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HR

heart rate

HRP

horseradish peroxidase

HS

haemorrhagic shock

HtCM

human transdifferentiated cardiomyocytes

IF

immunofluorescence

IgG

immunoglobulin, typ G

IHC

immunohistochemistry

IL
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injury severity score
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membrane attack complex

MAP
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PI

proteinase inhibitor

PMN
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Prod.-No.
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QRT
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radioimmunoprecipitation assay
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reactive oxygen species

RT

room temperature

SDS

sodium-dodecyl-sulphate

SE

standard error (of the mean)
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systemic inflammatory response syndrome
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TBS

tris-buffered saline

TBST

tris-buffered saline plus tween

TEMED
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1 Introduction
The knowledge of anything, since all things have causes, is not acquired or complete
unless it is known by its causes.
Avicenna

1.1 The significance of traumatic injury and its impact on
the global health burden
Early recorded descriptions of traumatic injuries on the battlefield and their archaic
medical and surgical treatment date back to Homer’s Iliad [36]. In the centuries to come,
trauma management was tended to by many respected physicians from the ancient Greeks
Hippocrates and Galen, the Arabic Ibn Sina (Avicenna) to the military surgeons of the
renaissance and the enlightenment such as John of Arderne, Ambroise Paré and John
Hunter. These surgeons were always in a race with scientific innovations, increasing
mobility and modern warfare [48, 51, 118, 122]. Today, traumatic injury from traffic
accidents is still the leading cause of death world-wide in the adolescent population [104].
Although a recent report from the United States’ Centre for Disease Control stated a
decline in motor vehicle related deaths, deadly outcomes from falls in the elder population
increased over the past decade [71]. These developments may very well be expected to
gain in significance as the population grows older. And with the death toll rising from new
threats as terrorist attacks [2] and civil gun violence [100], one can be tempted to predict
an even gloomier future.

1.2 The definition and clinical course of severe trauma and
haemorrhagic shock
Among patients admitted to the hospital with severe trauma, the majority presents with
injuries to more than one anatomical body region [115]. In the current literature exists a
variety of terms for this kind of trauma, inter alia “polytrauma” and “multiple injuries”. In
1

German-speaking countries, polytrauma (PT) was originally defined as multiple injuries,
where at least one of them or the combination of all injuries is life-threatening [22, 41]. In
modern literature and for research purposes, severe trauma is commonly classified by
applying the injury severity score (ISS) [21]. This score was developed in 1974 [10] and
various modified versions have been proposed since [28, 114]. However, its validity in
predicting the outcome of severely injured patients remains uncertain [115, 129]. For
calculation of the original ISS, six anatomical areas of the body are each scored from 1 to 5
(with 1 meaning only minor injury and 5 meaning severe life-threatening damage).
Subsequently, the squared scores of the three most severely injured areas are summed up
to provide total score values between 0 and 75 [10]. Most clinical studies define severe
trauma as an ISS ³ 16.
The mortality of severely injured patients ranges from 10% in the younger population to
up to 50% in older patients [4, 52]. Massive bleeding and consecutive haemorrhagic shock
(HS) significantly contribute to these fatal cases [11, 121] mostly by deranging the
coagulation system, by driving impairment of the blood-organ-barriers and enhancing
organ dysfunction after trauma [15, 57, 92]. Further, due to a weakened immune system
[154], patients may be prone to local infection and sepsis. Sepsis occurs in about one in ten
patients, with an even greater incidence in patients with higher ISS scores [155]. Both
trauma and sepsis may lead to multiple organ failure (MOF) [128, 150] with a reported
lethality of just over forty percent within the first thirty days of hospitalisation [46]. For the
purpose of investigating the pathophysiological processes of trauma and consecutively
developing new strategies in treatment, it is neither feasible nor useful to strictly separate
these clinical entities as they notably overlap in their clinical and pathophysiological
qualities. Although first clinical evidence for novel treatment strategies for trauma patients
emerges [66, 94, 140], the strive for better understanding of the pathophysiological
mechanisms of the systemic inflammation that lead to the development of MOF and the
resulting therapeutic consequences continues.

2

1.3 The systemic inflammatory response following severe
trauma and haemorrhagic shock
Hallmark of the development of organ dysfunction after severe trauma is a sterile systemic
inflammatory response syndrome (SIRS) [94, 150], mainly triggered by two mechanisms:
First, by release of damage-associated molecular patterns (DAMPs) from injured cells and
their mitochondria and subsequent stimulation of the cellular immune system [5, 67, 133,
147, 167]. Second, by activation of the fluid phase of the innate immune system, mainly
represented by the complement system [20, 78], part of whose activated components act
as chemotactic agents [7, 78, 111].
Among the diverse and numerous molecules recognized as DAMPs, the high mobility group
box nuclear protein 1 (HMGB1) is of special importance. HMGB1 is a nuclear protein
binding to deoxyribonucleic acid (DNA), that upon release acts mainly by an interaction
with the toll-like receptor 4 (TLR4) [90, 162] which at least in part is regulated by activated
components of the complement system [126]. Serum levels of HMGB1 rise as early as thirty
minutes after severe trauma [27] and have been shown to be even further enhanced after
additional HS [62]. After binding to TLRs on the surface of immunocompetent cells, HMGB1
triggers the secretion of interleukin 8 (IL-8) and tumor necrosis factor a (TNFa) in vitro
[162]. Moreover, in a rodent model of HS, blocking of HMGB1 with a specific antibody
ameliorated shock-induced gut-barrier-dysfunction by means of a lower translocation of
bacteria and preserved tissue levels of tight junction proteins [159].
Other important mediators of sterile inflammation after trauma are histones. Like HMGB1,
histones are multimer nuclear proteins comprised of six types (termed H1, H2A and B, H3,
H4, H5) which, due to their chemical structure form complexes with DNA (termed
nucleosomes) to provide structural stability of chromosomes [26]. To date, two main
mechanisms have been described for the release of histones in trauma: first, the secretion
of neutrophils in the course of formation of so called “neutrophil extracellular traps” (NETs)
[19] and second the release from apoptotic and necrotic cells [6, 64]. Histones have been
detected in the blood of both septic and severely injured patients. Plasma levels of histones
correlated with an impairment of the coagulation system and were associated with the
development of organ dysfunction and a higher mortality rate [1, 40, 86]. Similar to
3

HMGB1, histones act via interaction with TLR4 [40], but have also been reported to bind to
TLR9 [64] and to activate the NLRP3 (NACHT, LRR and PYD domains-containing protein 3)
inflammasome resulting in the secretion of interleukin 1b (IL-1b) [5].
The complement system acts as an important humoral cascade of the innate immune
system, especially as a first line of defence against hostile microbes [111]. Over the past
years, it has been assigned to numerous protective and detrimental effects upon activation
in critically ill patients [124]. The complement system can be activated by three different
pathways (Fig. 1): the classical pathway (CP) is activated by binding of immunoglobulinantigen complexes to C1 launching a protease cascade that ultimately results in the
formation of the C3-convertase C4b2a [39, 107, 127]. The same C3-convertase C4b2a can
be activated by the lectin pathway (LP). Recognition of mannose residues on the surface of
microbes by the mannose-binding lectin (MBL) and consecutive formation of a complex of
MBL and two MBL-associated serine proteases (MASP 1 and 2) enhances the cleavage of
C2 and C4, yielding the components of the C3-convertase [39]. Finally, there is the
alternative pathway (AP), allegedly the oldest pathway in the course of evolution [110,
134]. The AP is, unlike the CP and LP, constitutively activated by a process called “tick-over”
[146], by which a water-bound C3 is formed that binds factor B [39]. This complex, termed
C3(H20)B is then cleaved by another enzyme, factor D, resulting in the AP’s C3-convertase
C3(H20)Bb (Bb for factor B-fragment “b”). The resulting complement fragment C3b also
binds factor B, therefore amplifying the generation of downstream complement products,
a process further enhanced by the protein properdin [146]. The AP has recently been
proposed to be the driving force of complement activation in the early phase after trauma,
with its activity correlating with clinical outcome [47]. Activation of either pathway results
in the common terminal path of C3a activation and formation of the C5-convertase, which
cleaves C5 in its cleavage products C5a and C5b. While C5a, together with C3a acts as the
central mediator of downstream inflammatory and interactive pathways, C5b then starts
off the formation of the membrane attack complex (MAC) [127]. The MAC functions as an
important downstream instrument of defence against microbes. Beside the three canonical
pathways of complement activation, various additional modes of activation have been
proposed, namely by cleavage through enzymes belonging to the coagulation cascade [7]
or by c-reactive protein and serum amyloid P [50].
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Although formation of the MAC is the endpoint of the complement cascade and increased
plasma levels of soluble MAC have been reported directly after critical injury [20], the role
of the MAC in trauma is not well characterised. Notably more attention has been paid to
the diverse roles of the complement anaphylatoxins C3a and C5a. C5a mediates its cellular
effects by interaction with two surface receptors, C5a-receptor 1 (C5aR1) and C5a-receptor
2 (C5aR2). For C3a only one receptor (C3aR) has been described so far [39, 107, 157].
Deleterious roles of C3a and C5a in organ dysfunction following systemic inflammation
have been described for a variety of different organs including lungs [16], blood [151],
kidneys [169] and the heart [108].

⇌

C2
C1

MBL/ MASP-1/2

C4

C4b2a

C3(H20)
C4

Factor B
Factor D

C3
C3(H20)Bb
C3a
C4b2a3b

C3(H20)Bb3b

C3b
C5a

C5

C5

C5b
C6-9
C5b-9 (MAC)

Figure 1 – The complement system
Schematic and simplified depiction of the three pathways of activation of the complement system. C1-9: complement components 1-9.
C3a/ b: cleavage product a/ b of complement component 3. C5a/ b: cleavage product a/ b of complement component 5. MBL: mannosebinding lectin. MASP-1/2: MBL-associated serine proteases 1 and 2. C3(H2O): water-bound C3. C4b2a: C3 convertase of the classical and
the lectin pathway. C4b2a3b: C5 convertase of the classical and the lectin pathway. C3(H2O)Bb: C3 convertase of the alternative pathway.
C3(H2O)Bb3b: C5 convertase of the alternative pathway. MAC: membrane attack complex. Solid arrows implicate formation of protein
derivates or cleavage products. Dashed arrows implicate protease activity.

