhibitor did
not prevent IPC in WT hearts, makes it unlikely that the loss of IPC in the NLRP3"
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hearts can be explained by differences in IL-1f signaling. In contrast, the decrease in
myocardial IL-6 in NLRP3" hearts together with the loss of IPC effects in WT hearts
with a neutralizing antibody against IL-6, strongly suggest IL-6 to be the mediator of
NLRP3"- induced loss of IPC.

Although it is known that IL-6 is an integral part of the TNF-o/ IL-1 cytokine
signaling network", that TNF-a is involved in classical IPC", and that IL-6 plays
an obligatory role in delayed preconditioning'®, we are unaware of studies that have
demonstrated a direct role of IL-6 in early IPC of the heart. We now extend these
discovered cardioprotective effects of IL-6 to early IPC, demonstrating that neutralizing
IL-6 mitigates early IPC effects in WT hearts. Similar effects of IL-6 during IPC were
recently observed in a model of hepatic I/R*. Although in the current study IL-6 was
not measured in the perfusate, other studies have shown that IPC can acutely increase
tissue IL-6 mRNA and protein levels'® *°. Similar effects have been published for the
cardioprotective cytokine TNF-a, which was acutely increased in plasma during the
IPC-stimulus®. Interestingly, IL-6 has recently been indicated as a potential mediator of
remote [IPC*" 2, a cardioprotective intervention with demonstrated clinical benefits®® %.
IL-6 binds to the transmembrane IL-6 receptor that is part of the larger gp130, which
functions as a receptor subunit and signal transducer. Gp130 is involved in two major
signaling pathways: the JAK/ STAT3 and the SHP2- Erk- MAPK pathway™. Activation
of the STAT3 pathway is now known to exert major cardioprotective effects against
I/R injury, and is required in both early and delayed preconditioning schemes®” %%, Our
analysis of survival kinases demonstrated that the abrogated IPC-effects in the NLRP3™"
hearts was associated with reduced STAT3 protein expression, at least suggesting that
reduced signaling through this IL-6/ STAT3 pathway is a likely candidate to explain
the reduced IPC-protective effects in NLRP3” hearts. Interestingly, recent studies have
demonstrated that IL-6 is a potent activator of STAT3, providing a direct link between
this pro-inflammatory cytokine IL-6 and STAT3* “°. The observed reduced amount of
STAT3 in NLRP3™ hearts may also have its implications for other studies using these
mice, provided that STAT?3 is also reduced in other organs/ tissues of a NLRP3” animal.
A potential limitation of the use of the NLRP3 and ASC germ line knockout strains,
is that from these presented data we cannot exclude the possibility of partial functional
redundancy of Nlrp3 or ASC with other inflammasome components like e.g. NLRP4
and others. These data could also indicate that Nlrp3 may have some functional
redundancy. Future studies of double and triple knockout animals may be of value in
addressing these issues. A further limitation of our present study is its ex vivo nature,
excluding the possibility of studying effects of NLRP3/ASC ablation on acute cardiac
I/R and IPC through blood borne components such as e.g. leucocytes. However, such an
approach will also allow dissection of organ intrinsic regulatory mechanisms concerning
I/R injury relative to effects mediated through interaction with blood-born components
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derived from e.g. bone-marrow, ultimately resulting in a full comprehension of innate
immunity effects on I/R injury. Such differences may explain why NLRP3" deletion was
beneficial in an in vivo model of kidney I/R injury'?, probably as a result of decreased
leucocyte recruitment in the injured organ of the NLRP3” animal. A recent study
in the in vivo model of myocardial I/R injury also demonstrated that inflammasome
activation contributed to iz vivo I/R myocardial injury*'. Ischemic preconditioning was
however not examined in that study. Further studies in an iz vivo model will be needed
to answer these questions for the heart. The current study has clearly demonstrated that
for the heart only, ablation of the innate immune protein NLRP3 prevents cardiac IPC

signaling, probably through diminished cardiac IL-6/ STAT3 signaling.
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With much interest we have read the recently published article by Sandanger et al.
(2013)" where NLRP3 mRNA expression was shown to be increased 3-7 days following
permanent occlusion of the left anterior descending artery. The increased expression
was observed mainly in fibroblasts. The authors also compared hearts from wild-type
(WT) C57Bl/6, NLRP3”~, and ASC”~ mice, using an isolated Langendorff-perfused
heart model of acute ischemia- reperfusion injury. It was reported that deletion of
NLRP3 improved cardiac function and reduced infarct size in the isolated heart model.
The authors summarized the data and combined the results from the 77 vivo 37 day
permanent ischemia with the results from the ex vivo acute ischemia- reperfusion model
in the title of the article.

However, their main conclusion that NLRP3 mediates ischemia- reperfusion injury in the
isolated heart is complicated for two reasons. First, mid last year we were the first to report
on the effects of the NLRP3 inflammasome on acute cardiac ischemia- reperfusion injury
(and ischemic preconditioning), employing a Langendorff-perfused isolated heart model
with hearts from WT, NLRP37-, and ASC”~ mice’. The experimental set-up and mice used
were similar to the ones described now in the report by Sandanger et al.! yet the results are
diametrically opposed. We did not detect any improvement in either cardiac function or cell
death when NLRP3 was deleted. Secondly, it can be noted that the reported cardiac function
of especially the WT hearts at baseline (thus before I/R) demonstrated instable and poor
left ventricular function (LVDP < 60 mmHg). Consequently, the reported baseline WT rate
pressure product of 20 000 mmHg/min may be considered rather low for mouse hearts. In
addition, the observed infarct size in WT hearts of >50% is much higher than the infarct size
of 25% in the model that they refer to’. This raises the possibility that their isolated mouse
model was not optimal in its physiological performance, which may have skewed the results.
Therefore, we believe that their conclusion that the NLRP3 inflammasome mediates (acute)
ischemia- reperfusion in the isolated heart may not be as firmly based as the authors purport.
It is more likely that the cardiac NLRP3 inflammasome exerts very little activity within
< 2 h of an isolated heart experiment due to its low, basal expression in the heart. This is
commensurate with the authors own data showing no significant differences in the primary
cytokines produced by the NLRP3 inflammasome (IL-1f3 and IL-18) between reperfused
WT and NLRP3™ isolated hearts. This is also commensurate with a recent report by Guarda
etal. (2011)* showing only significant basal NLRP3 expression in organs densely populated
by immune cells (lung and liver) and in cells of the immune system.

In conclusion, the important results reported by Sandanger et al. on increased cardiac
expression of NLRP3 following 3-7 days of permanent ligation indicate that the NLRP3
inflammasome, endogenous to the heart itself, will most likely affect the heart’s response
to this injury at > 1 day after infarction.
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Abstract

Aims Myocardial ischemia- reperfusion (I/R) and ischemic preconditioning (IPC) are
associated with activation of inflammatory pathways that contribute both to injury
and protection. Here we examine to which extent deletion of Nlrp3 (NOD-like
receptor) contributes to acute cardiac infarction, inflammation and STAT?3 signaling
under I/R and IPC.

Methods and Results Ischemia of 30 or 60 min and reperfusion of 3 h by LAD
occlusion were compared between wild-type (WT) and Nlrp3” mice in a closed-chest
model. Nlrp3 deletion did not affect infarct size after I/R, and did not alter 4x5min
IPC-induced cardioprotection. Cardiac levels of TNF-o were reduced in Nlrp3”
mice following I/R; IL-1f and IL-6 levels were unchanged. Nlrp3 deletion was
associated with reduced cardiac STAT3 phosphorylation following I/R and IPC+I/R.
Inflammation was largely attenuated in the closed-chest I/R model, as compared to
commonly used open-chest models. The lower inflammatory response in the closed-
chest model was associated with no detectable myocardial NLRP3 expression, whereas
myocardial NLRP3 was readily detectable in the open-chest model.

Conclusion The innate immune NLRP3 receptor is necessary for myocardial
STAT3 phosphorylation but plays no role in acute infarction after I/R or IPC in a
closed-chest model.
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Introduction

Myocardial ischemia- reperfusion (I/R) is associated with a rapid and long- lasting
activation of inflammatory pathways. The innate immune system is the first line
of defence against stress signals and as such most likely contributes to the initial
inflammatory response of myocardial I/R. The innate immune system is composed of
pattern-recognition receptors (PRRs) located either on the cell membrane and within
endosomes (Toll-Like receptors; TLRs) or within the cytosol (Nucleotide-binding
domain and Leucine-rich repeat-containing proteins; NLRs).

The inflammasome is a multiprotein complex that becomes assembled upon recognition
of danger signals and usually consists of three components: a member of the NLR
family, an adaptor protein Apoptosis-associated Speck-like protein containing a Caspase
recruitment domain (ASC), and activated caspase-1"2.

TLRs have been shown to be critical modulators of myocardial I/R injury and
ischemic preconditioning (IPC) in the isolated heart model (without blood-borne
components) and iz vivo in mice’®. NLRs and especially NLRP3 may be involved in
acute myocardial I/R injury with or without IPC, because the intracellular mechanisms
leading to activation of this component are almost identical to those for I/R injury
and IPC; Potassium efflux’, generation of reactive oxygen species'’, and increases in
intracellular calcium'' are reported to activate Nlrp3 inflammasome and are known
underlying mechanisms causing myocardial I/R injury'?. Indeed, the first report on the
role of the inflammasome during iz vive acute myocardial I/R injury, demonstrated
diminished infarction with deletion of the ASC-component of the inflammasome'.
However, it is unknown whether deletion of the Nlrp3 component also reduces in
vivo infarction following cardiac I/R. We previously showed that in the isolated heart,
NLRP3 deletion was without consequence on I/R-induced necrosis. Nlrp3 deletion,
however, abrogated IPC protective effects, which was associated with decreased cardiac
STAT3/ IL-6 signaling'®. These studies in the isolated heart are in conflict with a recent
study by Sandanger et al.">, which reported decreased infarction with Nlrp3 deletion
in the isolated heart. A possible explanation of these divergent results in the isolated
heart condition may relay, among others, to differences in perfusion models'®. Further
studies are therefore needed to fully characterize the role of Nlrp3 in acute myocardial
I/R injury, especially when taking into account the lack of current information on the
in vivo effects of Nlrp3 deletion on cardiac infarction following I/R>®.

Given that NLRP3 is primarily expressed in cells of the immune system'” '¥, and that
immune cells will quickly infiltrate ischemic tissue upon reperfusion', the role of
NLRP3 in the isolated heart may significantly differ from that under 7z vivo conditions.
Therefore, our aim here is to examine the role of NLRP3 in vivo. We hypothesize that
Nlrp3 deletion will result in smaller infarct sizes, lower cytokine levels, and lower STAT3
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signaling in the iz vivo condition, due to reduction of iz vive inflammation. Moreover,
we expect to find abrogated IPC protective effects. To study the inflammatory response
to cardiac I/R per se, we used the closed-chest mouse model of myocardial I/R to
minimize the inflammatory response evoked by the surgical trauma.

Methods

Animals

Nlrp3” mice were originally obtained from dr R.A. Flavell (Yale University, New
Haven, CT, USA) through Millennium from Lexicon Genetics Incorpoarted, as
described before?. Wild-type (WT) mice C57BL/6] were obtained from Charles River.
Experiments were performed in male mice at the age of 14-18 weeks. They were fed a
standard chow (CRM(E) diet, SDS, Witham, England) ad libitum. Experiments were
approved under number DAA101941 by the animal ethics committee of the Academic
Medical Center, Amsterdam, The Netherlands and comply with US National Institutes
of Health or European Commission guidelines.

Preparative surgery for I/R in closed-chest

Anesthesia was induced by 10 ml FFM/ kg BW ip. (FFM: Fentanyl- Fluanisone-
Midazolam)?'. Hypnorme (VetaPharma, Leeds, UK) contains 0.315 mg Fentanyl citrate/
ml and 10 mg Fluanisone/ ml. Midazolame (Actavis, Iceland) contains 5 mg Dormicum/
ml. Both Hypnorm and Midazolam were 1:1 diluted in H O prior to their 1:1 mixing.
Anesthesia was maintained by bolus injections of %2 times the initial FFM volume. Paw
withdrawal reflex and tail pinch were used to monitor the adequacy of anesthesia. The skin
of the throat was cut to visualize the trachea. The mice were intubated with an Intramedic
PE-90 tube (Beckton Dickinson, Sparks, Md), and volume controlled ventilated (Minivent,
Harvard, Holliston, USA) with room air and with 100% O, during an open-chest. Body
temperature was maintained at 33-37°C by a standard heating pad.