1.4 Mechanisms of cardiac injury in the setting of acute
systemic inflammation
In sepsis, various mechanisms have been proposed to impair the cardiac function [25, 61,
69]. Whether these effects occur in a comparable way during the inflammatory phase after
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trauma is not well known (see Fig. 2 for an overview of the proposed mechanisms).
Pathologically detectable myocardial lesions have been observed in fatally injured trauma
patients [49, 77]. In a recent study, the specific serum marker for cardiac damage, troponin,
was found to be elevated in about forty percent of a trauma patient cohort and serum
levels were significantly increased in patients with demand of catecholamine therapy and
fatal outcome [77]. Furthermore, troponin I can predict arrhythmia and left ventricular
dysfunction after blunt chest injury [123].
Whereas in sepsis, the effects of inflammatory mediators, activated complement
components and interactions of pathogen-associated molecular patterns (PAMPs) and
DAMPs with their respective receptors are held responsible for cardiomyocyte dysfunction
[42, 61, 74, 93, 108], in trauma, the situation is far from clear. Case studies often
demonstrate gross structural damage like valve impairment, laceration or muscular
rupture as a cause of posttraumatic heart failure [98, 136, 145]. On the other hand, recent
clinical [65, 137] and experimental studies on multiple trauma [72, 73] show cardiac injury
in the absence of such morphological mutilations. To which extent this impairment is
attributable to cardiac contusion or to the consecutive inflammatory response to injury
remains to be investigated. The premise of a significant depression of cardiac function by
sterile inflammation is further underpinned by recent findings, where cardiomyocyte
shortening and relaxation was impaired in-vitro after in-vivo exposure to burn-injury [60,
96]. These impairments occurred in the absence of lipopolysaccharide (LPS) and could be
aggravated by preceding incubation with LPS [60], suggesting that sepsis or endotoxemia
are contributing to but are not necessary for cardiac depression in the setting of acute
systemic inflammation.
The interactions of cardiomyocytes (CM) and the immune system in a state of systemic
inflammation like sepsis and trauma are manifold. Pro-inflammatory cytokines, namely IL1b, interleukin 6 (IL-6) and TNFa diminish velocity and extent of cardiomyocyte contraction
in-vitro [84, 85, 96, 117]. Reversely, CM also secret TNFa via activation of the NFkB (nuclear
factor kappa-light-chain-enhancer of activated B cells) signalling pathway, IL-1b and IL-6,
and may therefore locally enhance the pro-inflammatory milieu [95, 109]. The detrimental
effects of these important cytokines are at least in part triggered by action of reactive
oxygen species (ROS) like nitric oxide (NO) and downstream activation of the guanylate
6

cyclase [83, 85]. In line with these early findings, recent studies have shown a local increase
of ROS in the cardiac muscle in models of trauma and septic shock [112, 144]. Additionally,
other interleukins such as interleukin-17A (IL-17A) have been proposed to act harmfully on
CM [8].
In the last decade, the crucial function of the complement system in various heart diseases
(including sepsis) has been unveiled [43, 89]. Particularly, the activated complement
component C5a is suggested to enact a pivotal role in septic patients. C5aR1 is expressed
on the surface of rat CM and binding C5a decreased the cardiac function by means of
sarcomere shortening for more than forty-eight hours in vivo [108]. Consequently, blocking
of C5a in an animal model of scalded burn injury ameliorated these effects [60]. But the
significance of the complement system seems to go far beyond simple ligand-receptor
interactions. A striking linkage between C5aR1 and C5aR2 signalling, plasma levels of
histone and cardiac dysfunction has recently been stated [76]. Additionally, binding of LPS
to TLR4 resulted in increased expression of complement factor B, a crucial player in the
activation of the alternative pathway in the heart and in increased deposition of C3 [169].
These results suggest a strong interaction between the complement system and various
PAMPs and DAMPs. However, while most of the literature addressing these interactions
investigated sepsis and burn models, only few focused on the connection of the
complement system and the heart after severe trauma. Recent works on PT in pigs and rats
have hinted to a relevancy of the complement system after traumatic injury by
demonstrating alterations in surface expression levels of complement receptors on CM [72,
73]. Yet, the functional and structural consequences of systemic and local complement
activation on cardiac cells still needs to be determined.
Besides pro-inflammatory cytokines and the complement system, DAMPs have recently
emerged to greater relevance in the pathophysiology of inflammatory cardiomyopathy as
current studies demonstrated direct links between those molecules and CM impairment.
Among them, HMGB1 and histones, both of nuclear origin have been shown to aggravate
cardiac injury after sepsis and haemorrhagic shock [76, 168]. HMGB1 contributes to CM
apoptosis and diminishes CM contractility [34, 158, 165]. Histone plasma levels correlate
with troponin T levels and cardiac arrhythmias in septic patients [3]. Further, in
experimental sepsis, the administration of deactivating antibodies against histones
7

significantly reduced cardiac dysfunction, leading to the assumption, that histones may
play an important role in the development of septic cardiomyopathy [3]. Whether these
interrelations hold true for traumatic injury is not known, but elevated histone plasma
levels have been described in patients after traumatic injury [86] as well as after
experimental trauma [72, 73]. It is tempting to speculate that, after trauma, histones act
out their detrimental role in a similar manner as in sepsis.
Apart from intracellular signalling upon ligand-receptor activation, morphological
alterations of the CM seem to contribute to cardiac impairment after sepsis and trauma.
Of particular importance in this context are spatial and functional changes of the cardiac
gap junction (CGJ) and its related structural proteins. The CGJ consists of hexamer connexin
proteins, of which connexin 43 (Cx43) and connexin 45 are the most predominant in the
ventricular myocardium [30]. Connexins play a vital role in the electric coupling of adjacent
CM allowing synchronized beating of the cardiac muscle [102]. During states of hypoxia,
internalisation of Cx43 occurs [29] and expression levels decrease with a subsequent
reduction in conductive properties of the gap junction [163]. Such disruptions of the CGJ
with internalisation of Connexin 43 have been demonstrated for sepsis [143] and recently
for severe trauma [72, 73]. As newly occurring cardiac arrhythmias can be observed in
clinical patients and in the experimental setting [3], such pathologies of the electric
conductance system of the heart suggest a promising link between morphological changes
and functional impairment.

8

1.5 Objectives of the thesis
The aim of this thesis was to define the impact of severe trauma and the consecutive
systemic inflammatory reaction of the organism on the integrity of cardiac cells. In the first
part, a well characterised rodent model of PT and HS was employed to investigate the early
influence of various traumatic injuries and consecutive pressure-controlled haemorrhagic
shock on morphological and molecular properties of CM (cf. Fig. 2). In the second part, the
effects of various pro-inflammatory stimulants on the release of both CM specific and nonspecific damage markers were studied in-vitro on a human cell line of transdifferentiated
heart-muscle cells.
The addressed hypotheses were:
1) Severe trauma and HS cause cellular damage of mouse CM in-vivo early after injury.
This cellular injury is perceivable either by histomorphological evaluation and/ or
by detection of specific and non-specific surrogate markers of cardiomyocyte
damage.
2) Severe trauma and HS drive the activation of the complement system, leading to an
increase in plasma concentrations of the activated complement components C5a
and C3a.
3) Severe trauma and HS cause secondary quantitative and/ or spatial alterations of
the surface expression of complement receptors C5aR1 and C3aR and the surface
complement regulator CD59 (cluster of differentiation 59).
4) Local or systemic activation of the complement system upon PT and HS propagate
formation of the MAC in cardiac tissue as part of the pathophysiological response
of the organism to trauma.
5) PT and HS trigger quantitative and/ or spatial changes of the proteins of the cardiac
gap junction, namely of Cx43.
6) Exposure of transdifferentiated human cardiomyocytes to anaphylatoxins and
histones in-vitro triggers passive release or active secretion of both the specific
marker of cardiac cell damage troponin I and the unspecific cell damage marker
HMGB1.

9

By addressing these hypotheses, this study aims to contribute to a better understanding of
the cellular reaction and impairment in the early phase after trauma and haemorrhagic
shock. The transfer of insights from in-vivo studies to a controlled, human cell based invitro model by isolating single agents that are physiologically acting systemically and
interdependently in-vivo aims to better characterise the impact of those agents. The results
may theoretically contribute to new diagnostic and/ or therapeutic strategies in the future.

Polytrauma and Haemorrhagic Shock

Cytokines

(IL-6, IL-8 etc.)

DAMPs (Histones, HMGB1 etc.)

Complement (C5a, C3a etc.)

Receptor-Ligand-Interaction
Intracellular Signalling

Cardiomyocyte

Receptor-Expression

IL-1β, IL-6,
TNFα

Troponin, HMGB1

Apoptosis

Immunological Reaction

Necrosis/ Immune-Cell Infiltration

Cardiac Damage and Dysfunction

Figure 2 – Mechanisms of cardiac damage and dysfunction after trauma and haemorrhagic shock
Polytrauma and haemorrhagic shock lead to an increase in levels of systemically acting cytokines, damage-associated molecular patterns
(DAMPs) and activated complement components which act on cardiomyocytes via binding to their respective receptors. These ligandreceptor interactions mediate an immunological reaction of the cardiomyocytes and the activation of pro-apoptotic signalling pathways.
Additionally, direct damage and/ or infiltrating immune cells cause necrosis of cardiomyocytes which in turn enhances the local proinflammatory reactions in the tissue. IL-6: Interleukin 6. IL-8: Interleukin 8. HMGB1: high mobility group box nuclear protein 1. TNFa:
tumor necrosis factor a. C3a: activated complement component 3. C5a: activated complement component 5.
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2 Materials and Methods
2.1 Devices and reagents
2.1.1 General reference of material
The following chapter comprises an assortment of devices and reacting agents repeatedly
used for the various protocols and their preparation receipts in alphabetical order.
Reagents specific to single protocols, antibodies, software and ready-to-use (assay) Kits are
referred to in the respective sections. Trademark and patent reference was omitted for
simplicity. All trademarks, protected names and patent rights are property of their
respective owners.

2.1.2 Devices
All devices were regularly maintained and standardised by the laboratory staff or
responsible service representatives.
Accu-Jet

Brand, Germany

Balance CP2202 S

Sartorius, Germany

Blotting Device Transblot-Turbo

Bio-Rad, USA

Cell-Culture Microscope AE 2000

Motic, China

Centrifuge 5417R

Eppendorf, Germany

ChemiDoc XRS+ Gel Imaging System

Bio-Rad, USA

EP Chamber Mini PROTEAN Tetra Cell

Bio-Rad, USA

Flow MSC Advantage

Thermo Fisher Scientific, USA

Fridge (-20°)

Bosch, Germany

Fridge (-80°C) HERAfreeze

Thermo Fisher Scientific

Fridge (4°)

Bosch, Germany

Heat bath SW22

Julabo, Germany

Heating plate/ magnetic stirrer MR 3001 K

Heidolph, Germany

Incubator

Heraeus, Germany

Incubator HERAcell 150i

Thermo Fisher Scientific, USA

Liquid nitrogen storage Arpege 55

Air Liquide, France
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Microtome Cut 60620

Slee, Germany

Microwave NN-K101WM

Panasonic, Japan

Multifuge 3SR+

Thermo Fisher Scientific, USA

Multipette stream

Eppendorf, Germany

pH-meter

Sartorius, Germany

Pipettes/ Tips

Brand, Germany; Greiner Bio-One,
Germany;

Biozym

Scientific,

Germany; Sigma-Aldrich, USA
PowerPac HC High-Current Power Supply

Bio-Rad, USA

Roller Mixer SRT1

Stuart Scientific, UK

Tecan sunrise absorbance reader

Tecan, Switzerland

Thermostat

Grant/Dunn, Germany

Tubes

Falcon/ Corning, USA; Eppendorf,
Germany

Ultra Turrax T15 basic

IKA Werke, Germany

Vortex Genie-2

Scientific Industries, USA

2.1.3 Reagents
Aqua destillata/ distilled water (AD): Provided by the pharmacy of the university hospital
of Ulm.
Citrate buffer (pH 6.0): First 1.47 mg of sodium citrate dehydrated dry powder (Prod.-No.:
W302600-1KG-K; Sigma-Aldrich, Germany) was solved in 480 mL of AD and subsequently
pH was adjusted to 6.0 by titration with 37% hydrochloric acid (HCl; Prod.-No.: 20525.290;
VWR Chemicals, Germany).
Diluent solution for immunohistochemistry (IHC): 30 µL of tween 20 (Prod.-No.: P-1379;
Sigma-Aldrich, USA) and 10 µL of goat serum (Prod.-No.: 005-000-121; Jackson
Laboratories, USA) were diluted in tris-buffered saline (TBS) for IHC.
Dulbecco’s phosphate-buffered saline (PBS): Prod.-No. 14190144; Thermo Fisher Scientific,
USA.
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Ethyl-alcohol (ETOH) dilutions: 99.8% desaturated ETOH was diluted in AD to provide
concentrations of 70% and 90% respectively.
Ethyl-alcohol/ Ethanol (ETOH): Provided by the pharmacy of the university hospital of Ulm.
Gelatine 0.1%: 500 mg of powdered, type A gelatine (cell culture tested; Prod.-No.: G-1890;
Sigma-Aldrich, USA) were dissolved in 500 mL of AD. Gelatine was sterilised by autoclaving
and/ or filtered prior to usage and stored at room temperature (RT).
Isopropyl-alcohol/ 2-propanol (2pOH): Prod.-No. 20842.330; VWR Chemicals, France.
Methyl-alcohol/ methanol: Provided by the pharmacy of the university hospital of Ulm.
TBS for IHC: One pack of powdered tris-buffered saline (Prod.-No.: T-6664; Sigma-Aldrich,
USA) was diluted in 1000 mL of AD.
Tween 10%: 10 mL of tween 20 (Prod.-No.: P-1379; Sigma-Aldrich, USA) was diluted in 90
mL of AD.
Xylene: Provided by the pharmacy of the university hospital of Ulm.

2.2 Assessment of cardiomyopathy in a rodent in-vivo
model of polytrauma and haemorrhagic shock
2.2.1 Experimental animal model
2.2.1.1 Animals
Healthy C57BL/6 wild-type mice (aged 8-9 weeks; Jackson Laboratories, USA) were housed
in a germ-free environment under strict hygiene standards with free access to food
(Altromin 1314 Forti total pathogen free; Altromin International, Germany) and water. To
limit the stress factor induced by relocation, the animals rested in the animal care facility
for 14 days post arrival.
2.2.1.2 Protocol
Animal handling and experiments were carried out strictly adhering to the National
Institutes of Health Guidelines for good practice in the use of laboratory animals. The
protocol for the induction of haemorrhagic shock and polytrauma in rodents was submitted
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to the University Animal Care Committee and the Federal Authorities of BadenWürttemberg (Tübingen) and approved prior to experiments (Document-Number.: 1194).
To investigate the impact of PT and HS on the heart, specimens from two experimental
subgroups were analysed from the original study (published 2018: [32]): animals receiving
both polytrauma and haemorrhagic shock and healthy, untreated control. All animals of
the PT and HS receiving group received 0.03 mg/ kg buprenorphine (Movianto, Germany)
subcutaneously for analgesia and were anaesthetised with 0.025 sevoflurane fraction
(Abbott, USA) in pure oxygen prior to experimental trauma and HS and were in deep
narcosis throughout the whole procedure. To simulate polytrauma, air-blast-induced blunt
chest trauma, weight-induced traumatic brain injury and a weight-induced closed femoral
fracture with soft tissue injury were inflicted on anaesthetised animals randomly assigned
to the experimental group (PTHS). After the infliction of polytrauma, catheters were placed
in the jugular vein and the femoral artery for the simulation of haemorrhage, volume
resuscitation, application of catecholamines and monitoring of mean arterial blood
pressure (MAP) and heart rate (HR). Also, body-temperature was measured continuously
with a rectal probe. Following instrumentation, blood was drawn to reach a final MAP of
30 ± 5 mmHg (40 ± 6.6 mbar) which was maintained over 60 min. Subsequently, animals
were reperfused with the fourfold of the drawn blood volume over 30 min, using a
crystalloid solution (Jonosteril; Fresenius Kabi, Germany) to reach a minimum MAP of 50
mmHg (66.6 mbar). MAP was maintained over a period of 120 min by volume infusion and
catecholamine therapy (norepinephrine, 0.01–0.12 µg/ kg/ min; Sanofi, Germany) and
finally the animals were sacrificed (4 h after infliction of injuries). Healthy animals, which
did not receive any injury or monitoring procedure served as controls (CTRL).
2.2.1.3 Organ explantation and asservation
Animals were sacrificed in deep narcosis by cardiac exsanguination. Hearts were explanted
and either immediately placed in formalin for histological fixation or atria were removed
cautiously and ventricular specimens were shock-frozen in liquid nitrogen and then stored
at -80°C. Blood mixed with ethylenediamine tetraacetic-acid (EDTA) was centrifuged with
500 G for 5 min at RT to yield plasma for further processing. Organs from animals with
lethal cardiac trauma (cardiac tamponade, aortic rupture) were excluded from assessment.
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2.2.2 Enzyme-linked immunosorbent assay (ELISA) from plasma
2.2.2.1 Reagents
Assay diluent: 1 g of bovine serum albumin (BSA; Prod.-No.: A-8022; Sigma-Aldrich, USA),
0.05 g of tween 20, and 2 mL of 0.5 M EDTA (Prod.-No.: 318892, Honeywell Fluka, USA)
were added to 100 mL of PBS.
Stop solution: 20 mL of 5 normal (N) solution of sulfuric acid (H2SO4; Prod.-No. 109912,
Merck Millipore, USA) are added to 30 mL of AD to yield 50 mL of 2 N H2SO4.
Tetramethylbenzidine reagent (TMB): 3,3’,5,5’-tetramethylbenzidine and hydrogen
peroxide (both: Prod.-No.: 2642KK, Pharmingen, USA) were mixed at equal measures
directly before use.
Washing buffer: 8 g of sodium-chloride (NaCl; Prod.-No.: 71380; Sigma-Aldrich, USA), 0.2 g
of potassium-chloride (KCl; Prod.-No.: 4936; Merck Millipore, USA), 1.5 g of sodium
hydrogen phosphate dehydrate (Na2HPO4 x 2H2O; Prod.-No.: 6580; Merck Millipore, USA),
0.4 g of potassium dihydrogenphosphate (KH2PO4; Prod.-No.: 4873; Merck Millipore, USA)
and 0.5 g of tween 20 (Prod.-No.: P-1379; Sigma-Aldrich, USA) were diluted in 1000 mL of
AD and pH was adjusted to 7.0. Washing buffer was stored at 4°C for further use.
2.2.2.2 ELISA for analysis of plasma concentrations of C5a and cardiac troponin I
To assess the plasma concentrations of C5a and cardiac troponin I (cTnI) in mouse plasma
the following ELISA kits were used: 1) Mouse Complement Component C5a DuoSet ELISA
(Prod.-No.: DY2150; R&D Systems, Germany); 2) Ultra-sensitive Mouse cardiac Troponin-I
ELISA (Prod.-No.: CTNI-1-US; Life Diagnostics, USA). All assays were performed strictly
adhering to the manufacturer’s manual.
2.2.2.3 ELISA for analysis of plasma concentrations of C3a
For analysis of mouse C3a concentrations in plasma, ELISA was performed as follows: 100
µL per well of a monoclonal rat anti-mouse anti-C3a antibody (Prod.-No.: 558250; BD
Biosciences, USA) diluted 1:250 in 0.2 M phosphate buffer were incubated on 96-well
plates over night at 4°C. Before proceeding, plates were washed three times with washing
buffer and 200 µl of assay diluent were added per well and incubated for 1 h at RT. Then,
plates were washed, as described before. 100 µL per well of plasma samples and a dilution
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series of recombinant mouse complement component C3a (Prod.-No.: 8085-C3; R&D, USA)
as reference standard were then pipetted and incubated over night at 4°C. The next day,
plates were washed five times with washing buffer and subsequently incubated for 2 h at
RT with 100 µL per well of a biotin-linked rat anti-mouse anti-C3a antibody (Prod.-No.:
558251; BD Biosciences, USA) diluted 1:500 in assay diluent for antigen detection. After a
washing step as described before, 100 µL of streptavidin linked to horseradish peroxidase
(HRP; Prod.-No.: 554066; BD Biosciences, USA) were added per well, incubated for 30 min
at RT before continuing with another seven rounds of washing. For colour development,
100 µL of TMB were added and plates were incubated for 30 min at RT in the dark. Before
measurement of the colorimetric reaction, 50 µL of stop solution were added.
2.2.2.4 Absorbance measurements and calculations of values relative to total plasma
protein quantity
The colorimetric reaction from ELISA assays was measured using an absorbance reader
(Tecan, Switzerland). Absorbance was measured at 450 nm wavelength. Absolute amount
of protein was calculated derived from measurements of standard dilution series using
Excel 2013 and Excel 2016 (Microsoft, USA). Levels of respective components of interest
were normalised to the total amount of protein in the plasma to unmask clinical diluting
effects of volume resuscitation.
To measure the total amount of protein of each plasma sample a Pierce bicinchoninic acid
(BCA) assay (Prod.-No.: 23225; Thermo Fisher Scientific, USA) was used for protein
quantification. The following components were included in the kit: BSA standard solution
(2 mg/ mL) in 0.9% saline and 0.05% sodium azide; Reagent A: sodium carbonate, sodium
bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide; Reagent B:
4% cupric sulfate. In brief, this assay is based on a reduction of Cu+ by proteins in an alkaline
medium (“Biuret reaction”) and a subsequent colorimetric measurement. First, specimens
were diluted in AD (1:20) and a series of decreasing concentrations of BSA for reference
was prepared. Preparations of standard series and specimen were then transferred in
duplicates to a 96-well plate (Nunc Microwell 96-Well Plates, untreated; Prod.No.: 243656;
Thermo Fisher Scientific, USA). Reagent solution comprised of Reagent A and Reagent B
(mixing ration 50:1) was added to each well and the plate was incubated at 37°C for 30 min.
After incubation, colour-intensity was measured at 562 nm with an absorbance reader
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(Tecan, Switzerland). Standard curves were calculated and absolute values were derived
from comparison with standards using Excel 2013 (Microsoft, USA)