Lateral thoracotomy was performed between the 3* and 4™ rib, while the rectus abdominis
and pectoralis were kept intact and put aside. The wound was opened with a sliding retractor
(FST, Heidelberg, Germany). A U-bended 8-0 prolene suture was put under the left anterior
descending (LAD) coronary artery. The endings were tunnelled in parallel through an 2 mm
Intramedic PE-10 tube (Beckton Dickinson, Sparks, Md) and separately brought outside
between the 2" and 3" rib and between the 3" and 4™ rib respectively*.

The thorax was closed and the endings of the 8-0 prolene suture were hidden s.c. Post-
operative analgesia was induced by 0.1 mg buprenorphine/ kg BW s.c. (Temgesice, Schering-
Plough, Maarssen, The Netherlands) and fluid as sterile 0.5 ml H,O i.p. Mice recovered in
a temperature-controlled room of 32°C for 1 day and at room temperature for > 10 days.
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I/R in closed-chest

Anesthesia was induced with 80 mg pentobarbital in H ,O/kg BW i.p. and maintained
by bolus injections of ¥4 times the initial volume. Paw withdrawal reflex and tail pinch
were used to monitor the adequacy of anesthesia. Body temperature was maintained
at 36.6- 37.4°C by a heating lamp. Mice were allowed to freely breathe under 40%
oxygen-supplemented air. A 3-lead ECG was acquired using a ML866 Powerlab 4/30
acquisition system and Labchart software (ADInstruments).

To induce I/R, the skin was opened over the old scar to obtain the endings of the
8-0 prolene suture. The endings were taped to heavy metals and pulled apart to pull
the PE-10 tube inside the thorax onto the heart. Ischemia was verified by ST-segment
elevation in the ECG recording. Release of the sutures resulted in reperfusion. During
reperfusion, the skin was closed and the body temperature was maintained. All mice
were sacrificed after 3 h reperfusion by administration of 0.07 ml FEM/ 10 g BW.

The ischemic preconditioning (IPC) protocol consisted of 4 episodes of 5 min ischemia®.
The 1%, 2, and 3" ischemic episodes were followed by 5 min reperfusion, and the 4™
was followed by 15 min reperfusion, what resulted in 50 min of IPC.

Surgery for I/R in open-chest

Anesthesia was identical to the procedure described in closed-chest I/R. Surgery was identical
to the ‘preparative surgery for I/R in closed-chest’. In the end, the thorax was not closed but
the endings of the 8-0 prolene suture were immediately taped to heavy metals. Induction
of 30 min ischemia and 3 h reperfusion was identical to the procedure ‘I/R in closed-chest’.

Group 1 [ Prep_ || Recov >10a |[[[[[][] [1n E ‘ [infarct sze- 8 N3+ 8 W |
Group 2 | Prep. || Recov. >104 || [1h [3h | [Infarct size: 8 Nip3++8 WT |
aroup 3 [Prep. | Recov. >104 |[[I[I]] [%n [3n | [ Infarct size: 8 Nip3++ 8 WT |
Group 4 | Prep. || Recov. >104 || % [3n ‘ [ifarct size & Nip3++ 8 WT |
Group 5 | Prep. || Recov >104 |[TJ]][ To&n [3n | Cytokines & STATS signaling 8 Nip3-+ 8 WT |
Group 6 | Prep || Recov. >104 || %h]3n | [ Crtokines & STATS signaling: 8 Nip3*+ 8WT |
Growp 7 ] [ STAT3 baseline: 7 Nip3*+ 6 WT |
Group 8 | Surgery [ % n [ 3n \ | Cytokines & NLRP3: 14 WT |
Open-chest

Figure 1 Experimental groups

Flowchart of experimental groups. The preparative surgery of the LAD (Prep.) was performed > 10 days
to offer recovery prior to the acute myocardial I/R with or without IPC to avoid a pro-inflammatory
influence of trauma on inflammation. Blocks indicate open-chest, gray indicates ischemia and white
indicates reperfusion. IPC consisted of repetitive 4x5 min ischemia x reperfusion and 15 min reperfusion.
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In group 1 and 2, the effect of NLRP3 on infarct size was examined after a period of 60
min ischemia with or without IPC and 3 h reperfusion in Nlrp3” and WT mice (n=8
for each group). In group 3 and 4, idem group 1 and 2 but now after 30 min ischemia
(n=8 for each group). In group 5 and 6, the effect of NLRP3 on cardiac cytokine and
STAT3 expression was examined after 30 min of ischemia with or without IPC and 3 h
reperfusion in Nlrp3” and WT mice (n=7 or 8 for each group).

In group 7, the effect of NLRP3 on STAT3 signaling was examined under baseline/
untreated conditions in whole hearts of WT (n=6) and Nlrp3” (n=7) mice. These mice
were anesthetized with 10 ml FEM/ kg BW i.p. and killed. The hearts were immediately
frozen and stored at -80°C.

In group 8, the effect of the open-chest surgery on cytokine and NLRP3 expression was
examined in WT mice (n=14) after 30 min of ischemia and 3 h reperfusion.

Infarct size staining

The abdomen was opened via medial section. The endings of the 8-0 prolene suture
were tied again to occlude the LAD. 0.3 ml 4% Evans Blue was injected in the vena
cava to negatively mark the area at risk (AAR) within the left ventricle (LV). The heart
was excised, cooled for 15 min at -20°C, and serially cut into 4 transverse sections with
the 1% section containing the suture. The sections were then soaked between cotton
wool and stained by fresh 1.5% 2,3,5-triphenyltetrazolium chloride (Sigma-Aldrich,
Steinheim, Germany) in phosphate buffer for 20 min at 37°C to identify the area of
infarct (AOI) within the AAR. AOI, AAR, and LV (averaged from both sides of a
section) were assessed using Image] (NIH imager, USA) to calculate ratios.

Homogenate preparation

At the end of the experiments in group 5, 6, and 8, hearts were split in two parts that
contained the area at risk and the area not at risk. Half hearts were immediately frozen in
Eppendorf tubes in liquid nitrogen and stored at -80°C. Tissues were crunched to powder
on liquid nitrogen and stored at -80°C. Powders were suspended in 1 ml homogenate
buffer containing (pH7.4, ice cold) 1% (v/v) Phosphatase Inhibitor Cocktail 2 (P5726,
Sigma- Aldrich), 70 mM NaCL, 20 mM Hepes, 2.5 mM MgCL,, 1 mM EDTA, 0.5%
(v/v) Triton X 100, 1 pg/ml pepstatin, 2.5 pg/ml leupeptin, 2.5 pg/ml aprotinin, and
0.15 mM PMSE. Homogenization was performed with a tight-fitting glass Dounce
homogenizer (Sartorius, Géttingen, Germany) on ice. The homogenate was kept on ice
for 60 min with intermittent vortex mixing. Finally, the mixture was homogenized a 2™
time on ice. Suspensions were stored at -80°C.
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Cytokine determination

Prior to use in ELISA, homogenates were centrifuged at 590 g x 10 min. Cytokines were
determined in the supernatant and plasma by ELISA: IL-1f3, TNF-a,, and IL-6 (R&D
systems, Minneapolis, USA). Results for supernatants were normalized to protein
content determined by the Bradford method (OZ Biosciences, Marseille, France).

Western blot analysis

Equal amounts of homogenate protein (determined by the Bradford method) were mixed
with loading buffer containing Tris-HCI, glycerol and bromophenol blue. Samples were
vortexed and heated 5 min at 95°C before being electrophoresed on a precast gel (4-12%
Bis-Tris, Criterion XT, Bio-Rad), and transferred to an Immobilon-FL membrane (Type
PVDE pore size 0.45 um, Millipore). Primary antibodies against phospho STAT3 (Tyr
705) (1:500; Cell Signaling), total STAT3 (1:1000; Cell Signaling), a-tubulin (1:20000;
Sigma), NLRP3 (1:500; Clone Cryo2, Adipogen) and (3-actin (1:5000; Sigma Aldrich)
were used. For a detailed description we refer to Oei et al. (2012)%.

Statistical Analysis

Data are presented as means + SEM. Statistical analysis was performed using the Prism
software package (GraphPad, San Diego, CA.). Data were analyzed by Students T-test
or by ANOVA followed by Tukey post-test. Values of p<0.05 were considered to be
statistically significant.

Results

The survival rates after the preparative surgery were similar in WT and Nlrp3” mice:
81% of the WT mice and 83% of the Nlrp3” mice recovered from open-chest surgery
with artificial ventilation, and puncture of the heart to position the suture around the

LAD.

We first examined whether NLRP3 affected infarct size after 60 min ischemia and 3 h
reperfusion with or without IPC. The staining with Evans Blue and TTC (figure 2)
showed that NLRP3 had no effect on the development of the infarct size: the AOI
was not significantly different between WT (45£3%) and Nlrp3” (42+5%) mice after
I/R or between WT (45+4%) and Nlrp3” (51+8%) mice after IPC+I/R (Figure 2A).
The AAR was similar between WT and Nlrp3” mice after I/R or IPC+I/R indicating a
comparable positioning of the suture (Figure 2B).
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Figure 2

NLRP3 does not affect infarct size or IPC after 60 min ischemia in a closed-chest model.

(A) Percentage area of infarct (AOI) within the area at risk (AAR) and (B) Percentage AAR within the left
ventricle (LV) are similar in all groups (ANOVA). Data are presented as means + SEM. Groups sizes are
indicated in the bars. Black bars reflect WT groups; Striped bars reflect Nlrp3” groups; I/R, ischemia/
reperfusion; IPC, ischemic preconditioning.

Next we examined in a milder model of ischemia whether NLRP3 affected the infarct
size, IPC, cytokine generation and STAT3 signaling: WT and Nlrp3” mice were
subjected to 30 min instead of 60 min ischemia and 3 h reperfusion with or without
IPC (Figure 3). NLRP3 had also no effect on the development of the infarct size in this
milder model of ischemia: the infarct size was not significantly different between WT
(38 = 3%) and Nlrp3” (39 = 3%) mice (Figure 3A). Applying the shorter ischemic
duration resulted in IPC that was now able to protect against I/R-induced infarction
(p<0.05): AOI was 26 * 3% in WT and 27 * 4% in Nlrp3”- mice. Nlrp3 deletion did
not abrogate/ reduce the IPC protective potential (Figure 3B). No differences in AAR
were observed between the different experimental groups (Figure 3B).
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Figure 3

NLRP3 does not affect infarct size or IPC after 30 min ischemia in a closed-chest model.

After 30 min ischemia and 3 h reperfusion; (A) Percentage area of infarct (AOI) within the area at risk (AAR)
and (B) Percentage AAR within the left ventricle (LV). Data are presented as means + SEM. Groups sizes are
indicated in the bars. *p<0.05, ANOVA; Black bars reflect WT groups; Striped bars reflect Nlrp3™ groups;
I/R, ischemia/ reperfusion; IPC, ischemic preconditioning.

The effects of Nlrp3 deletion on cytokine levels in homogenate of the AAR and in plasma
after I/R with or without IPC are depicted in Figure 4; No differences in myocardial
IL-1P were detected between groups, indicating that Nlrp3 deficiency is without effect
on I/R-associated myocardial IL-1[3 levels at 3 h reperfusion in the closed-chest model
(Figure 4A). IL-1f was undetectable in plasma (data not shown). Nlrp3 deletion was,
however, associated with decreased TNF-a in I/R hearts and prevented the IPC-induced
reduction in TNF-a (Figure 4B). TNF-a was undetectable in plasma (data not shown).
The cytokine IL-6 was detected both in heart and plasma (Figure 4C and 4D). No
significant effect of Nlrp3 deletion on myocardial and systemic IL-6 were observed,
although there was a trend for myocardial and plasma IL-6 reduction in Nlrp3 deletion
after IPC (p=0.05).
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Figure 4

Effects of Nlrp3 deletion on cytokine release after 30 min ischemia and 3 h with or without IPC in the
closed-chest model. (A) NLRP3 is without effect on I/R-associated myocardial IL-13 levels; (B) Nlrp3
deletion was associated with decreased TNF-a levels after I/R, and prevented the IPC-induced reduction
in TNF-a; (C and D) no significant effects of Nlrp3 deletion on IL-6 levels were observed in hearts and
in plasma, although there was a trend for reduction of myocardial and systemic IL-6 levels following IPC
(Students t-test 0.052). Data are presented as means + SEM. Groups sizes are indicated in the bars. *p<0.05,
ANOVA; Black bars reflect WT groups; Striped bars reflect Nlrp3”- groups; I/R, ischemia/ reperfusion;
IPC, ischemic preconditioning.