2.2.3 Western blotting
2.2.3.1 Reagents
Ammoniumperoxisulphate (APS) 10%: 0.5 g of powdered APS (Prod.-No.: A-3678; SigmaAldrich, USA) were diluted in 5 mL of AD.
Milk 5%: 5 g of skim milk powder (Prod.-No.: T145.2; Roth, Germany) were diluted in 100
mL of tris-buffered saline plus tween (TBST).
RIPA buffer solution: 0.05g sodium-deoxycholate (Prod.-No.: D-6750; Sigma-Aldrich, USA)
plus 0.01 g sodium-dodecyl-sulphate (SDS; Prod.-No.: L-3771; Sigma-Aldrich, USA) were
diluted in 10 mL of PBS and mixed well. Then, 0.1 mL of 1% Igepal CA 630 (Prod.-No.: J7771; Sigma-Aldrich, USA) were added slowly and the reagent was stored at 4°C.
Radioimmunoprecipitation assay buffer (RIPA) and proteinase inhibitor (PI) solution
(RIPA+PI): To yield 1% phenyl-methane-sulphonyl (PMSF) solution, 10 mg of PMSF (Prod.No.: P-7626; Sigma-Aldrich, USA) were dissolved in 1 mL of 2pOH. 18,3 mg of sodiumorthovanadate (SOV; Prod.-No.: S-6508-10G; Sigma-Aldrich, USA) were dissolved in 1 mL of
AD. For final RIPA+PI stock solution, 930 µL of RIPA solution were mixed with 10 µL 1%
PMSF, 10 µL of SOV and 50 µL of PI (Prod.-No.: P-8340; Sigma-Aldrich, USA).
Running buffer 5x: 15.15 g of tris-base (Prod.-No.: T-6066; Sigma-Aldrich, USA) and 72 g of
glycine (Prod.-No.: A1377; Applichem, Germany) and 5 g of SDS were diluted in 1000 mL of
AD. For electrophoresis, Running Buffer was diluted 1:5 in AD.
Sample buffer solution: 0.5 mL of 2-mercaptoethanol (2ME; Prod.-No.: M-3148; SigmaAldrich, USA) was mixed with 9.5 mL of Laemmli sample buffer (Prod.-No.: 161-0737; BioRad, USA) and stored at 4°C.
Transfer buffer: 2.93 g of glycine, 5.81 g of tris-base and 0.375 g of SDS were diluted in
methanol and filled up to 1000 mL with AD.
TBS 10x for western blotting: 24.2 g of tris-base (Prod.-No.: T-6066; Sigma-Aldrich, USA),
80 g of NaCl (Prod.-No.: 71380; Sigma-Aldrich, USA) were diluted in 950 mL of AD, then
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pH was adjusted to 7.6 by titrating 37% HCl and stored at 4°C. For washing procedures
TBS was diluted 1:10 in AD.
TBST: 100 mL of 10x TBS and 10 mL of 10% tween were diluted in 890 mL of AD.
Tween 10%: 10 mL of tween 20 (Prod.-No.: P-1379; Sigma-Aldrich, USA) was diluted in 90
mL of AD.
2.2.3.2 Preparation of tissue homogenates
To yield tissue homogenates for western blotting, ventricular tissue samples were thawed
in RIPA+PI buffer solution and crushed repeatedly with an Ultra-Turrax T15 homogenizer
(IKA Werke, Germany) repeatedly. The device was cleaned from tissue residues with PBS
and 70% ETOH after every specimen. After lysis, specimens were centrifuged for 15 min at
16,000 G and 4°C and supernatant was stored at -80°C for further processing.
2.2.3.3 Quantification of total protein amount in tissue homogenates
To quantify the total amount of protein per specimen a BCA assay was performed, as
described above (2.2.2.4).
2.2.3.4 Preparation of gels
For electrophoresis, 10% polyacrylamide gels were used that were casted freshly before
electrophoresis and blotting. For gels a TGX Stain-Free FastCast Acrylamide Kit (Prod.No.:161-0183; Bio-Rad, USA) was used. The following components were included: Resolver
Reagent A; Resolver Reagent B; Stacker Reagent A; Stacker Reagent B. Resolver solution
was prepared by mixing 3 mL each of Resolver Reagent A and Resolver Reagent B and
adding 3 µL of N,N,Nʹ,Nʹ-tetramethylethylenediamine (TEMED; Prod.-No.: T-9281; SigmaAldrich, USA) and 30 µL of fresh APS 10%. Stacker solution was prepared by mixing 1 mL
each of Stacker Reagent A and Stacker Reagent B in equal parts and adding 2 µL of TEMED
and 10 µL of fresh APS 10%. Both were filled between prepared glass plates for
polymerisation and incubated for 45 min at RT.
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2.2.3.5 Electrophoresis
Sample volumes were calculated for the exact amount of protein (30 µg per specimen) and
mixed at equal measures with sample buffer. As reference for molecular weight, both
stained (Precision Plus Protein WesternC Standard; Prod.-No.: 161-0376; Bio-Rad, USA) and
unstained markers (Precision Plus Protein Unstained Standard; Prod.-No.: 161-0363; BioRad, USA) were used for each blot, mixed at equal measures with sample buffer. After that,
mixtures were heated to 96°C for 7 min and then loaded to gel wells. Electrophoretic
separation of proteins was performed with 200 V for 60 min using an electrophoresis (EP)
chamber (Bio-Rad, USA) filled with Running Buffer. After EP, gels were kept in transfer
buffer and activated using the ChemiDoc Imaging System (Bio-Rad, USA).
2.2.3.6 Blotting to membranes
Blotting was performed using nitrocellulose membranes (Trans-Blot Turbo Transfer Pack
0.2 µm PVDF; Prod.-No.: 170-4156; Bio-Rad, USA) pre-treated with methanol for 15 min
and a blotting device (Bio-Rad, USA). Currents of 1-3 A at 25 V were applied for 5-10 min
depending on number of blots and the protein of interest. Blotted membranes were kept
in transfer buffer and imaged using the ChemiDoc Imaging System for later reference of
total protein.
2.2.3.7 Blockade of unspecific binding sites and antibody incubation
Membranes were blocked with 5% milk for 1.5 h and afterwards directly incubated with
primary antibody (anti-Cx43, Cell Signaling Technologies; anti-NOS2, Santa Cruz; see Table
3) diluted 1:1000 in 5% milk over night at 4°C on a shaker. After incubation with the primary
antibody, the membranes were washed three times in TBST for 15 min each and
subsequently incubated with a secondary antibody (anti-rabbit IgG, HRP-linked; Prod.-No.:
7074; Cell Signaling, USA) diluted 1:1500 in 5% milk. Streptactin-HRP diluted 1:15000
(Precision Protein StrepTactin-HRP Conjugate; Prod.-No.: 161-0381; Bio-Rad, USA) was
added for the last 15 min of incubation for signal enhancement. After that, membranes
were washed three times in TBST and once in TBS for 15 min each. Directly before imaging,
membranes were incubated with development substrate (Clarity Western ECL Kit; Prod.No.: 170-5060; Bio-Rad, USA) mixed adhering to the manufacturer’s manual for 1 min.
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2.2.3.8 Imaging and density analysis
Images of blots were taken using the ChemiDoc Imaging System. Bands were analysed for
pixel density employing the Image Lab 5.2 Software (Bio-Rad, USA) and normalized to total
protein amount per lane from the native images of blotted membranes. Therefore, no
loading controls were needed. Results are depicted as normalized mean density of all bands
for each group.

2.2.4 Histomorphology and immunohistochemical assays
2.2.4.1 Paraffin-embedding, preparation and slicing
After explantation, hearts were fixed in 3.7% formaldehyde (Prod.-No.: 27242; Fischar,
Germany) for 48 h and afterwards hydrated by traversing them through baths of ETOH
dilutions and xylene. Then, the tissue was embedded in paraffin (Paraplast Plus; Prod.-No.:
39502004; McCormick Scientific, USA) and casted in cubical blocks for slicing. Sections of 4
µm were sliced using a microtome, placed on microscope slides (SuperFrost Plus; Prod.No.: 631-0108; VWR, Belgium) and dried for 1 h at 50°C and afterwards stored at 37°C over
night.
2.2.4.2 Paraffin-elimination, rehydration and long-term preservation
To rid the sections from paraffin wax and rehydrate them after fixation, slides were
incubated in pure xylene four times and afterwards rinsed four times in ETOH baths of
descending concentrations (Table 1). After paraffin-washout and rehydration, the slides
were either stained with chemical dyes for morphological assessment or processed for IHC/
immunofluorescence (IF) respectively (see below). To preserve and dehydrate specimens
and clean them from dye residues, the slides were then traversed through baths of
ascending ETOH concentrations for 3 min each, two baths of pure xylene for 5 min each
and finally were mounted with a conserving medium (NeoMount; Prod.-No.: HX54867116;
Merck Millipore, Germany) and covered with a Menzel glass-coverslip (Thermo Fisher
Scientific, USA) for long term preservation (Table 1) and further assessment.
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Table 1 – Steps of paraffin-elimination, rehydration, dehydration and long-term preservation
Different steps and durations of paraffin-elimination, rehydration, dehydration and long-term preservation of the histological
preparation protocols. ETOH: ethyl-alcohol; min: minute(s).

Step

Compound

Concentration

Incubation

Paraffin-elimination and rehydration
1

Xylene

pure

2 min

2

Xylene

pure

3 min

3

Xylene

pure

4 min

4

Xylene

pure

5 min

5

ETOH

100%

1 min

6

ETOH

100%

5 min

7

ETOH

90%

2 min

8

ETOH

70%

5 min

Dehydration and long-term preservation
1

ETOH

70%

3 min

2

ETOH

90%

3 min

3

ETOH

100%

3 min

4

ETOH

100%

3 min

5

Xylene

pure

5 min

6

Xylene

pure

5 min

7

NeoMount

pure

-

2.2.4.3 Haematoxylin and eosin staining
Haematoxylin and eosin staining was performed for histomorphological evaluation using a
staining kit (Prod.-No.:13139; Morphisto, Germany) comprised of Gill’s haematoxylin liquid
dye-solution and 1% eosin liquid dye-solution. Following the above described cleansing and
rehydration steps the slides were shortly washed in AD to clean away any ETOH residues.
Subsequently the slides were incubated in Gill’s haematoxylin, in 0.1% HCl and 1% eosin
consecutively (see Table 2). After staining procedure, the slides were washed again in
99.8% ETOH twice, incubated in 2pOH for 2 min, washed twice in pure xylene for 5 min
each and mounted for preservation as described above.
2.2.4.4 Indirect enzyme-linked IHC
For Immunohistochemical preparation, sections were proceeded as follows: after paraffinelimination, and rehydration steps (see above) sections were shortly rinsed in AD and then
cooked in citrate buffer for retrieval of epitopes. Slides were placed in a citrate buffer bath
and heated in a microwave at 600 W for 4 min. The amount of buffer vaporized through
this first cooking step was replaced by AD and a second cooking step followed again at 600
W for 3 min. Ensuing this second cooking step the slides cooled down in the citrate buffer
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bath for about 10 min and then were washed in TBS for 2 min. For further processing, tissue
sections on slides were circled with a liquid film (Super PAP-Pen Liquid Blocker; Prod.-No.:
N71310; Science Services, Germany) to retain treatment solutions on slides.
Table 2 – Steps for staining with haematoxylin and eosin
Steps of haematoxylin and eosin staining of tissue sections. ETOH: ethyl-alcohol; min: minute(s); s: second(s).

Step

Compound

Concentration

Incubation

1

Gill’s haematoxylin III

Pure

6 min

2

Running tap water

-

10 s

3

Hydrochloric acid

0.1%

10 s

4

Tap water

-

6 min

5

Eosin

1%

30 s

6

Tap water

-

30 s

To prevent unspecific antibody binding to random structures, all sections were then
blocked with 10% goat serum (Prod.-No.: 005-000-121; Jackson Laboratories, USA) in
diluent for 30 min. After blocking, slides were washed in TBS for 2 min and then incubated
with specific antibodies recognizing the epitopes of interest either for 1 h at RT or overnight
at 4°C (see Table 3 for dilution and incubation time of various antibodies). Following
washing steps in TBS for 1 min, 10% Tween in TBS for 3 min and again TBS for 1 min slides
then were incubated with an alkaline-phosphatase conjugated goat anti-rabbit antibody
(Prod.-No.: 111-055-144; Jackson Laboratories, USA) diluted 1:25 in diluent solution for 30
min. Afterwards slides were washed in TBS, TBST and again TBS as described above and
finally incubated with a detection solution (Dako REAL Detection System, Alkaline
Phosphatase/RED; Prod.-No.: K5005; Agilent Technologies, USA). Incubation length was
determined individually for different primary antibodies (Table 3). Slides were washed in
TBS for 1 min, TBST for 3 min and shortly rinsed in AD. Then, for counterstaining of nuclei,
slides were incubated in Mayer’s haematoxylin (Prod.No.: 51275-1L; c) for 1 min and then
shortly rinsed twice in fresh tap water and once in AD before dehydration, mounting and
long-term preservation as described above.
For each antibody, controls were prepared by using non-specific IgG (Prod.-No.: X0936;
Agilent Technologies, USA) and by replacing primary, secondary antibodies and detection
solution with TBS respectively (Fig. 3).

22

nsIgG

2nd Control

DS Control

Figure 3 – Representative images of control preparations for immunohistochemistry
Representative images of immunohistochemical preparations to control for unspecific staining, by either using non-specific
immunoglobulin G (nsIgG) or replacing the secondary antibodies (2nd Control) and the detection solution (DS Control) respectively with
TBS. Magnifications of all images: 100x.

2.2.4.5 Indirect enzyme-linked IF
For IF preparation, slides were washed from paraffin, rehydrated, cooked in citrate buffer
and washed exactly as described for IHC. Blocking was proceeded for 2 h, and afterwards
slides were incubated with the primary antibody (anti-Cx43; Cell Signaling Technologies;
see Table 3) for 1 h at RT and subsequently incubated with an Alexa Flour 568 conjugated
goat anti-rabbit secondary antibody (Prod.-No.: A11036; Thermo Fisher Scientific, USA) for
an additional hour. In between steps, slides were washed as described for IHC. After
incubation with the secondary antibody, slides were mounted with ProLong Gold Antifade
containing 4’,6-diamidino-2-phenylindole (DAPI) for detection of nuclei (Prod.-No.:
P36931; Thermo Fisher Scientific, USA) and covered with coverslips for preservation.

2.2.5 Histomorphological evaluation and assessment of a new histological
damage score of the heart
2.2.5.1 Protocol for evaluation
All sections were examined for direct cardiac injury from experimental chest trauma or
post-mortem trauma from preparation such as exsanguination or explantation. For every
item, the whole specimen was analysed, and the right and left ventricle were each scored
individually.
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Table 3 – Antibodies for immunohistochemistry and western blot
A list of antibodies used in this study. C5b-9: complement-components 5b-9; CD59: cluster of differentiation 59; C3aR: receptor for
activated complement component 3; C5aR: receptor for activated complement component 5; Asp: Asparagine; HMGB1: high-mobility
group box 1; Prod.-No.: product number/ catalogue number of distributer/manufacturer; O/N: incubation over night at 4°C. Modified
from [18] (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).

Designation

Prod.-No./ Manufacturer

Dilution

Development

Anti-C5b-9 Antibody

ab55811; Abcam, USA

1:100

12 min

Anti-CD59 Antibody (N-Terminus)

LS-B10081; LS-Bio, USA

1:50

10 min

Anti-Nitrotyrosine

AB5411; Merck Millipore, USA

1:150

15 min

C3aR Polyclonal Antibody

bs-2955R; Bioss, USA

1:175

10 min

C5aR Antibody

21316-1-AP; Proteintech, USA

1:100

10 min

Cleaved Caspase 3 (Asp175)
Antibody

#9661; Cell Signaling Technologies, USA

1:100 (O/N)

20 min

Connexin 43 Antibody

#3512S; Cell Signaling Technologies, USA

1:100

10 min

HMGB1 (D3E5)

#6893; Cell Signaling Technologies, USA

1:200

12 min

TLR4 Polyclonal Antibody

PA5-23124; Invitrogen, USA

1:50

15 min

2.2.5.2 Establishment of a new histological damage score for posttraumatic assessment
of heart specimen
To establish a novel score for assessing cardiac muscle cell damage after PT and HS, the
following items were scored after careful evaluation of the published literature on
histological signs of heart tissue damage (see Table 4): 1) apoptosis, 2) contraction band
necrosis, 3) neutrophilic infiltration, 4) intramuscular bleeding, 5) rupture and
disintegration of CM, 6) oedema and 7) ischemia.

2.2.6 Densitometric analysis of IHC preparations and imaging
2.2.6.1 Densitometric analysis
For quantification of epitope expression in IHC preparations, signal intensity was measured
using the Zeiss Axio Vision Software (Edition 4.9; Zeiss, Germany). Images of five distinct
and representative fields of view were taken at a 100x magnification using a Zeiss Axio
Imager.M1 microscope (10x magnification), Zeiss Axio EC Plan-NEOFLUAR objective (10x
magnification) and a Zeiss AxioCam MRc camera (all Zeiss, Germany). For each experiment,
a measuring-algorithm was programmed using the software to detect positively reacting
cells in the tissue samples and to quantify the colorimetric density of the stained area.
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Table 4 – Histological damage score
Items scored for assessment of microscopical damage and the morphological criteria that were applied. Modified from [18] (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/).

Item

Apoptosis

Criteria

Score

Shrinkage of cell and nucleus,

0, not present, single cell events

karyorrhexis/ nuclear condensation,

1, groups of cells, unifocal

fragmentation, vacuolisation detachment

2, groups of cells, several foci

from cell-formation

3, wide spread apoptosis

Contraction band

Hypercontraction, cell lysis, basophilia

necrosis

due to mineralisation

Reference

[31, 87, 132, 133]

0, not present
1, single focus

[12, 78, 105]

2, multiple foci
0, not present

Neutrophilic
infiltration

Marked areas of neutrophil accumulation

1, single focus
2, multiple foci

[56]

3, wide spread infiltration areas
0, not present
Intramuscular
bleeding

Marked erythrocyte accumulation

1, single focus, occasional lesions

between cardiomyocytes, visibly ruptured

2, multiple lesions

vessels

3, extensive rupture/ bleeding,

[31, 72]

destruction of myocardium
0, not present
1, small areas of detachment
Rupture

Detachment of myofibers

2, spread areas of detachment

[31]

3, extensive rupture bleeding,
destruction of myocardium
0, not present
Oedema

Interstitial

1, single focus, occasional lesions

[56]

2, multiple foci
0, not present
Ischemia

Eosinophilisation

1, single focus, occasional lesion

[56]

2, multiple lesions

Detection was standardised to a positive sample from the same experiment and the
programmed measuring-algorithm was evaluated comparing positive and negative
controls prior to analysis. For statistical comparison of groups, means from all five
measured fields of view were calculated for each animal. Measured density is depicted as
densitometric sum red (DSR; arbitrary units).
2.2.6.2 Preparations of images for publication
Scales and annotations were added using the Zeiss Axio Vision Software (Edition 4.9; Zeiss,
Germany). The respective magnifications can be drawn from figure captions. After
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measurements, the representative images depicted in this thesis were modified for
aesthetic purposes regarding contrast, shading and exposure with Zeiss Axio Vision and
Photos 2.0 (Apple, USA).

2.3 In-vitro assessment of cardiomyocyte damage after
stimulation with DAMPs and cytokines
2.3.1 Cell culture
2.3.1.1 Cells
For a transitional assessment of trauma-induced cardiomyopathy, human cardiomyocytes,
transdifferentiated from induced human pluripotent stem cells (HtCM; Prod.-No.: CMC100-010-001; Cellular Dynamics, USA) were cultured. Storage, thawing, seeding and
maintenance of HtCM were performed strictly adhering to the manufacturer’s instructions.
HtCM were shipped on dry ice and stored in liquid nitrogen directly upon receipt. 99.9%
purity of cells was guaranteed by the manufacturer.
2.3.1.2 Coating of cell-culture plates prior to seeding
Before thawing, 24-well plates were coated with 600 µL of 0.1% gelatine under sterile
conditions and incubated at 37°C for 1 h. After incubation, gelatine solution was aspirated
and discarded.
2.3.1.3 Thawing, seeding and culturing
Cryovials were then thawed in a 37°C heat bath for 4 min exactly and cell solution was
transferred to a 50 mL centrifuge tube. To recover any remnant cells, the cryovial was then
rinsed with 1 mL of plating medium (Prod.-No.: CMM-100-110-001; Cellular Dynamics,
USA) and then carefully transferred drop-wise to the centrifuge tube containing the thawed
cell suspension to prevent osmotic shock and cell lysis.
For calculation of cell density, live cells were counted using a Neubauer chamber (0.0025
mm2; Laboroptik Ltd., United Kingdom). 20 µL of the cell suspension were mixed with 20
µL of 0.4% trypan blue (Prod.-No.: T-8154; Sigma-Aldrich, USA) and two drops of the
mixture were added to the Neubauer chamber. Viable (non-stained) cells were counted
and total cell density was calculated. After cell counting, an additional 8 mL of plating
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medium were added to the suspension.
For plating, cell density was adjusted for seeding of 63,000 cells/ cm2 and a suspension
volume of 600 µL was added to 24-well plates resulting in an approximate total cell count
of 120,000 cells per well.
After plating, plates were incubated at 37°C and 7% carbon dioxide (CO2) for 48 h
continuously. After the initial 48 h, wells were washed several times with warmed PBS to
wash off inadvertent cells and debris and fresh maintenance medium (Prod.-No.: CMM100-120-001; Cellular Dynamics, USA) was added to wells. Medium subsequently was
changed every 24 h under strictly sterile conditions. No experiments were performed
before the seventh day in culture to determine at least 70% density and synchronised
beating of the cell layer. No experiments were performed after the fourteenth day in
culture to avoid contamination or loss of cell line heterogeneity by expansion of non-CM
cells.

2.3.2 Experimental protocol
2.3.2.1 Preparation of stock solutions
Histones: Purified bovine histones (Prod.-No.: H-9250; Sigma-Aldrich, USA) were solved in
PBS (20 mg/ mL) and stored in aliquots at -80°C. After thawing, aliquots were diluted with
fresh Maintenance Medium to reach final concentration of 100 µg/ mL.
C3a: C3a (Prod.-No.: 204881; Merck Millipore, USA) was solved in PBS (0.5 mg/ mL) and
stored in aliquots at -80°C. After thawing, aliquots were diluted with fresh Maintenance
Medium to reach final concentration of 1000 ng/ mL
C5a: C5a (Prod.-No.: A144; Complement Technology, USA) was solved in PBS (0.5 mg/ mL)
and stored in aliquots at -80°C. After thawing, aliquots were diluted with fresh
Maintenance Medium to reach final concentration of 100 ng/ mL
Control: Controls were treated with 10% PBS in fresh Maintenance Medium.
2.3.2.2 Stimulation protocol of HtCM
To examine markers of cardiac cell damage, cells were stimulated with histones, C5a and
C3a respectively, then HMGB1 and cTnI concentrations were measured at three time points
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(6 h, 12 h and 24 h) from the supernatant via ELISA. For each stimulant and time point, five
equally seeded and cultured wells were chosen plus two wells that were treated with PBS
and that served as controls. For stimulation, old medium was aspirated and discarded and
150 µL of freshly prepared stock solutions were immediately added to the corresponding
wells. Then wells were placed in a sterile cabinet at 37°C and 7% CO2 and incubated for the
respective time-period. After incubation, the supernatant was aspirated and transferred to
a 2 mL tube with 1.5 µL of PI (see above). Then, the tubes were centrifuged with 16,000 G
at 4°C for 5 min. The resulting supernatant was stored at -80°C.
2.3.2.3 ELISA from supernatants
To assess levels of cTnI and HMGB1 in supernatants, the following ELISA kits were used
adhering to the manufacturer’s manual (see 2.2.2 for protocol): Cardiac Troponin I Human
ELISA (Prod.-No.: ab200016; Abcam, UK), HMGB1 (Prod.-No.: ST51011; IBL, Germany). Plain
Maintenance Medium was additionally loaded for control of native absorbance.

2.4 Statistical analysis
2.4.1 Software and protocol for statistical testing
Statistical analyses were carried out using Sigma Plot (Edition 11.0; Systat Software,
Germany). In case of multiple measurements per specimen, means were calculated for
each specimen. Data sets were analysed for descriptive statistics and distribution pattern
prior to testing. Statistical tests included testing for equality of variance. Values for p<0.05
were considered statistically significant. Data sets were not tested for outlier-values. The
statistical data analysis in this study is to be considered exploratory, not confirmatory.

2.4.2 Statistics
2.4.2.1 Statistical testing for experiments with two experimental groups
For parametrical distribution and equality of variances, differences among group means
were tested for statistical significance using the t-test. Respective data is presented as
mean ± standard error of the mean (SE).
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For non-parametrical distribution and/ or inequality of variances, differences among group
medians were tested for statistical significance using the Mann-Whitney-U-test. Respective
data is presented as median, quartiles (QRT) and minimum (MIN)/maximum (MAX) values.
2.4.2.2 Statistical testing for experiments with more than two experimental groups
For parametrical distribution and equality of variances, differences among group means
were tested for statistical significance using one-way analysis of variances (ANOVA) with
either Tukey’s test or Holms-Sidak test as post-hoc tests for multiple adjusted comparisons
of group pairs. Respective data is presented as mean ± standard error of the mean (SE).
For non-parametrical distribution and/ or inequality of variances, differences among group
medians were tested for statistical significance using one-way ANOVA on ranks with Dunn’s
test as a post-hoc test for multiple adjusted comparisons of group pairs. Respective data is
presented as median, QRT and MIN/ MAX values.
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3 Results
3.1 Rodent in-vivo model of PT and HS
3.1.1 PT and HS do not cause histomorphological alteration of CM four hours
after injury
To assess histomorphological changes in the myocardium early after infliction of multiple
injuries and hypovolaemia a newly developed damage score was applied on whole
transversal sections of the heart (CTRL: n=5; PTHS: n=5). All analysed histological specimens
comprised both ventricles and parts of the muscular septum. The cardiomyocytes in all
evaluated sections were orderly arranged with no signs of chronic cardiac pathology like
fibrosis, dilatation or hypertrophy. Also, striation of the muscle fibres was well detectible.
No examined specimen showed signs of direct cardiac injury from experimental chest
trauma and no section had to be excluded due to post-mortem disintegration.
There were no wide-spread signs of cellular damage identifiable in both experimental
groups. Average scores for the items assessed failed to show any significant differences
between both groups (Table 5). Signs of neutrophil infiltration were never found, nor were
signs of wide-spread cell necrosis. Oedema, bleeding and muscle rupture as well as
hypereosinophilisation, an early sign of cell damage, were scarce and equally distributed
among animals of the PTHS group and controls (Table 5; see Fig. 4 for representative
examples). Furthermore, these findings did not occur in any pattern, such as in a subendothelial or in a coup-contrecoup distribution.