As we previously observed reduced STAT3 expression after I/R in isolated Nlrp3”
hearts', and as the STAT3/ IL-6 axis is important in IPC, we sought to determine
whether STAT3 expression was also reduced after I/R under iz vivo conditions. First,
baseline STAT3 levels were significantly lower in Nlrp3” hearts than in WT hearts
(Figure 5A). Also I/R and IPC were associated with lower STAT3 levels in Nlrp3”
hearts than in WT hearts (Figure 5B). Moreover, IPC reduced STAT3 expression in
both WT and Nlrp3” hearts as compared to I/R. The STAT3 phosphorylation status
at baseline, however, was similar between WT and Nlrp3” hearts (Figure 5C). I/R
caused less STAT3 phosphorylation in Nlrp3” hearts than in WT hearts (Figure 5D).
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In addition, the IPC-induced increase in STAT3 phosphorylation in WT hearts was
completely abrogated in the Nlrp3” hearts. These data suggest that NLRP3 contributes
to STAT3 expression and I/R-induced STAT3 phosphorylation, and is necessary for
IPC-induced STAT3 phosphorylation in the heart.
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Figure 5

Nlrp3 deletion reduces STAT3 signaling. (A) Nlrp3 deletion reduced STAT3 levels in hearts at baseline
and (B) reduced STAT?3 in hearts after I/R and after I/R+IPC in both WT and Nlrp3™ hearts. (C) Nlrp3
deletion showed similar levels of phosphorylated STAT3 at baseline. (D) Nlrp3 deletion decreased STAT3
phosphorylation after I/R. In addition, the IPC-induced increase in STAT3 phosphorylation in WT hearts
was completely abrogated in the Nlrp3” hearts. Data are presented as means + SEM. Groups sizes are
indicated in the bars. *p<0.05, ANOVA; Black bars reflect WT groups; Striped bars reflect Nlrp3”- groups;
I/R, ischemia/ reperfusion; IPC, ischemic preconditioning.

In the present study we specifically choose the closed-chest model of cardiac I/R to
reduce the activation of inflammation that can be ascribed to the surgical trauma of
chest opening per se. To directly determine the consequence of the closed-chest model
in our own experimental set-up, we compared the inflammatory profile of open-chest
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with closed-chest in a separate series of experiments. We first compared the cytokine
release in WT mice due to 30 min ischemia and 3 h reperfusion in an open-chest model
with that of a closed-chest model. The previously ischemic myocardium showed much
higher IL-6 and TNF-a levels in the open than in the closed-chest model; only IL-1f3
levels were mildly increased in hearts of the closed-chest model (Figure 6A). Plasma IL-6
levels were also higher in the open than in the closed-chest model, whereas plasma IL-1f3
and TNF-a levels were not-detectable (Figure 6B). These data indicate that the major
part of the inflammatory responses in the open-chest model is not due to myocardial I/R
injury per se, but can probably be ascribed to surgical stressors.

Finally, we examined whether NLRP3 protein was detectable in I/R-hearts of WT mice
in both the open-chest and closed-chest model. We used spleens of untreated WT and
Nlrp3” mice to confirm respectively the presence and absence of the 117 kD NLRP3
band. NLRP3 protein levels were readily detectable in I/R-hearts of the open-chest
model. However, no NLRP3 was detected in I/R-hearts of the closed-chest model,
suggesting that the NLRP3 expression in the I/R-hearts of the open-chest model is
mainly due to acute surgical stressors and not due to acute cardiac I/R (Figure 6C).
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Closed-chest I/R model results in lower inflammation activation and no NLRP3 expression as compared to
open-chest I/R model. Cytokine levels in hearts (A) and plasma (B) after 30 min ischemia and 3 h reperfusion
in WT mice at the day of open-chest surgery versus at >10 days after the preparation surgery with a closed-
chest. (C) NLRP3 protein expression in spleen under baseline conditions for WT and Nlrp3” mice, and
in heart following 30 min ischemia and 3 h reperfusion in WT mice. Data are presented as means +
SEM; *p<0.05, Student’s unpaired t-test; Group sizes are indicated in the bars; White bars reflect open-
chest groups (O); Gray bars reflect closed-chest group (C); Blocked gray bars reflect WT spleen; ND, not
detectable; I/R, ischemia/ reperfusion.
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Discussion

In the present study we discovered that Nlrp3 deletion was without effect on acute
infarct size development after 30 min or 60 min ischemia and 3 h reperfusion. These
results are in support with our previous isolated heart study, where both Nlrp3 and ASC
deletion were without effect on I/R-induced cell death'. Similar infarct sizes in mice
with deletions in innate immune components were previously also found by Bujak et al.
(2008)% in IL-1RI”- and WT mice in a closed-chest model after 60 min ischemia and 7
days reperfusion, and by Merkle et al. (2007)% in open-chest caspase-17- and WT mice
after 30 min ischemia and 24 h reperfusion. The similar infarct sizes were accompanied
by e.g. diminished heart failure development in IL-1RI"" and caspase-17" mice and by
less apoptosis in caspase-17- mice. However, they are in contrast with other’s findings;
Kawaguchi et al. (2011)" reported a decrease in infarct size in ASC”" and caspase-17"
mice following 30 min ischemia and 48 h reperfusion. Sandanger et al. (2013)" showed
an increased expression of Nlrp3, IL-1f3 and IL-18 mRNA in WT mice after 30 min
ischemia and 3 days reperfusion. They also discovered that the cardiac-endogenous
inflammasome components are primarily present in activated fibroblasts of the heart,
which are only activated in late reperfusion' . This is also in line with observations that
inflammasome staining is most intense at 7 days after permanent ligation”, and that
Nlrp3 mRNA is only observed in spleen and organs enriched with immune cells, such
as lung and liver, but not in heart of healthy animals".

Conversely, attenuated activation of inflammation as a consequence of the use of a
closed-chest model might significantly impair the expression and therefore contribution
of NLRP3 to the development of myocardial infarction, as compared to studies
employing the open-chest model'> . The present data indicate that a large part of
the inflammation in the open-chest model can be ascribed to the surgical trauma, and
not to cardiac I/R which confirms previous findings by Nossuli et al. (2000)*. Further
investigations in the closed-chest model are necessary with extension of reperfusion
time to examine whether NLRP3 contributes to infarct size development during late
reperfusion following a short period of ischemia. Despite these restrictions, however, the
results of our study clearly indicate that NLRP3 does not contribute to the acute infarct
size development due to cardiac I/R per se.

To investigate the protective effect of Nlrp3 deletion on IPC, we needed significantly
different infarct sizes between I/R and IPC+I/R. In open-chest studies, IPC was reported
to reduce infarct sizes after 60 min ischemia and 2% h reperfusion or after 30 min
ischemia and 4 h reperfusion®” *. In the present closed-chest study we observed no
protective effects of IPC on infarct size development after 60 min ischemia and 3 h
reperfusion, suggesting that the closed-chest condition shift the IPC protective action
to a shorter duration of ischemia. It was already reported that protective “conditioning
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effects” on infarction are lost with longer duration of index ischemia, because the
conditioning treatment mainly delays the injury®"-#. We therefore reduced the ischemic
period from 60 min ischemia to 30 min ischemia and found that IPC significantly
reduced infarct sizes in both WT and Nlrp3” mice. These similar protective effects
indicate that NLRP3 is not necessary for the iz vivo protective effects of IPC. This is in
contrast with our previous study in isolated Nlrp”~ hearts showing abrogation of IPC
and an association with diminished IL-6 levels at 45 min reperfusion'®. In the present
study, cardiac IL-6 levels were similar in WT and Nlrp3” hearts after 3 h reperfusion. It
is therefore possible that the loss of an NLRP3 effect on IPC under iz vivo conditions
is caused by the loss of an NLRP3 effect on IL-6. Further experiments will be necessary
to examine the different IPC behaviours between isolated and 7 vivo Nlrp3” hearts.
The STAT3/ IL-6 axis is relevant in myocardial I/R injury and IPC, as both STAT3 and
IL-6 signaling have been reported to mediate protection against I/R injury' 333¢, This
directed us to study STAT3 phosphorylation. Similar to the results in isolated hearts, the
present study confirms that I/R with or without IPC reduced STAT3 in NLRP3" hearts.
The notice that STAT3 levels were lower at baseline in NLRP3” hearts could cause
differences in the long run. Similar to the results in isolated hearts, I/R with or without
IPC reduced phosphorylated STAT3 in NLRP3"" hearts. In addition, the IPC-induced
increased phosphorylation of STAT3 in WT hearts was also abrogated in NLRP3™"
hearts.

To our knowledge no literature is available that has directly explored the interaction
between NLRP3 and STAT3. Our data suggest that this interaction deserves attention
in future studies. Cytokines might mediate the crosstalk between NLRP3 and STAT3,
since it is known that deletion of Nlrp3 reduces cytokine generation in general, that
specific cytokines interact with STAT3%” %, and that reduced STAT3 signaling can be
associated with reduced cytokine production. In the current study we only observed
significantly reduced TNF-a levels with Nlrp3 deletion, at least suggesting that this
cytokine participates in the NLRP3-STAT3 axis. Whether reduced TNF-a is cause or
consequence of reduced STAT3 signaling remains to be determined.

Conclusion

Our data indicate that the innate immune NLRP3 receptor, as one of the components
of the inflammasome, is involved in myocardial STAT3 signaling in response to
myocardial I/R interventions. However, NLRP3 is not involved in the protective effect
of IPC in vivo, and overall, NLRP3 does not play a prominent role in acute myocardial
I/R-induced injury.
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Among the Dutch population in 2016, 38.613 people (26% of total
mortality) died of cardiovascular causes. Within this group, acute myocardial
infarction (AMI) accounted for 13% of deaths (http://statline.cbs.nl/statweb/
publication/?vw=t&dm=slnl&pa=7052_95). These numbers improved in comparison to
33% and 22% respectively in 2004. We consider this as a result of scientific research and
improvements in clinical care.

In experimental animal studies, inflammation and acute myocardial ischemia and
reperfusion (I/R) injury is often investigated using open-chest surgery to occlude and re-
open the LAD. As the mouse is the easiest species to genetically manipulate, it can be used
to investigate the resulting effect of one missing or over-expressed element. In chapter 2
we collected studies about mouse models which were published in I/R studies until 2005.
The studies describe processes that are involved during the development of I/R injury.
Genetic background differences'* make that those studies are not 1:1 comparable, such
that a gene deficiency in a SV129 background can produce different results as the same
deficiency in a C57BL/6 background. Therefore systematic reviews such as introduced by
SYRCLE’ in The Netherlands could simplify the amount of data from different materials
and methods and show the open fields that still have to be investigated.

In this thesis, we used Swiss mice in chapter 3 and IL-67, ASC”, Nlrp3” and C57BL/6]
(called WT) mice in the chapters thereafter. We expected to find less I/R injury in hearts
of IL-67, ASC” and Nlrp3” mice, than in hearts of WT mice, because IL-6 has been
related to the presence of an infarct and of the prognosis in patients, and ASC and
Nlrp3 are elements of the innate immune complex, which is activated after I/R and
thought to contribute to I/R injury. In chapter 2, IL-6 was discussed as an important
inflammatory factor in myocardial I/R injury in mice. However, at that time, no papers
had been published about the Nlrp3 inflammasome in mice. It was 2002 and 2003
when Martinon, Tschopp, and Burns introduced the NALPs as a novel protein family
involved in inflammation®”’. It was 2006 when Sutterwala et al. (2006) published a
study in which the generation of Nlrp3” and ASC’" mice had been described?®. They did

not perform cardiovascular research.