3.1.2 Structural and molecular changes indicate CM damage early after PT
and HS
As a humoral marker of cell damage, cTnI was quantified in plasma via ELISA. This specific
indicator of CM damage (Fig. 5A; CTRL: n=4; PTHS: n=8) was significantly enhanced 4 h after
PT and HS. Results are presented as picograms (pg) of protein quantity per mg of total
protein in plasma to compensate for potential diluting effects due to volume resuscitation
in the PTHS group.
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Immunohistochemical assessment of CC3 (Fig. 5B; CTRL: n=5; PTHS: n=5), a sensitive
marker for apoptosis, did not show any positive staining in any section. These findings are
consistent with the investigations on HE stained sections (see above). Densitometric
analysis of HMGB1, an unspecific damage-associated molecule, in immunohistochemical
tissue preparations (Fig. 5C; CTRL: n=5; PTHS: n=5) showed significantly enhanced staining
signals in sections of PTHS animals.
Table 5 – Histomorphological assessment of cardiomyocyte damage after polytrauma and haemorrhagic shock
Median score (1. quartile; 3. quartile) of the left (LV) and right (RV) ventricle for each group (CTRL: n=5; PTHS: n=5). For each animal, the
whole transversal section was examined and each ventricle was scored separately. Data was analysed for normality using the ShapiroWilk test and differences in medians were analysed using a one-way analysis of variances (ANOVA) on ranks with Dunn’s test for multiple
adjusted comparisons of group pairs. CTRL: control group. PTHS: polytrauma and haemorrhagic shock group. CBN: contraction band
necrosis. NS: Statistically not significant. Modified from [18] (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).

CTRL

PTHS

p-value

LV

RV

LV

RV

Apoptosis

1 (0.5; 1)

0 (0; 1)

0.5 (0; 1.75)

0.5 (0; 1)

NS

CBN

0 (0; 0)

0 (0; 0)

0 (0; 0)

0 (0; 0)

NS

Infiltration

0 (0; 0)

0 (0; 0)

0 (0; 0)

0 (0; 0)

NS

Bleeding

0 (0; 0)

0 (0; 0)

0.5 (0; 1)

0 (0; 0)

NS

Rupture

0 (0; 0)

0 (0; 0)

0 (0; 0)

0 (0; 0)

NS

Oedema

1 (0.5; 1)

0 (0; 0.5)

1.5 (0.25; 2)

0.5(0; 1)

NS

Eosinophilisation

1 (0.5; 1)

0 (0; 1)

1.5 (1; 2)

1 (0.25; 1)

NS
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Figure 4 – Histomorphological findings in haematoxylin and eosin stained sections
Representative haematoxylin and eosin stained transversal sections of whole heart preparations. Both (A) and (B) depict healthy cardiac
muscle cells (CM). Regular cross-striations of CM are visible in (B). Note fixation-artefact in right upper corner of (A). (A): control animal
(CTRL; No. 51), 100x magnification, length-bar: 200 μm. (B): animal of polytrauma and haemorrhagic shock group (PTHS; No. 47), 400x
magnification, length-bar: 50 μm. (C) Eosinophilisation in sub-endocardial region of the left ventricle of a control animal (No. 33).
Magnification: 200x, length-bar: 100 μm. (D) Single cells showing signs of apoptosis like karyorrhexis and hypereosinophilisation (PTHS;
No. 47). Magnification: 200x, length-bar: 100 μm. (E) Fixation artefact mimicking rupture of ventricle (CTRL; No. 33). Magnification: 100x,
length-bar: 200 μm. (F) Contraction bands in an animal of the PTHS group (No. 59). Inset: CM presenting eosinophilisation, condensation
of nuclei and intercellular oedema. Magnification: 100x, length-bar: 200 μm. Inset: identical region, 200x magnification. Modified from
[18] (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).
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Figure 5. Tissue resident and humoral markers of cardiac cell damage
(A) Cardiac troponin I (cTnI; group median and quartiles), evaluated via enzyme-linked immunosorbent assay (ELISA) from plasma (CTRL:
n=4; PTHS: n=8), was significantly enhanced after exposure to polytrauma and haemorrhagic shock (p=0.004). Results are presented as
pg protein quantity per mg of total protein in plasma to compensate for potential diluting effects due to volume resuscitation in the
PTHS group. (B) Sections immunohistochemically stained for cleaved caspase 3 (CC3) did not show any ongoing apoptosis, neither in
control animals nor early after polytrauma and haemorrhagic shock. Shown are representative images from a control animal (CTRL; No.
51; Magnification: 100x, length-bar: 200 μm) and an animal after infliction of polytrauma and haemorrhagic shock (PTHS; No. 64;
Magnification: 100x, length-bar: 200 μm). (C) Immunohistochemical assessment of tissue-bound high mobility group box 1 (HMGB1;
group mean + standard error of the mean). Densitometric analysis of staining signal showed marked enhancement in PTHS animals
(p=0.018). Shown are representative images from the CTRL group (No. 63; Magnification: 100x, length-bar: 200 μm) and the PTHS group
(No. 37; Magnification: 100x, length-bar: 200 μm). For statistical comparison of experimental group medians/ means the Mann-Whitney
rank sum test (A) and the unpaired t-Test (C) were used. DSR: densitometric sum red. CTRL: control group. PTHS: polytrauma and
haemorrhagic shock group. *: p<0.05. Modified from [18] (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).
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3.1.3 Surface expression of complement receptors and CD59 and deposition
of MAC on CM are altered early after PT and HS
In the interest of assessing activation of the complement system in the blood, plasma
concentrations of activated complement component C3a (Fig. 6A; CTRL: n=5; PTHS: n=8)
and activated complement component C5a (Fig. 6B; CTRL: n=5; PTHS: n=8) were analysed
via ELISA. There was no statistically significant increase of plasma levels of both
components of interest. However, there was a slight, although insignificant increase in
plasma C3a levels of trauma animals compared to controls.
For analysis of tissue expression of the related complement component receptors and
regulating molecules, IHC and densitometric quantification was performed. Median
intensity of the signal for C5aR1 (Fig. 7A; CTRL: n=5; PTHS: n=6) was significantly increased
in PTHS group compared to control group. Median intensities of signal for both C3aR (Fig.
7B; CTRL: n=5; PTHS: n=6) and CD59 (Fig. 7D; CTRL: n=5; PTHS: n=6) were decreased in the
PTHS group compared to controls. Densitometric analysis of tissue formation of MAC (Fig.
7C; CTRL: n=5; PTHS: n=6) did not show distinct results, although mean densitometric sum
was increased in PTHS animals. In neither of the analysed sections a distinctive distribution
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Figure 6 – Plasma concentrations of activated complement components.
Plasma levels of activated complement components C3a and C5a obtained via enzyme-linked immunosorbent assay (ELISA). Plasma
levels of (A) C3a (CTRL: n=5; PTHS: n=8) and of (B) C5a (CTRL: n=5; PTHS: n=8) did fail to present statistically significant differences
between group means. Results presented as group mean + standard error of the mean. For statistical comparison of experimental group
means the unpaired t-Test was used. DSR: densitometric sum red. CTRL: control group. PTHS: polytrauma and haemorrhagic shock group.
(A) modified from [18] (CC BY 4.0, https://creativecommons.org/licenses/by/4.0/).
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Figure 7 – Tissue levels of complement receptors, complement-associated regulating proteins and MAC.
Densitometric analysis of immunohistochemical staining signal of complement receptors C5aR1 and C3aR, membrane attack complex
(MAC) and cluster of differentiation 59 (CD59) (A) Staining signal of C5aR1 was significantly increased in the PTHS group compared to
native controls. Shown are representative images from the CTRL group (No. 63; Magnification: 100x, length-bar: 200 μm) and the PTHS
group (No. 59; Magnification: 100x, length-bar: 200 μm). (B) Staining signal of C3aR was significantly decreased after polytrauma and
haemorrhagic shock compared to controls. Shown are representative images from the CTRL group (No. 51; Magnification: 100x, lengthbar: 200 μm) and the PTHS group (No. 64; Magnification: 100x, length-bar: 200 μm). (C) Staining signal of MAC did not show distinct
differences between the polytrauma and haemorrhagic shock group (PTHS) and the native controls (CTRL). Shown are representative
images from the CTRL group (No. 33; Magnification: 100x, length-bar: 200 μm) and the PTHS group (No. 54; Magnification: 100x, lengthbar: 200 μm). (D) Staining signal of CD59 was significantly decreased in animals of the PTHS group compared to the CTRL group. Shown
are representative images from the CTRL group (No. 56; Magnification: 100x, length-bar: 200 μm) and the PTHS group (No. 47;
Magnification: 100x, length-bar: 200 μm). Results presented as group mean + standard error of the mean. For statistical comparison of
experimental group means the unpaired t-Test was used. DSR: densitometric sum red. CTRL: control group. PTHS: polytrauma and
haemorrhagic shock group. C5aR1: receptor 1 for the activated complement component 5. C3aR: receptor for the activated complement
component 3. *: p<0.05.
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3.1.4 PT and HS cause spatial alterations of the gap junction protein Cx43
After PT and HS, disintegration of gap junctions and lateralisation of Cx43 on the cell surface
could be detected in immunohistochemically stained tissue preparations (Fig. 8A; CTRL:
n=5; PTHS: n=6). These findings were consistent among all animals exposed to traumatic
injury and HS and could be reproduced in immunofluorescence assays (Fig. 8A; CTRL: n=3;
PTHS: n=3). Sections of control animals rarely showed signs of CGJ disintegration.
Densitometric analysis of the IHC signal could not reveal significant differences in means
between control and trauma animals (Fig. 8B). A western blot assay using the same
antibody did show a slight increase in amount of total Cx43 for PTHS group, although the
difference failed to be statistically significant (Fig. 8C).
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Figure 8 – Disruption of cardiac gap junctions and spatial alterations of the gap junction protein connexin 43
(A) Representative images of immunohistochemical (IHC; upper panel; CTRL: n=5; PTHS: n=6) and immunofluorescence (IF; lower panels;
CTRL: n=3; PTHS: n=3) assessment of the cardiac gap junction (CGJ) protein connexion 43 (Cx43). In the right panel orderly arranged lean
gap junction proteins can be detected. The left panel showing coarsely spread signal clusters, demonstrating disruption and changes of
spatial distribution of Cx43. CTRL IHC (upper panel): No. 63; Magnification: 100x, length-bar: 200 μm. PTHS IHC (upper panel): No. 59;
Magnification: 100x, length-bar: 200 μm. CTRL IF (lower panels): No. 63; Magnification: 400x. PTHS IF (lower panels): No. 59;
Magnification: 400x. Counterstaining of nuclei with 4’,6-diamidino-2-phenylindole (DAPI). (B) Densitometric analysis (CTRL: n=5; PTHS:
n=6) of staining signal of Cx43 failed to demonstrate any significant differences between groups. (C) Western blotting of total Cx43
protein (CTRL: n=4; PTHS: n=6) in left ventricle homogenates showed a slight increase of protein amount after polytrauma and
haemorrhagic shock, however not statistically significant. Results presented as group mean + standard error of the mean. For statistical
comparison of experimental group means the unpaired t-test was used. DSR: densitometric sum red. CTRL: control group. PTHS:
polytrauma

and

haemorrhagic

shock

group.
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3.2. In-vitro modelling of posttraumatic cardiac damage
3.2.1 Exposure of cardiac muscle cells to histones cause the release of
cellular damage markers.
3.2.1.1 Release of cTnI
For evaluation of the cellular response to DAMPs and activated complement factors invitro, cultured HtCM were grown 7 days until cell culture formed a beating syncytium
(approximately 50 beats per min) and then stimulated with 100 µg/ mL histones (HIS+),
1000 ng/ mL C3a (C3A+) and 100 ng/ mL C5a (C5A+) for 6 h, 12 h and 24 h respectively
(HIS+/ C3a+/ C5a+: n=5 for each point of time, CTRL: n=6 for 6 h and 12 h, n=5 for 24 h). To
assess levels of released cTnI and HMGB1, ELISA from supernatant were performed. After
stimulation with histones, cTnI in supernatant was significantly increased at all time points
compared to controls (Fig. 9). On the other hand, neither C3a nor C5a did enhance levels
of cTnI in the supernatant. Moreover, absolute cTnI levels differed significantly between
the time points after stimulation with histones, peaking after an exposure for 24 h (Fig. 9).
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Figure 9 – Levels of cTnI in supernatant of cultured cardiomyocytes after exposure to histones, C3a and C5a
Cultured human cardiomyocytes were treated with 100 µg/mL bovine histones (HIS+), 1000 ng/ mL human C3a (C3a+) and 100 ng/ mL
human C5a (C5a+) respectively for 6 h, 12 h and 24 h (HIS+/ C3a+/ C5a+: n=5 for each point of time, CTRL: n=6 for 6 h and 12 h, n=5 for
24 h). Supernatant was collected afterwards and cardiac troponin I (cTnI) was quantified via enzyme-linked immunosorbent assay
(ELISA). Shown are measured absolute concentrations of cTnI after 6 h, 12 h and 24 h with respective stimulation. Only treatment with
histones significantly increased cTnI concentrations in supernatant. Results presented as triplet mean + standard error of the mean. For
statistical comparison of the experimental group means one-way ANOVA and the Holm-Sidak method as a post-hoc test were performed.
CTRL: controls. h: hour(s). C5a/C3a: activated complement components 3/ 5. *: p<0.05.
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3.2.1.2 Release of HMGB1
Simulation with histones also drove the release of HMGB 1 with significant enhancement
at each respective time point compared to respective controls. The maximum of
concentrations of HMGB1 in the supernatant was found at 12 h. As was for cTnI, stimulation
with C3a and C5a respectively did not increase supernatant levels of HMGB1 (Fig. 10).
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Figure 10 – HMGB1 levels in supernatants of cultured cardiomyocytes after exposure to histones, C3a and C5a.
Cultured human cardiomyocytes (HtCMs) were treated with 100 µg/mL bovine histones (HIS+), 1000 ng/mL human C3a (C3a+) and 100
ng/ mL human C5a (C5a+) respectively for 6 h, 12 h and 24 h (HIS+/ C3a+/ C5a+: n=5 for each time point, CTRL: n=6 for 6 h and 12 h, n=5
for 24 h). Supernatant was collected afterwards and high mobility group box 1 (HMGB1) was quantified via enzyme-linked
immunosorbent assay (ELISA). Shown are absolute measured concentrations of HMGB1 after 6 h, 12 h and 24 h incubation with
respective stimulating agent. Incubation with histones significantly increased HMGB1 concentrations in supernatant for each respective
incubation period. Incubation with C3a or C5a failed to stimulate the release of HMGB1. Results presented as triplet mean + standard
error of the mean. For statistical comparison of the experimental group means one-way ANOVA and the Holm-Sidak method as a posthoc test were performed. CTRL: controls. h: hour(s). C5a/C3a: activated complement components 3/ 5. *: p<0.05.
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4 Discussion
4.1. Discussion of results
4.1.1 Cellular damage of CM after PT and HS
4.1.1.1 Histopathological findings in HE stained sections and evaluation of the applied
damage score
Recently, hypoxic myocardial lesions were described in patients after severe non-cardiac
trauma and in the absence of coronary pathologies [49]. Lesions in HE-stained heart
sections could also be detected in trauma models using rodents and pigs [72, 73]. However,
these studies lack a systematic and quantitative assessment of the histological attributes
of cell and organ damage. Also, all studies conducted in animals so far, evaluated certain
end points at a much later time point. This study represents the first analysis of histological
changes in the heart as early as four hours after multiple trauma and HS.
To establish a histopathological scoring system for further use in animal trauma models,
whole transversal sections of mouse hearts were scored according to precedingly described
typical microscopical properties of cardiac cell damage. Signs of ongoing apoptosis (see
Table 5) were only rarely detectable, which is in concurrence with IHC evaluation of CC3,
that was negative in both the control group and the PTHS group. CC3 was shown to be a
sensitive marker of apoptosis [58, 87] and the few single cell events that could be identified
in HE-stained sections by means of attributes like eosinophilisation, vacuolisation and
nuclear shrinkage are most likely to be coincidental or artificial. Contraction band necrosis,
the predominate appearance of CM necrosis [12, 105] was only found twice (once in the
PTHS group and once in the control group; see Fig. 4) and thus was assumed to be artificial.
Immigration of blood immune cells, namely of polymorphonuclear neutrophils (PMN) was
never detected, ruling out marked early tissue inflammation. In rodent myocardial
infarction by coronary occlusion and subsequent reperfusion (MI/R), marked PMN
infiltration has been described as early as six hours after injury with a peak after twentyfour hours [138] and was associated with significant cell loss and disintegration of the tissue
[58, 138]. These findings may lead to the assumption that the time point of four hours of
this study is too early to detect PMN infiltration in the heart tissue. On the other hand,
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MI/R injury with subsequent local inflammation is only limitedly comparable to the
relatively “mild” cardiac injury in the course of trauma and posttraumatic systemic
inflammation. Further studies with long-term histological follow-up will be needed to fully
estimate the extent of immigration of immune cells into the heart tissue after direct or
remote trauma. Intramuscular bleeding and muscular rupture were particularly difficult to
assess, as these changes may very well be artificial due to post-mortem handling of the
explanted organ. Posttraumatic intramuscular bleeding has been shown for rats after
cardiac contusion (from a falling weight) [31] and after blunt chest trauma [72] and also for
pigs in model of multiple injuries [73]. Occasional minor foci of bleeding were found in the
left ventricles of 3 animals of the PTHS group and no bleeding was visible in the CTRL group.
Marked rupture of cardiac myofibers with adjacent cell loss and tissue disintegration was
only observed once and was confined to a few cells. These findings suggest an only marginal
role of microscopical tissue damage for the evident injury to CM reflected by local and
systemic markers of cardiac cell damage (cTnI and HMGB1, see 3.1.2 for results and 4.1.1.2/
4.1.1.3 for discussion). Oedema and hypereosinophilisation are non-specific histological
features seen after myocardial ischemia [58]. Interstitial oedema was also demonstrated
in septic hearts of rabbits [53]. Although not statistically significant, score medians for both
items were slightly higher four hours after PT and HS compared to controls. However, as
these alterations were visible in both PTHS and CTRL animals these findings may as well
represent fixation artefacts. For future studies, scoring of these items should be modified
for more specificity and selectivity, e.g. by more differentiated criteria.
Given the presented results, the question remains, whether a morphological approach to
cardiac injury is practical. At this point, more studies in different species and with
evaluation at later time points are needed, to make a definitive statement. An important
argument in favour of conducting more morphological studies on cardiac cell damage after
acute systemic inflammation is, that there is still no conclusive proof that cardiac
impairment in this setting is fully reversible.
4.1.1.2 Elevated plasma levels of cTnI indicate subcellular cardiac damage
The present study showed significantly increased plasma concentrations of cTnI after PT
and HS and also in-vitro after stimulation with histones. Its specificity for cardiac damage
suggests injury of CM early after trauma. These findings concur with recent studies
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demonstrating elevated troponin serum levels after trauma [77, 123]. However, the
significance of elevated serum troponin levels after blunt chest trauma is controversially
discussed [13, 37, 77, 123, 130]. In septic patients, a clear association between troponin I
levels and left ventricular function was demonstrated [88, 139] and high troponin levels
seem to predict a higher mortality [103]. Additionally, an association of increased incidence
of cardiac arrhythmia and decreased left ventricular function with higher serum levels of
troponin have been reported for septic patients [3]. Reduced cardiac ejection fraction was
observed in a porcine model of multiple injuries [73]. Further, troponin elevation is
predictive for poorer outcome after chest trauma [77].
It remains to be specified which impact cardiac contusion has on the release of damage
markers and further studies on animal models and trauma patients deprived of chest
impact need to answer the question where the apparent cardiac damage derives from. In
this study, histological examination revealed no signs of marked cardiac contusion nor signs
of rupture of the muscle. Also, by histological assessment, necrosis and wide-spread
apoptosis could be ruled out, findings that propose a release of cTnI already at subcellular
damage or upon ligand-receptor interaction with some consecutive downstream pathway
activation. An unproven theory states, that early in the event of cardiac injury, cardiac cells
are able to release cytosolic troponin, even in the absence of sustained cell damage [82].
Regarding the slight enhanced levels of MAC in IHC preparations from the experimental PT
and HS study presented here, it is tempting to speculate, that formation of MAC on cardiac
cells may contribute to this effect.
In-vitro, only stimulation with histones increased the release of cTnI by cultured HtCM in a
time dependent manner and additionally seemed to desynchronize the beating syncytium
in culture and to cause irregular beating (own non-quantified, unpublished observations).
Though quantitative and qualitative evaluation of ongoing apoptosis or subcellular damage
was not within the scope of this study, active secretion of troponin is perceivable. The
finding, that isolated stimulation with histones in the absence of hypoxia, inflammation or
other stimuli proposes that at least some kind of signalling is involved in the increase of
cTnI.
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4.1.1.3 Increased tissue and plasma levels of HMGB1 after trauma: cause or
consequence?
Previous studies have shown increased serum levels of HMGB1 after trauma and
established its role as an important driver of sterile inflammation [162, 168]. In the context
of sepsis, it was demonstrated to be both actively secreted by blood cells upon stimulation
and released from injured cells [33, 156]. In-vitro experiments in this study presented
elevated HMGB1 supernatant levels after stimulation of CM with histones, another
important DAMP released in inflammatory reactions. Whether this release resulted from
actual cell loss, as shown before by another group [99] or from a physiological reaction
triggered by intracellular signalling and secretion was beyond the scope of this study and
has to be addressed in future research. Both histones [40] and HMGB1 [162] interact with
TLRs, and those receptors are known to be expressed on cardiomyocytes [9, 17]. Therefore,
further investigation should analyse alleged autosecretory effects of HMGB1, a conceivable
resulting competition between histones and HMGB1 for the same receptor and a possible
potentiation of both stimuli.
In concurrence with the described in-vitro findings, the signal obtained from IHC detection
of HMGB1 in mouse hearts after PT and HS was significantly increased in trauma animals
compared to controls. However, by means of IHC, it is not possible to conclusively state,
whether the tissue-bound levels of HMGB1 increased by local secretion or by precipitation
of plasma-derived molecules or a combination of both. By means of pathohistological
evaluation that ruled out any major apoptotic or necrotic events, it is reasonable to assume
that the detected HMGB1 is actively secreted and not released upon cell death.
Detrimental effects of HMGB1 have been described before. HMGB1 mediates apoptosis via
interaction with TLR4 [34, 158] and by the same interaction depletes cytosolic Ca2+-storage
pools and reduces CM contractility in-vitro [165]. Thus, it can be perceived as a danger
molecule, both acting as a marker with diagnostic and prognostic value and as a potentially
harmful driver of cardiac dysfunction. In consequence, HMGB1 may initiate a vicious circle
leading to further organ injury and ultimately to a greater threat for the trauma patient.
4.1.1.4 The role of apoptosis in posttraumatic cardiac injury
By means of pathohistological examination and IHC assessment of the pro-apoptotic CC3,
there was no ongoing apoptosis evident in this study. In sepsis, CC3-induced apoptosis
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supposedly plays a major role in the development of cardiac dysfunction [44]. A plethora
of mechanisms have been proposed to prompt apoptosis of CM upon cardiac injury in
sepsis [91, 149, 164] and other pathological processes such as myocardial ischemia [158].
In principle, these mechanisms may as well trigger apoptosis during a state of posttraumatic systemic inflammation. But whereas apoptotic events have been described in
experimental models of trauma, their extent, time-course and consequences remain
unknown. For instance, apoptosis in a trauma rodent model was reported to be
significantly increased six hours after traumatic impact with a peak after twenty-four hours
[144]. However, another study on rats with blunt chest trauma showed heightened levels
of CC3 and an elevated rate of apoptosis after five days but not after twenty-four hours
[72]. Interestingly, a study of CM apoptosis in patients with terminal heart failure, in which
young victims from fatal traffic accidents served as a control group, no apoptosis could be
observed after severe trauma [120]. By the current literature, the present data may suggest
a more delayed induction of apoptosis in trauma, as opposed to sepsis, where the infusion
of an anti-apoptotic agent failed to ameliorate apoptosis rates, when administered four
hours after sepsis onset [44]. Also, as many studies on CM apoptosis were carried out invitro, the influence of protective effects in-vivo are not yet to be excluded. Nonetheless,
no definite conclusion can be drawn from this study and further investigations are
necessary, especially as CM apoptosis may theoretically pose a threat in the long-term
outcome of patients. In paediatric patients, a slight depression of cardiac function has been
described for the follow-up after several years [68, 81], but similar studies for adults are
missing. Addressing apoptosis in future studies may not only link structural and functional
impairment of the heart but also offer new therapeutic approaches.