Anesthesia, hemodynamics and ischemia- reperfusion injury

Our closed-chest model resulted in a baseline MAP of 78 + 2 mmHg in C57BL/6] (WT)
mice under FFM anesthesia (chapter 4). We have not analyzed the effect of anesthesia
on MAP in FFM-anesthetized IL-6 mice (chapter 5) nor in pentobarbital-anesthetized
Nlrp3” and WT mice (chapter 7). The different infarct sizes that we found in our WT
mice (28% under FFM anesthesia in chapter 5 and 45% under pentobarbital anesthesia
in chapter 7) could have been caused by differences in MAP. Zuurbier et al. (2014)?,
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showed that when a surgical plane of anesthesia was obtained in C57BL/6] mice,
MAP was ~70-80 mmHg under FFM anesthesia and ~60 mmHg under pentobarbital
anesthesia. Therefore, our FFM-anesthetized mice (in chapter 4 and probably in chapter
5) have probably a higher MAP than the pentobarbital-anesthetized mice, what could
have caused larger infarcts in our pentobarbital-anesthetized mice (in chapter 7).

The lower infarct size observed in chapter 5 (FFM) versus chapter 7 (pentobarbital) could
have been mediated through anesthetic effects: either due to improved hemodynamics
with FFM and/or activation of cellular signalling pathways that result in cellular
protection against I/R injury. The effect of anesthetics on myocardial I/R injury has not

9,10

been investigated iz vivo in C57Bl/6] mice. However, in general, opioids” '° and volatile

anesthetics!'’ 12

protect the heart against I/R injury, whereas pentobarbital does not.
Zuurbier et al. (2014)" discovered that anesthetics caused different cytokine expression
patterns in mice. FFM and isoflurane, e.g., caused hardly any cytokine release, whereas the
other often used mixtures fentanyl-ketamine-midazolam and ketamine-medetomidine-
atropine mixtures did. According to Martucci et al. (2004)" the opioids fentanyl and
buprenorphine act differently after acute administration. Not on the long term (24 h- 3
d), but immediately after administration, a significant decrease of lymphoproliferation
is observed in fentanyl-anesthetized mice. In contrast, no immune alterations were ever
present in buprenorphine-treated mice. Our analgesic buprenorphine treatments will
therefore not have influenced the I/R injury, whereas maybe fentanyl did.

In our isolated-perfused hearts, mice were anesthetized with pentobarbital. It was shown
by Galagudza et al. (2006)", that most of the anesthetics to kill the mouse do not have
any effect on the I/R injury.

The closed-chest model and ischemia- reperfusion injury

Ischemic preconditioning (IPC) makes the heart resistant to the lethal effects of later acute
I/R injury. It was described in mice by Guo et al. (1998)'°. We performed early I/R studies
under different I/R and IPC regimes:

The isolated heart IPC protocol (chapter 6, Langendorf) consisted of 3 x 5 min episodes of
I/R, 10 min reperfusion and 35 min of ischemia. This method was used to investigate the
role of APC” and Nlrp3” without effects of blood or the nervous system.

The in vivo IPC protocol (chapter 7) was started using 4 x 5 min episodes of I/R, 15 min
reperfusion and 1 h ischemia that should have reduced infarction'”. However, it did not result
in smaller infarcts in our WT mice. When we reduced the ischemic time to ¥2 h ischemia, we
did find smaller infarcts due to IPC in WT mice. We then were able to investigate the role
of Nlrp3 in IPC. The loss of IPC cardioprotection with extended ischemia is commensurate
with the theory that IPC can mainly delay the development of infarct, such that IPC is
unable to offer protection when the ischemic period lasts long enough.
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Our modified LAD occlusion technique was described in chapter 4: the lateral approach of
the LAD during a preparative open-chest surgery and the real LAD occlusion with closed-
chest conditions after one week recovery. Ligation of the LAD at 1-2 mm after the lower
edge of the left auricle in our mice did not result in ischemia of the septum but only of the
LV free wall extending to the apex. This difference in area at risk when compared to humans,
where the LAD also provides part of the blood supply for the septum, was also shown in
mice with a C57BL/6 background by Salto-Tellez et al. (2004)".

No cytokines were detectable in the area at risk at one week after the preparative surgery
and after sham I/R in the closed-chest model (chapter 5), which most likely is due to the
1 week separation between surgery and the actual ischemic event. This is also supported
by the findings of Nossuli et al. (2000)", where significantly more IL-6 mRNA was
observed when sham I/R was performed in closed-chest mice at 3 h instead of 1 week
after surgery, indicating that the inflammation response is a short-lived phenomenon in
the closed-chest model. Thus, applying the closed-chest model causes a separation of the
inflammation that develops by the surgery from the inflammation that develops in the
area at risk by I/R. In chapter 7, we found that even 75% of the cytokine expression after
acute I/R was derived from open- chest surgery and not from the I/R intervention itself.
Hu et al. (2016)%, found significantly lower cytokine release after I/R using a shortly
opened-chest instead of a conventional open-chest surgery.

Finally, mechanical ventilation per se (necessary when using an open-chest model),
already causes damage. Kuipers et al. (2012)*! found that ventilator-induced lung injury
is mediated by the NLRP3 inflammasome. Our closed-chest model with spontaneous
breathing during I/R instead of artificial ventilation in open-chest models, therefore
better reflects the conditions surrounding PCI surgery in AMI patients.

The infarct sizes in our WT mice were 28% after 1 h ischemia and 3 h reperfusion,
25% after 1 h ischemia and 24 h reperfusion (chapter 5), 38% after %2 h ischemia and
3 h reperfusion and 45% after 1 h ischemia and 3 h reperfusion (chapter 7). These were
smaller than the reported 65% for WT mice with open-chest surgery with comparable
ischemic and reperfusion times by Guo et al. (2012).°

Odur data also suggest that the development of the infarct size is final after 3 h reperfusion
as no further large extension of infarct size develops after > 3 h reperfusion (chapter
5). This could also be due to the low inflammatory condition in our closed-chest
I/R model as compared to the open-chest model: there was also no Nlrp3 expression
in the closed-chest model, thereby impairing further progression of inflammation
(e.g. IL-1P production) through the Nlrp3 inflammasome. Measurements in normal
hearts of C57BL/6 mice under pentobarbital anesthesia resulted in a significantly lower
stroke volume and ejection fraction, and higher ESP and EDP in closed-chest than in
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open-chest®. Closed-chest would therefore have a beneficial effect on I/R injury and
IPC effects, probably due to the attenuated inflammatory response.

The early role of IL-6, ASC and Nlrp3 on myocardial I/R injury.

IL-6 can be secreted by smooth muscle cells of blood vessels, by T cells, and by
macrophages in response to pathogen-associated molecular patterns (PAMPs) and
danger associated molecular patterns (DAMPS). In addition, IL-6 is also present in the
cardiomyocytes where it can be immediately released upon damage to these cells.

Our study indicates that IL-6 contributes to I/R damage, and is in support of a recent
study showing decreased release of troponin in PCI patients receiving an antagonist of
the IL-6 receptor®. The IL-67 mice had significantly smaller infarcts than WT mice.
IL-6, IL-1B and TNF-a increased immediately in time after I/R (chapter 5). Ischemic
preconditioning in the isolated perfused hearts protected ASC” and WT hearts from
ischemia and reperfusion. However, the Nlrp3” hearts were not protected by IPC.
These hearts had less release of IL-6, showing a possible IL-6 dependent mechanism.
It also showed that Nlrp3 does act as a sole factor without the inflammasome complex

(with ASC).

The amount of neutrophil influx was not different in IL-6" and WT mice during
ischemia and reperfusion. The neutrophils counts (chapter 5) therefore cannot explain
the difference in infarct size, and it is therefore likely that direct cellular effects of IL-6
causes the additional I/R injury. Neutrophils are able to react rapidly in a transcription-
independent way and display de novo expression of pro-inflammatory genes. Gr+
neutrophils were the cells that expressed the most IL-1f in a total mouse bone marrow
suspension after Nlrp3 activation®. /n vivo, however, most of the Nlrp3 detection studies
are performed after priming by LPS, stimulation with nigericin or ATP, or applying
open-chest models with a surge of inflammatory mediators due to the surgery taking
place. We consider our closed-chest as a non-stimulated inflammatory condition, where
only I/R started up the Nlrp3 stimulation.

Gupta et al. (2017)® showed that Nlrp3, caspase-1 and IL-1f levels were increased
in response to the hypoxia-inducible factor-1o0 (HIF-1a) and were possibly the early
determinants of acute thrombotic events during (high altitude) hypoxic conditions'.
Coagulation differences were not found in our experiments; We were able to stain TF
in the intercalated disk within the area at risk of IL-67 and WT mice but did not find
differences between the groups. Our data suggest therefore that IL-6 is not a determinant
factor for TF activation in the acute setting of myocardial infarction. This could be due
to the low cytokine levels, which did not reach a certain threshold to activate TF, in our
closed-chest model.
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The first, initiating signal for the Nlrp3 inflammasome priming in vivo is unknown?.
The PAMPs or DAMPs phosphorylate Toll-like receptors (TLRs) and activate
NE-%B to promote the transcription of NLRP3, prolL-1f3, and proIL-18. A special role
for the TLR receptor has been shown. When it is not activated by LPS or blocked by
e.g. anti-TLR2, the priming signal will be different”. We showed in chapter 7 that a
(proinflammatory) stimulus is necessary, such as by an acute open-chest surgery, before
Nlrp3 is expressed in the myocardium. According to others, Nlrp3 does probably play
a role in the more prolonged remodeling phase (> 1 d) following cardiac I/R, possibly

through activated fibroblasts® .

In our isolated heart experiments (chapter 6), the mechanical function of ASC’ and
Nlrp3” hearts decreased immediately following acute I/R. However, cell death was
similar when compared to WT hearts. IPC protected ASC’ and WT hearts against I/R
injury; IPC improved the heart function and resulted in less cell death. However, IPC
did not protect NLRP3" hearts against I/R injury.

In vivo (chapter 7), Evans Blue and TTC stainings showed similar infarct sizes in Nlrp3™”-
and WT mice after I/R and after IPC, indicating that the Nlrp3”- component does not
modulate acute I/R injury in naive myocardium. Why IPC is modulated by Nlrp3 in
the isolated heart and not in the iz vivo condition is unknown as of yet, but deserves
further attention. It is unlikely that the differences can be solely ascribed to a difference
between in vitro and in vivo conditions, because Sandanger et al. (2016)*° have
recently demonstrated that also for the iz vivo condition pharmacologically- induced
preconditioning was modulated by Nlrp3 deficiency.

Toldo et al. (2016)*', showed in male outbred WT (ICR) mice that mRNA and protein
Nlrp3 were not different between 0 and 3 h reperfusion. This is in agreement with
our findings using the closed-chest model. They also discovered that administration of
a Nlrp3 inhibitor to CD-1 WT mice after 0 h and 1 h but not after 3 h reperfusion
reduced cardiac troponin I release and infarct size at 24 h reperfusion. In pigs, the Nlrp3
inflammasome inhibitor MCC950 did not result in different global cardiac function
after 2 h of reperfusion but it did after 7 d of reperfusion®. This could mean that the
triggering phase (onset of expression) of the Nlrp3 component takes place within the
first 3 h of reperfusion, but that the detrimental consequences of activated expression of
Nlrp3 acts much later.

Electrocardiographic changes concerning the ST-segment (elevation and resolution) or
arrhythmic events (type, number and time-frame) were not different in IL-6" and WT
mice (chapter 5). The arrhythmias were early detected mostly during the first 5 min
after induction of both ischemia and reperfusion. VT was preceded by VPB, salvo,
and bigemini. It has been reported that TNF-a mice had a decreased frequency of
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arrhythmias and less I/R injury*. We have no explanation for why IL-67" mice did
not show similar characteristics; Our data strongly suggest that IL-6 does not affect
I/R-induced electrophysiological properties of the myocardium

To conclude, we are convinced about the necessity to use a closed-chest studying
I/R injury to prevent an inflammatory reaction that can act as a first signal to other
inflammatory factors. The observation reported in this thesis neglect the idea that Nlrp3
is a significant contributor to acute infarct development; in contrast, IL-6 is indicated
as a major determinant of acute infarct development upon I/R. Further research to
investigate the mechanism of the inflammatory cascade in the setting of protection
against I/R condition is necessary.
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Chapter 9

Ischemia is caused by insufficient blood supply to a tissue, and can occur in the heart
during the blockade of a coronary artery, supplying the heart muscle with blood. The
ischemic area is at risk of dying (of infarction) and is therefore called the area at risk.
Restoration of blood flow (reperfusion) prevents infarction of the total area at risk, but
it can not prevent the infarct enlargement into the risk area. This reperfusion injury is
caused by processes that have their origin in the ischemia and / or reperfusion. The risk
area is protected against ischemia and reperfusion injury where factors are released in the
course of successive short intervals of ischemia and reperfusion, prior to a longer period
of ischemia. This protection is called ischemic preconditioning (IPC).

When ischemia is caused by a blood clot that has formed on an atherosclerotic plaque
in the left coronary artery, reperfusion is induced by angioplasty or by administration
of a medicine against thrombocytes. Experimental animal studies into ischemia and
reperfusion injury are mostly performed by temporary ligation of the left anterior
descending coronary artery (LAD), which supllies the left ventricle of blood, under
anesthesia and with artificial ventilation. Unfortunately, the size of the infarct can
be affected by both the anesthetic, the ventilation, the opening of the chest and the
manipulation of the heart. Also, the mouse sex or strain can have an impact on the
results. Therefore, mouse studies can not be easily compared.

In the end, we want to limit the total reperfusion injury. Therefore we need to know
what factors are released over time. In chapter 2, we have described some well-known
processes, which occur in the heart during ischemia and reperfusion, on the basis of
published mouse studies.

Some anesthetics protect against tissue damage, some cause low blood pressure,
which can lead to a larger or smaller infarct during reperfusion, some do not provide
enough pain relief (analgesia), some are so toxic that the mouse should not wake up
following its administration, etc. We concluded that the FFM mixture, that consists
of Fentanyl Fluanison Midalozam, was better than the urethane/ o-chloralose +
2,2,2-tribromoethanol mixture, although the latter was internationally recommended
at that time. FFM resulted in a more stable mean arterial pressure (MAP), a better
pain relief and was not toxic in contrast to urethane/ o-chloralose. A pain reflex in
FFM-anesthetized mice was accompanied by an increased heart rate (HR) and MAP.
However, in the urethane/ a-chloralose + 2,2,2-tribromoethanol-anesthetized mice,
pain reflexes were not measurable as the MAP and HR fluctuated spontaneously. This
has been described in chapter 3.
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Opening of the chest for putting a suture under the LAD results in an inflammatory
reaction that interferes with the inflammatory reaction as a result of ischemia and
reperfusion. These processes can be separated by using a closed-chest model. After
a preparative surgery and some recovery time, the real ischemia and reperfusion is
performed. Thisis described in chapter 4: During a preparative surgery a polyethylenetube
of + 2 mm was put over both ends of a suture, which was put under the LAD. The
free ends were taken outside through the intercostal muscles, the chest was closed and
the ends of the suture were kept under the skin. The mouse got about one week to
recover from this preparative surgery. Next, it was again anesthetized without artificial
ventilation and without opening of the chest, the skin was opened and the ends of the
suture were pulled apart. Thus the polyethylene tubing was internally pushed onto the
LAD and ischemia was induced. The temperature of the mouse was maintained, and he
got some extra oxygen administered on its snout. The electrocardiogram (ECG) showed
ischemia by an elevated ST-segment.

The inflammatory factor interleukin-6 (IL-6) is found in plasma of patients after an
acute myocardial infarction and sometimes also before the infarct as a risk factor. The
absence of IL-6 could lead to a reduced infarct. In chapter 5 we compared ischemia and
reperfusion injury between IL-6", IL-6 knock-out (KO) mice (that could not make
IL-6) and wild type mice. After reperfusion, the LAD was finally tight and the mouse was
injected with evans blue. As a result, all the tissues stained blue, except the area at risk. The
heart was manually cut into slices, which were stained with triphenyltetrazolium chloride
(TTC). The dead tissue remained pale, but the living tissue stained (extra) red. This allowed
us to measure the infarct size within the area at risk. The wild type mice were found to
develop larger infarcts than the IL-67 mice so IL-6 had a protective role during ischmia
and reperfusion. The infarct sizes did not extend between 3 and 24 hour reperfusion.
Other hearts were sliced in 4 pm slices and stained with antibodies against neutrofils
(kind of inflammatory cells) and against fibrin/ fibrinogen and tissue factor (coagulation
factors). The results showed no differences between wild type and IL-67 mice. Within
each group, reperfusion time did cause a difference: Neutrophils were especially visible
at 24 hours of reperfusion, tissue factor at 24 hours and fibrin/ fibrinogen at 3 hours. In
homogenate of hearts (a slurry of crushed heart tissue), the inflammatory factors IL-6,
IL-1P and TNF-0 were measured. They showed a peak at 3 hours of reperfusion, but they
showed no difference between the two groups, except of course for IL-6. The absence of
IL-6 was clearly not compensated for by IL-1(3 or TNF-0.. In blood plasma, no measurable
amounts of cytokines were found, but (the acute phase protein) serum amyloid A was. The
SAA amount was lower in IL-67" mice than in wild type mice after 24 h reperfusion. A
smaller infarct size in the absence of IL-6 could therefore not be explained directly by the
reduction of the above mentioned inflammatory mediators.
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The Nlrp3 inflammasome, a complex of the components Nlrp3, ASC and procaspase-1,
is another link in the inflammatory response. The complex leads to the formation of the
interleukin-1f3 (IL-1f). We investigated whether a myocardial infarct remains smaller in
mice that could not make NLRP3 or ASC.

In chapter 6, ischemia and reperfusion were examined by means of the Langendorf
method, in which the heart, which is taken out of the mouse, is artificially kept alive
by administering a liquid that we can compose ourselves. E.g. ischemia is induced by
stopping the flow. This has the advantage that there is no blood flowing through the
heart with inflammatory factors, coagulation factors, hormones, etc.

In the isolated heart NLRP3 appears to cause any inflammatory reaction that leads to
acute damage. ASC does give damage after ischemia and reperfusion. The damage is
reduced by using IPC. Apparently, this factor has a role in the inflammation without
forming a complex with NLRP3.

In the closed-chest model, Nlrp3 also does not appear to cause inflammation that leads
to acute damage (hoofdstuk 7). The infarcts were equal in Nlrp3” and wild type mice.
Nlrp3” is even not present after acute ischemia and reperfusion in our closed-chest
model, but after ischemia and reperfusion in an open chest model. The levels of early
inflammatory factors/ markers TNF-a,, IL-1f and IL-6 are as much as 75% higher after
the use of an open-chest model. The closed-chest model is therefore more comparable to
what patients undergo at a catheterization. It does not trigger the activation of NLRP3.
The closed-chest model is similar to the situation with a PCI angioplasty and the open-
chest model is similar to the situation with a bypass surgery. The closed-chest model is
used by almost anyone in experimental animal studies, maybe due to the labor intensity,
but is relevant.
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Ischemie ontstaat door onvoldoende doorbloeding van een weefsel en kan in het hart
optreden tijdens de blokkade van een kransslagader, die de hartspier van bloed voorziet.
Het ischemische gebied loopt het risico te sterven (te infarceren) en wordt daarom het
risicogebied genoemd (area at risk). Herstel van de bloedstroom (reperfusie) voorkomt
infarcering van het totale risicogebied, maar kan niet voorkomen dat het infarct zich
uitbreidt. Deze reperfusieschade ontstaat door processen die hun oorsprong hebben in
de ischemie en/of in de reperfusie. Het risicogebied wordt beschermd tegen ischemie-
en reperfusieschade als factoren zijn vrijgekomen tijdens korte opeenvolgende perioden
van ischemie en reperfusie voorafgaand aan een langere periode van ischemie. Dit
beschermingsproces wordt ischemische preconditionering genoemd (IPC).

Als ischemie ontstaat door een bloedstolsel dat zich gevormd heeft op een atherosclerotische
plaque in de linker kransslagader, wordt reperfusie geinduceerd door een dotterbehandeling
(PCI angioplastick) of door toediening van een medicijn tegen bloedplaatjes
(thrombocyten). Experimenteel dieronderzoek naar ischemie- en reperfusieschade wordt
meestal uitgevoerd door tijdelijke afbinding van de kransslagader, die de linker hartkamer
van bloed voorziet (de LAD), onder anesthesie en met beademing. Helaas kan de grootte
van het infarct beinvloed worden door zowel het anestheticum, de beademing, de opening
van de borstkas en het manipuleren van het hart. Ook het geslacht of de stamboom van het
gebruikte proefdier kunnen van invloed zijn op de resultaten. Daarom kunnen dierstudies
niet gemakkelijk met elkaar vergeleken worden.

Uiteindelijk willen we de totale reperfusieschade kunnen beperken. Daarvoor moeten
we weten welke factoren vrijkomen in de tijd. In hoofdstuk 2 hebben wij enkele bekende
processen beschreven, die optreden in het hart tijdens ischemie en reperfusie aan de
hand van gepubliceerde muizenstudies.

Sommige anesthetica beschermen een weefsel tegen schade, sommige veroorzaken
een lage bloeddruk, die bij reperfusie tot een groter of kleiner infarct kan leiden,
sommige geven niet genoeg pijnstilling, sommige zijn zo giftig dat de muis niet mag
ontwaken na de toediening ervan, etc. Wij concludeerden dat de FFM mix, die bestaat
uit Fentanyl- Fluanison- Midazolam, beter was dan de mix urethaan/ o-chloralose
+ 2,2,2-tribroomethanol, hoewel de laatste op dat moment internationaal werd
aanbevolen. FFM gaf een stabielere gemiddelde arteriéle bloeddruk (MAP), een betere
pijnstilling en was bovendien niet toxisch i.t.t. urethaan/ o-chloralose. Een pijnreflex
in FFM-geanestheseerde muizen ging gepaard met een toename in hartfrequentie (HF)
en MAP. Echter, in de urethaan/ a-chloralose + 2,2,2-tribroomethanol-geanestheseerde
muizen waren pijnreflexen niet meetbaar, omdat de MAP en HR spontaan fluctueerden.
Dit staat beschreven in hoofdstuk 3.
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Het openen van de borstkas voor het aanbrengen van een draadje onder de LAD
induceert een ontstekingsreactie die interfereert met de ontstekingsreactie a.g.v. ischemie
en reperfusie. Deze processen kunnen van elkaar gescheiden worden door gebruik
te maken van een gesloten-borstkas model. Na een voorbereidingsoperatie en een
herstelperiode wordt de werkelijke ischemie en reperfusie uitgevoerd. Het is beschreven
in hoofdstuk 4: Tijdens een voorbereidingsoperatie werd over de beide zijden van het
draadje, dat onder de LAD was gelegd, een polyethyleentube van + 2 mm geschoven. De
losse uiteinden werden door de tussenribspieren naar buiten gehaald, de borstkas werd
gesloten en de uiteinden van het draadje werden onder de huid bewaard. Als de muis
hersteld was van de voorbereidingsoperatie, werd hij weer onder narcose gebracht zonder
beademing of opening van de borstkas, werd de huid geopend en werden de uiteinden
van het draadje uit elkaar getrokken. Daarmee werd inwendig de polyethyleentube op
de LAD geduwd en werd ischemie geinduceerd. De lichaamstemperatuur van de muis
werd op peil gehouden en hij kreeg wat extra zuurstof toegediend over zijn snuit. Het
elektrocardiogram (ECG) toonde ischemie door een stijging van het ST segment.

De ontstekingsfactor interleukine-6 (IL-6) is in bloedplasma van patiénten een marker
voor een doorgemaakt hartinfarct, maar het kan ook een risicofactor zijn voor een
hartinfarct. IL-6 activeert allerlei processen. De afwezigheid van IL-6 zou tot een kleiner
hartinfarct kunnen leiden. In hoofdstuk 5 hebben wij ischemie en reperfusieschade
vergeleken tussen IL-67 of IL-6 knock-out (KO) muizen (die geen IL-6 konden maken)
en wild type (WT) muizen.

Na reperfusie werd de LAD definitief afgebonden en werd de muis ingespoten met evans
blue. Daardoor kleurden alle weefsels blauw, behalve het risicogebied. Het hart werd
handmatig in plakjes gesneden, die werden gekleurd met triphenyltetrazoliumchloride
(TTC). Het dode weefsel bleef bleek en het levende weefsel kleurde (extra) rood.
Hiermee kon de grootte van het infarct binnen het risicogebied gemeten worden. De
wild type muizen bleken een groter infarct te ontwikkelen dan de IL-6" muizen dus
IL-6 had een beschermende rol tijdens I/R. De infarcten werden niet groter tussen 3
en 24 uur reperfusie. Andere hartjes werden in 4 pum plakjes gesneden en gekleurd
met antilichamen tegen neutrofielen (een soort ontstekingscellen) en tegen fibrine/
fibrinogeen en tissue factor (bloedstollingsfactoren). De resultaten leverden geen
verschillen op tussen IL-67 en wild type muizen. Binnen elke groep veroorzaakte de
reperfusietijd wel een verschil: neutrofielen waren vooral zichtbaar bij 24 uur reperfusie,
tissue factor bij 24 uur en fibrine/ fibrinogeen bij 3 uur. In homogenaat (een brij van
vermalen weefsel) van hartjes werden de ontstekingsfactoren IL-6, IL-1f en TNF-a
gemeten. Ze toonden een pick bij 3 uur reperfusie, maar geen verschil tussen de beide
groepen, behalve uiteraard voor IL-6. Het gemis van IL-6 had kennelijk geen invloed
op IL-1B of TNF-a. In bloedplasma werden geen meetbare hoeveelheden cytokinen
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gevonden, maar wel (het acuut fase eiwit) serum amyloid A. De hoeveelheid was bij
24 uur reperfusie lager in IL-6" muizen dan in wild type muizen. Een kleiner infarct
in afwezigheid van IL-6 kon dus niet direct verklaard worden door vermindering van
bovenstaande inflammatoire mediatoren.

Het Nlrp3 inflammasoom, een complex van de componenten Nlrp3, ASC en
procaspase-1, is een andere schakel in de ontstekingsreactie. Het complex leidt tot de
vorming van o.a. de ontstekingsfactor interleukine-1f3 (IL-13). Wij hebben onderzocht
of een hartinfarct kleiner blijft in muizen die geen Nlrp3 of ASC konden maken.

In hoofdstuk 6 werd IPC en ischemie- en reperfusieschade onderzocht door middel van
de Langendorff methode, waarbij het hart, dat uit de muis is gehaald, kunstmatig in leven
wordt gehouden door toediening van een vloeistof die wij zelf kunnen samenstellen.
Ischemie wordt bijvoorbeeld geinduceerd door de flow te stoppen. Dit heeft als voordeel
dat er geen bloed meer door het hart stroomt met ontstekingsfactoren, stollingsfactoren,
hormonen, etc. In het geisoleerde hart lijkt Nlrp3 geen ontstekingsreactie te veroorzaken
die leidt tot acute schade. ASC geeft wel schade na ischemie en reperfusie en deze schade
is te verminderen door IPC toe te passen. Kennelijk heeft deze factor een rol in de
ontsteking zonder een complex te vormen met Nlrp3.

In het gesloten-borstkas model lijkt Nlrp3 ook geen ontstekingsreactie te veroorzaken
die leidt tot acute schade (hoofdstuk 7). De infarcten waren namelijk even groot in
Nlrp3” muizen als in wild type muizen. Nlrp3 is zelfs niet aanwezig na acute ischemie
en reperfusie in ons gesloten-borstkas model, maar wel na ischemie en reperfusie in een
open-borstkas model. De vroege ontstekingsmarkers TNF-a., IL-1f3 en IL-6 zijn na het
gebruik van een open borstkas model zelfs 75% meer aanwezig.

De gesloten-borstkas methode lijkt op de situatie als bij een PCI angioplastick en de
open-bostkas methode op de situatie als bij een bypass operatie. De gesloten-borstkas
methode wordt door bijna niemand gebruikt in experimentele dierstudies, mogelijk
door de arbeidsintensiviteit, maar is wel relevant.
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Research portfolio
Name PhD student: Willeke M.C. Jong

PhD period at the AMC-UvA: 01 March 1998- 31 Jan 2003
Supervisors: prof. dr. K.I. Lie, dr. PH. Reitsma, dr. R.J. de Winter, and dr. H. ten Cate

Interim outside the AMC-UvA

PhD period at the AMC-UvA: 01 May 2010- 14 Dec 2017
Supervisors: prof. dr. dr. M.W. Hollmann and dr. ir. C.J. Zuurbier

Courses
Vascular regulation and microcirculatory function in cardiovascular disease, by Onderzoek
School Cardiovascular research Amsterdam- Rotterdam, Lunteren, 13-15 Oct 1998.

Onderzoeksmanagement, by Nederlands Instituut voor Biologie, Driebergen, 9-11 Dec
1998.

Fysiologie van de hemostase, trombocyten en fibrinolyse, by Nederlandse Vereniging voor
Trombose en Hemostase, Houthalen, 19-21 Jan 1999.

Diagnosis and treatment of obstructive coronary artery disease and Atherosclerosis and
ischemic heart disease, by OnderzoekSchool Cardiovascular Research Amsterdam-
Rotterdam and The European School for Cardiovascular Pathology, Lunteren, 5-6 Oct
and Amsterdam, 7 Oct 1999.

"Thrombofilie, *Vaatwand, atherosclerose en angiogenese, *Veneuze en arteriéle thrombose en
“Verworven stollingsstoornissen, by Nederlandse Vereniging voor Trombose en Hemostase,
Houthalen, 25-27 Jan 2000.

Macroscopic, microscopic and pathologic anatomy of the mouse, AMC, Amsterdam, 2000.

Presentatie van onderzoeksresultaten in het Engels, AMC, Amsterdam, 2000.

lonkanalen en exciteerbaarheid, over genen, stromen en patiénten, by Cardiovascular
Research Institute Amsterdam, Lunteren, 6-7 Nov 2000.

Praktische Biostatistiek, by Klinische Epidemiologie en Biostatistick, AMC, Amsterdam,
2001.
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!Genregulatie van de hemostase, *Laboratorium diagnostiek en °>Fundamentele en klinische
aspecten van factor VIII en von Willebrand factor, by Nederlandse Vereniging voor
Trombose en Hemostase, Houthalen, 2 days in Jan 2001.

Hartfalen, by Cardiovascular Research Institute Amsterdam, Lunteren, 15-16 Oct 2001.

Transgenesis and Gene Targeting, by Medical Genetics Centre South West Netherlands
(Graduate School MGC), Leiden, 10-14 Jan 2005.

Symposiums and congresses
Intracoronary physiology in diagnosis and treatment of coronary artery disease, by Nicolaes

Tulp Instituut, Amsterdam, 9 Dec 1999.

Molecular Cardiology Program on Atherosclerosis and Heart failure, by MCP- Nederlandse
Hartstichting (MCP-NHS), Amsterdam, 12 Feb 1999.

The International Amsterdam Mouse Symposium, Amsterdam, 1 day in 1999.

Symposiums door Nederlandse Vereniging voor Trombose en Hemostase, Houthalen,
2 days in Jan 1999, 2000, '01 and *02.

Cell and Gene Therapy, by Nicolaes Tulp Instituut, Amsterdam, 26 April 2000.

! Atherosclerose/ Lipiden, ?Hemostase en Trombose, > Experimentele Cardiologie, 4™ symposium
by Dutch Atherosclerosis Society, Ermelo, 30 March 2001.

Engrafiment and Mobilization of Hematopoietic Stem Cells, by Boerhaave Commissie,
Leiden, 24 Oct 2002.

'In vivo RNAi, F1 ES cells, and lentiviral transgenesis, ?Conditional mutagenesis and gene
trapping and ?Recombineering and inducible systems, Workshop on Innovative Mouse
Models, Leiden, 17 June 2004.

In vivo imaging from cell to organism, by the applied Optical Imaging Centre (aOIC),
MolMed and MGC, Rotterdam, 23-26 Nov 2004.

'"Modifying the mouse genome, Lentiviral transgenesis, in vivo RNAi and ES mice,
*Monitoring and manipulating cell fate, Workshop on Innovative Mouse Models, Leiden,
16-17 June 2005.
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Onderzoek onbelangrijk? Wetenschapsdag Nederlandse Hartstichting, Amsterdam, 2005.

Regenerative Physiology, Stem cell therapy: hype or hope? by Nederlandse Vereniging voor
Fysiologie, Papendal, 15-16 Dec 2005.

AMSTOL symposiums door de Nederlandse Vereniging voor Trombose & Hemostase,
AMC, Amsterdam, 1 day in 2000, ’04, ’06, ’08, ’10, 14 and ’16.

New insights in atheroslerosis, Wetenschapsdag Nederlandse Hartstichting door NHS
Moleculaire Cardiologie Programma, Amsterdam, 2007.

Preventie gewichtsstijging en richtlijnen voor gewichtsbeheersing in Nederland, Nederlands
Researchprogramma Gewichtsbeheersing NHS-NRG, Utrecht, 24 May 2007.

Metabolic Syndrome: Fate, Fat, Fashion? by Nederlandse Vereniging voor Fysiologie,
Papendal, 6-7 Dec 2007.

Rondom het hart, Wetenschapsdag door Nederlandse Hartstichting, 2008.

International Symposium on Intensive Care and Emergency Medicine, Brussels, 22-25

March 2011.

Presentations

Poster presentation: Stable anesthesia is required in cardiovascular experiments with
(transgenic) mice. International Society on Thrombosis and Haemostasis, Washington
DC, August 1999. Travel GRANT of the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek and the Spinozafonds.

Poster presentation: 7he effect of a functional defect in thrombomodulin on myocardial
ischemia in mice. European Society of Cardiology, Amsterdam, 26-30 Aug 2000.

Oral presentation: Inductie van myocardiale ischemie- reperfusie in de muis: een nieuwe

benadering. AMSTOL symposium, Amsterdam, 15 Sep 2000.

Poster presentation: A functional defect in thrombomodulin alters the inflammatory response
to myocardial ischemia in mice, The International Amsterdam Mouse Symposium,
Cardiovascular Physiology of Mice, Amsterdam, 13-15 April 2000.

Oral presentation: Inductie van myocardiale ischemie- reperfusie in IL-6" muis: een nieuwe
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benadering, Nederlandse Vereniging voor Trombose en Hemostase, Houthalen, 2001.

Poster presentation: Role of interleukin-6 in coagulation and inflammation after myocardial
ischemia-reperfusion in mice. International Society on Thrombosis and Haemostasis,

Paris, July 2001. Travel GRANT of the Spinozafonds.

Oral presentation: Myocardial ischemia-reperfusion injury in IL-6 knockout mice. The
International Amsterdam Mouse Symposium, Cardiovascular Physiological Genomics
of Mice, Amsterdam, 13-15 March 2002.

Oral presentation: NLRP3 inflammasome needed for cardiac STAT3 signalling but does
not affect acute MI size in vivo, European Society of Cardiology, Amsterdam, 31 Aug- 4
Sep 2013.

Poster presentation: NLRP3 inflammasome deletion reduces STAT3 signalling in the heart,
without affecting acute infarct size or ischemic preconditioning in a closed- thorax ischemia-
reperfusion model. Dutch- German Joint Meeting of the Molecular Cardiology Working
Groups, Heidelberg, 21-23 March 2013.

Poster presentation: Nlrp3 plays no role in acute cardiac infarction due to low cardiac
expression. Rembrandt symposium, Noordwijkerhout, 7 Nov 2014.

Poster presentation: Nlrp3 plays no role in acute cardiac infarction due to low cardiac
expression, Amsterdam Cardiovascular Sciences symposium, Amsterdam, 9 Oct 2015.

Other activities

Study visit of 3 weeks to the laboratoy of L.H. Michael and M.L. Entman (Baylor College
of Medicine, Houston) with a travel GRANT of the Van Walree Fonds (Koninklijke
Nederlandse Akademie van Wetenschappen), March-April 2000.

Research meetings at the Laboratorium voor Experimentele Inwendige Geneeskunde

(L.E.I.G.), AMC, Amsterdam, (1 hour weekly), 1998-2003.
Patent workshop, IOP Genomics, Senter Novem, Utrecht, 1 day in 2005.

Research meetings at the Laboratory of Experimental Intensive Care and Anesthesiology
(L.EIC.A), AMC, Amsterdam, (1 hour weekly) 2010-2014.

Ruysch lectures, AMC, Amsterdam, (1 hour monthly) 2010-2017.
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Radiometer bloodgas training regarding the ABL™ 505 and OSM3, Exp. Surgery, AMC,
Amsterdam, 11 Jan 2011.

Coauthor of publications that have not been included in this thesis

Schuur AG, van Leeuwen-Bol I, Jong WMC, Bergman A, Coughtrie MWH, Brouwer
A, Visser T]. In vitro inhibition of thyroid hormone sulfation by polychlorobiphenylols:
isozyme specificity and inhibition kinetics. Zoxico/ Sci. 1998;45:188-94. doi.
org/10.1006/toxs.1998.2504

Van Beeren HC, Jong WMC, Kaptein E, Visser T], Bakker O, Wiersinga WM.
Dronedarone acts as a selective inhibitor of T, binding to thyroid hormone receptor-a,
(TRa,): in vitro and in vivo evidence. Endocrinology 2003;144:552-558. DOI 10.1210/
en.2002-220604

Van de Ven M, Andressoo JO, Holcomb VB, von Lindern MM, Jong WMC, De
Zeeuw CI, Suh Y, Hasty B, Hoeijmakers JHJ, Van der Horst GTJ, Mitchell JR. (2006)
Adaptive stress response in segmental progeria resembles long-lived dwarfism and caloric
restriction in mice. PLoS Genetics, 2006;2:¢192. DOI 10.1371/journal.pgen.0020192

Almac E, Aksu U, Bezemer R, Jong W, Kandil A, Yuruk K, Demirci-Tansel C, Ince
C. The acute effects of acetate-balanced colloid and crystalloid resuscitation on renal
oxygenation in a rat model of hemorrhagic shock, Resuscization. 2012;83:1166-72. DOI
10.1016/j.resuscitation.2012.02.011

Sergeeva 1A, Hooijkaas IB, Van Der Made I, Jong WMC, Creemers EE, Christoffels
VM. A transgenic mouse model for the simultaneous monitoring of ANF and BNP

gene activity during heart development and disease. Cardiovasc Res. 2014;101:78-86.
DOI10.1093/cvr/cvt228
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Als Wageningse biologe mocht ik in het AMC beginnen aan iets innovatiefs. Die term
lonkte! Ischemie- reperfusieschade leek mij interessant en bleek mij inderdaad te blijven
boeien. In deze bijzondere wereld heb ik onderzoek gedaan met hulp van allerlei mensen
in verschillende bouwdelen. Het resultaat heeft geleid tot dit proefschrift.

Dankwoord (2002)

Hugo ten Cate, bedankt voor je overtuiging over dat alles goed zou komen en voor je
tekstuele verbeteringen in ‘mijn stijl’. Je hebt met mij in het begin een appartement
bezichtigd in de Bijlmer, omdat ik die wijk van jou niet zonder meer als woonplaats
mocht uitsluiten. Vier jaar later bood je een kamer aan bij een hospita in Maastricht,
zodat ik mijn boekje in ballingschap kon afronden.

Rob de Winter, initiator en metafoorloog, het heeft me wat training gekost om, net als
jij kunt, je piepende pieper te negeren en een verhaal af te maken! “We mogen best trots
zijn op deze verzameling pilot data voor projectaanvragen”. Nu maar afwachten of de
stukken “the mostly citated ones” worden en of “de naam ‘Jong’ in de (muizen) wereld
bekend” wordt. Eén zekerheid: jouw naam staat er ook bij! Dank je wel.

Pieter Reitsma, je tekende gul voor elke bestelling die nodig was. Bedankt!

Professor Lie, dank u wel voor het verlengen van mijn contract om de schade door
externe tegenslagen enigszins het hoofd te bieden.

In mijn eerste jaar ben ik gestart bij de afdeling anesthesie (MO0) van professor Ince. Dank
je wel, Can, voor het beschikbaar stellen van je apparatuur, ruimte, mensen, kennis en
enthousiasme. Coert Zuurbier, bedankt voor je kritische houding en voor je vertrouwen
in mijn werk. Danyel van den Heuvel, ik leerde veel van jou bij de meters papier met
bloeddrukregistraties. Ook dank aan alle andere medewerkers: Maringa, Bert, Jasper,
Harold, Otto, Albert, Joyce, Lothar, Zilla en fotografen John en Peter.

Officieel was ik in dienst bij de Cardiologie (B2) maar heb daar weinig op de afdeling
rond gelopen. Steven Chamuleau, Martijn Meuwissen en Michiel Voskuil, dank je wel
voor jullie (te vergeefse) pogingen om het RADI systeem en de transveneuze echoprobe
uit de kliniek in de MICU te integreren.

Voor de MICU kreeg ik hulp van een aantal mannen: In de eerste coupes van een
muizenhartje moest ik de doorsnede van de LAD bepalen zodat er een catheter voor
gemaakt kon worden. Carel Kools, Wim Schreurs en Jouke de Groot van de MTO
(K01), bedankt voor de ontwikkeltijd die jullie in de catheter hebben gestoken.

Paul Heeman en Iwan Dobbe van de MTO (toen op MO0), als er apparatuur en software
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ontbrak, hebben jullie je voor mij ingezet. Als ik jullie niet had gehad, had ik zelf iets
moeten programmeren! Stel je voor!

Wim ter Smitte van de Experimentele Cardiologie (IWO), bij jou kwam ik terecht via
Carel. Bedankt voor het maken en het repareren van de ECG elektroden. Jij bracht
me in contact met André Linnenbank. André “leder zijn vak”, zei je me eens, maar
ik ben blij dat jij dat vak beoefent. De zilveren ECG elektroden en de water-gevoede
warmhoudplaat bleken niet de ruis weg te nemen. Jij vond de oorzaak. Ruben Coronel
en Joris de Groot, dank jullie wel voor de aritmie-formules. Charly Belterman, bedankt

voor de bus met TTC poeder.

Ook kwam ik geregeld in de faculteitstoren (J). Hier zetelden namelijk de fotodienst en
de klinische epidemiologie. Inge Kos, van je hobby je werk maken probeer ik ook, maar
jij hebt er wel een kunst van gemaakt. De ambitie om statistica te worden, daarentegen,
ontbreekt me nog. Ik ben dan ook blij dat jij, Hans Reitsma, een formule vond die
bevestigde dat ik een significant verschil zag.

At the moment that we had the first hepatitis epidemy in our mice, I was so lucky
to receive a grant from the Royal Netherlands Academy of Science (KNAW) to visit
Baylor College of Medicine, Houston, Texas, USA. I met some very kind, skilled people
over there. Dr. Loyd Michael, thank you very much for your kindness to give me the
opportunity to visit your lab. Tareck Nossuli, Jennifer Pocius, and all the others, thank
you for your good sense of humor (that made me cry), for the long lunching times
(your delicious salads needed thorough cheewing), diners in restaurants with screens
that showed basketball games (my favourit sport), and of course the teaching of your
closed-chest variant.

Bij de afdeling Anatomie en Embryologie (K2) heb ik Jan Ruijter mogen ontmoeten, die
mij Scion Image van NIH imager uitlegde op een bijzonder heldere manier! Bedankt,
Jan.

Bij de Nucleaire Geneeskunde (F2) heb ik samen met Berthe van Eck een DEC protocol
uitgewerkt om 99-technetium via een MIBI scan toe te passen, maar we hebben de
experimenten uit- en afgesteld.

Hans Rodermond van de Radiologie (BO) heeft mij info gegeven over thermokoppels. Een
paar jaar later heeft hij muizen voor mij bestraald voor een beenmergtransplantatiestudie
en zich laten bijten door een muis die ik bang had gemaakt. Hans, bedankt en sorry! De
resultaten zijn schitterend, maar niet opgenomen in dit boekje.
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Op M2 zaten onmisbare pathologen. Sandrine Florquin en Allard van der Wal, bedankt
voor jullie beoordeling van mijn coupes en voor het koppelen van ideeén en mensen.
Wilfried Meun, bedankt voor het fotograferen van Evans blue en TTC gekleurde hartjes.
Theo, Eelco e.a. voor het inbedden en snijden (toen de artsen in staking waren) van PFA
gefixeerde hartjes. Inge H als achterwacht in de immuunhistochemie. Jaklien, Casper,
Joris en Henk-Jan, gesprekspartners tijdens het plakken, kleuren en bekijken van alle
coupes.

Op de valreep van mijn eerste contract mocht ik ECGs meten en analyseren bij ratten
als bijdrage aan een studie over het schildklierhormoon. Mieke van Beeren en Onno
Bakker (F2), het was mij een groot genoegen!

Voor pipetteerwerk woonde ik met de stollings- en ontstekingsgroep in bij de groep
van Joost Meijers (G1). Jorge, Han, Jan Albert, Hans, Kamran, Jan en Anke, met name
jullie dank ik voor de ontspannende bezoeken aan ‘Het Oude Gasthuis’, ‘De Zotte’ en

‘Oeteldonk’.

Na twee jaar verhuisde ik voor pipetteer- en dierexperimenteel werk met de stollings- en
ontstekingsgroep naar het Laboratorium voor Experimentele Inwendige Geneeskunde
(L.E.LLG., op G2), waar het een broedplaats was voor puntje- puntje- puntje. Dirkje
Sommeijer, een lachwekkende vuist voor ‘ons vrouwen’. Saskia Schoenmakers, helpdesk
wanneer mijn helpfunctie me niet hielp. Janneke Timmerman, boegbeeld voor de rechten
van onderzoekers. Hanneke en Niklaus Kremer Hovinga, met volle teugen genietend
van Holland! Angelique Groot, achterwacht bij ELISA’. Esther Vogels, het zonnige
humeur. Arnold Spek, herinnering aan dat jij je nergens zorgen over maakte, maar dat
ik dat zeker wel moest doen! Hella Aberson, bestellingen kunnen nég ingewikkelder.
Hjalmar Hansen, gelovige in de Dalai Lama en kapot van onze failliete neutrofiel-
remmende leverancier. Lois Briiggemann, ongecompliceerdheid zelve. Jeroen van der
Heijden, nee, je kunt mij niet blij maken met een drankje uit de kofficautomaat. Adrie
Maas, mijn docent in cannuleren. Piet Mantel, regelaar van kant-en-klare software.
Henri Versteeg ‘mijn grote broer’. Bas Weijer, lekkere vieze praatjesmaker tijdens het
werk en bezorgdheid over mijn vrijgezellenbestaan. ‘De rest’ van de onderzoekers die
op G2 o.Lv. Pieter Reitsma, Hugo ten Cate, Tom van der Poll, Sander van Deventer
of Maikel Peppelenbosch werkten: Paulien, Jennie, Wouter, Liesbeth, Belia, Rendrik,
Janine, Arko, Sjoukje, Benien, Monique, Joost, Ingvild, Jan, Tom O’Toole, Carina,
Jantine, Jurriaan, Linda, James, Bernt, Gijs, Anje, Marisol, Inge P, Tessa, Sander D,
Henri B, Bibi, Jaklien, Cathrien, Judith, Nico, Anita, Aad, Chris, Koen, Alex, Sylvia’,
Micke, David, Roos, Miguel, André, Esther B, Dennis, René, Jantine, Margriet, de
Patricia’s en Heleen, bedankt voor alle gekkigheid.
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Op F4-zuid had ik de ‘luxe’ van een bureau in de cubicle van Hugo met Benien,
Janneke, Dirkje, Saskia, Dalia en Hanneke, hoewel het er regelmatig te warm en te
gezellig was. Regina was penningmeester van mijn bonnetjes. Katinka was donateur
van ‘Die Blumen’ tijdens de 4-daagse van Nijmegen! Weet je, dat jij als enige AMCer
stond te supporteren, terwijl de afdeling een poole had samengesteld over of ik het zou
volhouden of op welke dag ik na hoeveel km zou uitvallen? Marianna, coérdinator rond
de ISTH congressen. Buren in de bliek: Roderik, Philip, Susanne en Bernd-Jan van
de oudere generatie, Marije, Clara, Ivan en Marnix van de jongere, Pernette en Roel
bij Jeroen om de hoek. Bart Biemond, bedankt voor jouw belangstelling voor mijn
diermodel en voor de G-CSF bij de transplantatie- pilot.

Het AMC restaurant was een ontmoetingsplaats voor mensen die door wilden werken of
die thuis niets beters te doen hadden, he Jippe, Arno, Nick en Matthijs, Karin, Vivian en
Houshang. De maaltijden werden dankzij jullie een stuk smakelijker evenals de avonden
bij de CRIA en NVTH cursussen/ symposia.

Onderzoekers in Maastricht, met name Henri Spronk en Kim Frederix van de afdeling
Biochemie, bedankt voor jullie hulp, het was die lange trip meer dan waard. Ben Janssen
van de afdeling Toxicologie en Farmacologie, bedankt voor jouw inzet om mij aan Peter
Leenders te koppelen, die mij leerde de LAD te vinden, en voor je hulp bij het zocken
naar een baan. Agnieszka Brouns-Strzelecka, wat fijn dat jij het closed-chest model van
mij in Amsterdam hebt afgekeken en in Maastricht aan Peter hebt geleerd!

In de Bijlmer hebben het ruime uitzicht over groen en mooie luchten, vergezeld van
Caribische muziek en eindeloos Afrikaans burengerucht, de ‘reis’ compleet gemaak.
Maarten, Emanuelle en Nausikaa, beter een goede buur dan een verre vriend! Ruud, een
rondje om de Gaasperplas dribbelen?

Vrienden uit “de kleine parel” (= Wageningen), aan alles komt een eind, maar hopelijk
niet aan wat wij delen. Mirjam, huisgenoot in ons eerste AIO-jaar en coach bij mijn
eerste skivakanties, je staat hoog geplaatst op de ladder van dank voor hulp bij het ‘ie-
el-zessen’!

Papa, bergen van geduld heb je verzet om samen met mij antwoorden te bedenken op
mijn vraag ‘waarom’. Mama en oma, moeders, het is vooral jullie schuld (iemand moet
het toch gedaan hebben) dat ik zo geinteresseerd ben geraake in ziekten en geneeswijzen.
Ada, Klaas en Thijs, gelukkig doen jullie je oudste zus niet in alles na! Opa en de rest van
‘t Huis van Smits, thuishonk op zondagochtend, bedankt voor jullie wijze levenslessen
en medeleven.
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Dankwoord (2017)

Coert Zuurbier, hartelijk bedankt voor de kans die ik kreeg om mijn proefschrift te
updaten en upgraden onder jouw leiding. Het vroeg van jou om een andere insteek dan
je gewend was, maar als echte wetenschapper had jij een hoop vragen, die in het verleden
niet waren gesteld of beantwoord. Je was er elke dag voor pragmatische adviezen! Heerlijk!

Markus Hollmann en Nina Hauck, ik ben blij dat ik op jullie goed geoutilleerde
Laboratorium voor Experimentele (Intensive Care en) Anesthesiologie (L.E.I.C.A.) op
MO een doorstart mocht maken met onderzoek naar ischemie- en reperfusieschade.

Commissieleden, prof. Ince, prof. Preckel, prof. de Winther, prof. Sluijter en dr.
Florijn, hartelijk dank voor de geinvesteerde tijd in het bestuderen van mijn werk en de
bereidheid oppositie te voeren. Dr. Yndestad, thank you for your willingness to study
my work, to come to Amsterdam and to be a member of the opposition.

Bij L.E.I.C.A. (M0) was het een komen en gaan van medewerkers. Rianne, wij deelden
Coert als co-promotor en toxicologie als hobby. Anneke, zoveel kinderen en een paard?
Ik doe het je niet na! Raphaela, achterwacht bij western blotting. Ebru, how is life back
in Turkey? Kirsten, Gezina, Daniel, Charlotte, Friso, Ilse, Hamid, Gerie, Esther, Luuk,
Liewe, Frank, Koen, Jessica, Anita en Geartsje, ik heb zelden met jullie geluncht, omdat
ik te hongerig was voor late lunches. Otto Eerbeek (M01), je toonde elke maandag
interesse, als mijn hoofd en hart los moesten komen van mijn (inmiddels overleden)
vader in het verpleegtehuis. Ik kwam graag vroeg lunchen aan tafel bij jou en Peter
Lowie. Zoals de Muppets Waldorf en Statler hielden jullie een vinger aan de (AMC-)
pols.

Ik dank iedereen in ARIA-S voor de verzorging en uitvoer van mijn muizen.
Met name Nicole, Karen, Lianne en Francis zorgden voor hippe herrie tijdens de
voorbereidingsoperaties.

Wouter Florijn en Henriette Griffioen, dank je wel voor jullie snelle reacties op vragen
of verzoeken, die mijn DEC protocol betroffen. Annette, ook bij Dierenwelzijn (IWO),
bedankt voor je aanmoedigingen.

Wederom kon ik rekenen op André Linnenbank. Je kwam met elektriciteitssnoeren om
je hals de ECG apparatuur, die ik mocht lenen van Carol- Ann Remme, bij L.E.I.C.A.
instellen. Bedankt allebei! Als ik jullie apparatuur van Exp. Cardiologie niet had mogen
lenen ...!

178



Dankwoord / Acknowledgements

Bas van Wijk, wat goed dat jij de nieuwe beademingsapparatuur kwam uitleggen, voordat
je de kliniek in ging. Wat jammer, dat ik er niet was toen jij met jouw onderzoek begon.
Ingeborg Hooijkaas, ook van de afdeling Anatomie, Embryologie en Fysiologie (op L2),
gelukkig kon ik jou wel op weg helpen en was je bereid jullie apparatuur met mij te delen.
Succes verder!

Bij Pathologie (L2) kon ik een beroep doen op Jaklien Leemans, Loes Butter, Gwendoline
Teske, Jeroen Bakker en Nike Claesen voor Nlrp3 muizen, primers, antilichamen en
protocollen. Bedankt dames! Onno de Boer (M2), je hebt de analyse van hartcoupes
achter een bureau i.p.v. microscoop mogelijk gemaakt door de inzet van een scanner!
Bedankt dat jij mijn meest representatieve plaatjes ook nog ff in een finale figuur hebt
gegoten.

Mama, wat een rijkdom dat jij zo'n volle agenda hebt en toch wekelijks een dag naar
Utrecht bent gekomen om voor Paul te zorgen. Oma Smits, al 98 jaar en gelukkiger met
het AMC magazine dan met een damesblad. Ada, Klaas en Thijs, nog steeds de jongere
Jongkies met een eigen karakter, met een liefde voor respectievelijk Oscar, Annelies en
Lydwine en met kinderen Lauren en ...

Roelant, gladiator, je hebt voor mij je droomhuis met oprijlaan uitgesteld en voor een
hoop afleiding gezorgd. Straks doet zich het nieuwe fenomeen voor dat we op vakantie
kunnen zonder deadlines in onze rugzak! Paul, mijn jongen, je vindt een knuffel van je
moeder inmiddels génant, maar je leest al goed; “Ik hou van jou!”

Nu ben ik vast en zeker iemand vergeten. Jou bedank ik ook voor alles.

Willeke
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Appendix

Curriculum Vitae

Willeke M.C. Jong werd geboren op 31 oktober 1972 te ’s Hertogenbosch. Zij deed
eindexamen in 1991 aan het R.K. gymnasium Beekvliet te Sint-Michielsgestel. In datzelfde
jaar is zij (na uitloting voor de studie geneeskunde) gestart met de propaedeuse Teelt- en
Techniek aan de Landbouwuniversiteit Wageningen. Na drie maanden is zij overgestapt
naar de studie Biologie. In 1996 deed zij een afstudeeronderzoek bij de vakgroep
Toxicologie van de Landbouwuniversiteit Wageningen (o.Lv. ir. A. Gerlienke Schuur en
dr. A. (Bram) Brouwer) in samenwerking met de Afd. Interne Geneeskunde III van de
Erasmus Universiteit Rotterdam (o.l.v. prof. dr. Theo J. Visser). Het onderzoek betrof
de in vitro remming van de schildklierhormoonsulfatering door gehydroxyleerde PCB’s,
dioxinen en furanen. Vervolgens liep zij stage bij de regeneratiegroep van het departement
Medische Farmacologie van het Rudolf Magnus Instituut voor Neurowetenschappen
in Utrecht (o.Lv. dr. Frank PT. Hamers) in samenwerking met de Afd. KNO van het
Academisch Ziekenhuis Utrecht (o.l.v. dr. Sjaak EL. Klis). Zij verrichtte operaties en
longitudinale metingen naar ototoxiciteit van cisplatinum in cavia’s. Na het behalen van
haar bul in nov 1997 heeft zij een paar maanden bij de Afd. Endocrinologie van het
Wilhelmina Kinderziekenhuis in Utrecht onderzoek gedaan naar de expressie van IGF-I
na hypoxie in muizenhersenen (o.l.v. dr. Sylvia C. van Buul- Offers).

Van mrt 1998 t/m jan 2003 was zij Assistent In Opleiding bij de Afd. Cardiologie van
het Academisch Medisch Centrum in Amsterdam (o.l.v. dr. Robbert J. de Winter en
prof. dr. K.I. Lie). Zij heeft haar promotieonderzoek uitgevoerd bij het Laboratorium
voor Experimentele Inwendige Geneeskunde (L.E.I.G., o.l.v. dr. Pieter H. Reitsma
en dr. Hugo ten Cate) wat leidde tot hoofdstukken 2, 3 en 4 en een groot deel van
hoofdstuk 5 van dit proefschrift. Het onderzoek kwam niet af.

In de zomer van 2003 was Willeke drie maanden coérdinator van student assistenten
bij het vak Humane Fysiologie bij de Afd. Fysiologie van het VUmc (o.Lv. dr. A. (Ton)
van Lambalgen). Van mrt 2004 t/m dec 2006 heeft zij gewerke bij de Afd. Moleculaire
Genetica van het Erasmus MC in Rotterdam (o.lv. prof. dr. Jan H.J. Hoeijmakers).
Daar zou zij een marker muis maken voor veroudering. Andere groepen binnen het
consortium konden niet beslissen welk gen gebruike moest worden. Ondertussen heeft
Willeke de veroudering van hemeoxygenase- luciferase muizen onderzocht m.b.v. in vivo
luminescentie en de verandering van de botstructuur onderzocht in Xpd ttd muizen na
transplantatie van eGFP-beenmerg. Ook schreef zij hoofdstuk 2 van haar proefschrift.
Van jan 2007 t/m dec 2008 heeft Willeke gewerkt als Research Manager bij Team
Wetenschap van de Nederlandse Hartstichting in Den Haag (o.l.v. dr. Karin Eizema en
dr. J.C.G. (Hans) Stam).
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Sinds mei 2010 kon zij pro-deo een doorstart maken aan haar promoticonderzoek bij
het Lab. voor Experimentele Intensive Care en Anesthesiologie (L.E..C.A., o.lv. dr. ir.
Coert J. Zuurbier en prof. dr. dr. Markus W. Hollmann) in het Academisch Medisch
Centrum in Amsterdam wat geleid heeft tot hoofdstukken 1, 6 t/m 10 en afronding van
hoofdstuk 5 van haar proefschrift. Ondertussen heeft zij parttime betaald gewerkt; 1 jaar
als research analist bij de Afd. Translationele Fysiologie (o.l.v. prof. dr. ir. Can Ince); 4
maanden als research analist bij L.E.I.C.A.; Sinds januari 2015 als codrdinator van de
cursus proefdierkunde bij de Afd. Dierenwelzijn (o.Lv. dr. Jan G. Wolters en dr. Henriette
A. Griffioen).

Het totale resultaat van haar studies naar ischemie- en reperfusieschade in het hart van
de muis is beschreven in dit proefschrift.

Willeke heeft samen met Roelant Rosman één zoon, Paul.

De foro van Willeke is gemaakt in het Academisch Medisch Centrum,
Amsterdam, 2012.
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