4.1.2 Alteration of complement receptors and complement associated
surface molecules after experimental trauma
4.1.2.1 Unaltered plasma levels of C3a and C5a after PT and HS: a question of timing?
One important purpose of this study was, to investigate the impact of severe trauma and
HS on the pattern and quantity of expression of essential membrane-bound components
of the complement system in heart tissue. Significant trauma in humans leads to a systemic
activation of the complement cascade [20]. Furthermore, various animal models of isolated
haemorrhage resulted in complement activation [38, 116, 141, 161]. In consequence,
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inhibition of the complement system can mitigate organ dysfunction after HS [153].
Surprisingly, evaluation of plasma levels of C3a and C5a did fail to show significant
alterations, although a slight increase of mean C3a levels was detectable in the PTHS group.
Of note, for both complement components and more so for C5a, previous evaluation up to
10 days after trauma showed a dip in plasma levels after an initial rise around the time of
the admission to the emergency room and up twenty-four hours after the impact [20].
Taken into consideration possible time differences in physiological reactions between
species (i.e. humans and mice) in the present study, a “blind spot” of plasma kinetics of
complement activation may exist. To further elucidate the complement kinetics, an analysis
of the time course of plasma levels seems mandatory. However, due to the small blood
volumes of mice, these data could not be obtained from this study. The pivotal role of the
complement system in septic cardiomyopathy has been well established over the past
years. For trauma, the available data is still deficient.
4.1.2.2 Alterations of tissue levels of C5aR1 and C3aR after severe trauma and shock
A notable study on sterile burn-injury could prove a linkage between functional impairment
of CM and C5a-C5aR1 interactions [60]. Of note, this study also detected an enhanced
expression of C5aR1 by IHC and western blot (WB) and increased levels of C5aR1 mRNA
already at one hour after trauma. An upregulation of C5aR1 expression has also been
demonstrated repeatedly after sepsis [108, 125] and myocardial ischemia [106, 166] and
seems to constitute a hallmark of the complement related reaction of CM to systemic
inflammation. However, recent studies on trauma in rats and pigs did controversially show
decreased levels of C5aR1 levels after twenty-four and seventy-two hours respectively [72,
73]. Whether this discrepancy stems from the physiological differences in species (rats/
pigs versus mice), timing or confounding factors in experimental protocols is not clear and
needs further investigation. As C5a-C5aR1 interactions can mediate the decrease of CM
shortening [60, 108] and impair Ca2+-homeostasis [75], the suggested consequence of
increased C5aR1 levels on CM surfaces would be an aggravation of cardiac dysfunction.
However, whether expression levels of C5aR1 correlate with functional impairment of CM
remains to be elucidated.
The pathophysiological role of C3a after PT is even less defined. Enhanced of plasma
concentrations of C3a may correlate with pro-inflammatory IL-6 release [54] and poor
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outcome after severe trauma and sepsis [55, 59]. The role of C3aR interactions in the
pathogenesis of organ injury was previously proposed [35, 119]. The base-line expression
of C3aR in mouse hearts was demonstrated before [148], but there are no preceding
studies on the changes of the expression and the role of C3aR on heart tissue, shortly after
traumatic injury and haemorrhagic shock. In this study, a significant drop of C3aR-signal
obtained by IHC was detected after four hours. Of interest, C3aR knock-out mice show a
more enhanced inflammatory reaction to endotoxin challenge, and a lower expression of
C3aR correlated with increased lethality of experimental endotoxemia [80]. It would be
precipitous to deduce any conclusion from the present findings, but based on this
publication, it seems tempting to hypothesize some detrimental effects of C3aR downregulation on cardiac injury after trauma. There is a strong contrast between the proposed
role of the anaphylatoxins C3a and C5a and their receptors derived from previous in-vitro
studies on CM and the in-vitro findings presented in this thesis. Here, incubation of HtCM
with anaphylatoxins did fail to increase cTnI and HMGB1 levels in the supernatant as in
contrast to the significant elevation of both markers after stimulation with histones. These
findings lead to the assumption that, at least in-vitro, activated complement components
do not cause structural damage but rather solely compromise CM function. In-vivo,
ischemic damage of the heart could be ameliorated by blocking the CP of the complement
system via application of C1-esterase inhibitor [63]. However, given the physiological role
of the anaphylatoxins in chemotaxis and in mediating the release of additional proinflammatory cytokines, the harmful structural effects of C3a and C5a may rely on the
presence of further cellular and humoral actors. Their impact on the functionality of HtCM
was not in the scope of this study and has to be addressed in future investigations.
4.1.2.3 Does the loss of CD59 render cardiomyocytes prone to MAC formation after
trauma?
Investigation of CD59, a cell surface bound inhibitor of MAC formation, in heart tissue
sections showed significantly lower levels of IHC signal in the PTHS group compared to
controls. Further, a slight, although not statistically significant enhancement of the IHC
signal of MAC in heart tissue sections was obtained after PT and HS. Considering the specific
role of CD59, the lower expression levels may determine the increased MAC signal after PT
and HS. Whether these changes occur as an unspecific pathophysiological reaction to cell
injury or as a downstream effect of specific signalling cascades remains unclear.
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No literature is available on the effects and role of MAC and its inhibitor CD59 in the course
of traumatic cardiomyopathy. In the case of cardiac ischemia, acute myocardial infarction
and heart failure, it has long been established, that injured CM present with increased
levels of tissue-bound MAC and decreased levels of CD59 by IHC evaluation and these
changes have been held responsible for aggravation of ischemic cell injury [70, 101, 113,
142, 152]. Early MAC formation was even proposed to detect areas of latent,
microscopically imperceptible cell damage in autopsies [23]. Strikingly, neither MAC/ CD59
nor HMGB1 staining in IHC preparations showed any recognisable distribution pattern in
the analysed sections. This may be conceived as an expression of diffuse inflammatory or
ischemic injury rather than disintegration of the cardiac tissue by local force or tear stress.
Either way, further studies are necessary for the analysis of related pathomechanisms and
the actual co-dependency of CD59 and MAC formation on CM after severe injury.
4.1.2.4 Conclusion of the findings of the complement analyses
Despite the obvious similarities between sepsis and acute systemic inflammation after
severe trauma and shock, original research on the role of the complement system in posttraumatic cardiac injury is imperative. The definite impact of complement activation on the
heart, both locally and systemically, remains elusive. The present study has added new
insights on the reactive expression of central complement-related surface proteins on
heart muscle cells after trauma. Taken together, the complement system constitutes a
promising link between the various pathophysiological mechanisms driving cardiac injury
after polytrauma.

4.1.3. Alterations of the gap junction protein Cx34 after experimental
trauma and haemorrhagic shock
4.1.3.1 Histological evaluations revealed spatial shifts of Cx43 localisation in heart muscle
cells
Cx43 is a cell-cell-linking protein which acts as main conductor of electric charges across
the membranes of adjacent CM thereby facilitating synchronized contraction [102]. In the
present study similar alterations could be detected via IHC and IF. Although the described
findings were only mild and appeared in a patchy pattern across the sections of PTHS
animals, such disintegration was mostly absent in sections of the CTRL group. Previous
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studies regarding immunohistochemical analyses of Cx43 in heart tissue after severe
trauma disclosed changes in its spatial distribution, from strictly confined localisation
within cell-cell contacts in control animals to a disrupted pattern with distribution of Cx43
across the CM [72, 73]. Such spatial shifts of Cx43 are also observed in histological
specimens from autopsies of septic patients [143]. It has been pointed out, that hypoxia
leads to internalisation of Cx43 in CM cultures [29].
However, striking as these morphological findings may be, their pathophysiological
implication for the clinical setting remains to be elucidated. Septic patients are at risk of
developing both ventricular and atrial arrhythmias [135] and the incidence of arrhythmia
was shown to correlate with plasma levels of cardiac troponins and histones [3], but to date
could not be linked to changes in Cx43 distribution or expression. In the setting of trauma,
new-onset atrial fibrillation has been described as an independent risk factor for poor
outcome [56], but no large studies on the incidence and pathophysiology of ventricular
arrhythmias in trauma patients exist. Nonetheless it seems physiologically plausible, that
disintegration of the cell-cell conduction system renders patients prone to the occurrence
of cardiac arrhythmia which in turn may worsen functional impairment of the heart.
Additionally, a recent study could demonstrate, that mice with a knocked-out allele of a
regulatory domain of Cx43 are more vulnerable to myocardial infarction [97], findings that
hint to a more complex role of the connexins in cardiac damage. Further, various other
connexins are expressed to a varying extent in the ventricles, atria and the conductive
system of the heart [30]. Spatial alterations after trauma have so far only been described
for Cx43 and associated CGJ proteins [73], but not for other connexins. Future studies will
inevitably have to map the connexin expression and distribution across the heart tissue and
its role in the development of pots-traumatic cardiac dysfunction and arrhythmias.
4.1.3.2 Quantitative analysis of Cx43 in heart tissue
Densitometric analysis of the IHC preparations demonstrated a slight but non-significant
enhancement of the Cx43 signal, confirmed by WB analysis. Comparable investigations
showed significantly increased levels of Cx43 in pig hearts after seventy-two hours [73] and
moderately enhanced levels of Cx43 after twenty-four hours with normalisation after five
days in rats [72]. In contrast, Cx43 protein levels have been reported to decrease during
prolonged hypoxia [163], inflammation [45] and sepsis [24]. This contradiction in results
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may stem from underlying differences in models or species. Furthermore, infectious
inflammation, e.g. during sepsis may result in a different response than sterile
inflammation, e.g. after trauma. As far as the presented results are concerned, considering
the absence of statistical significance, the findings may be coincidental. Either way, more
data is needed to establish a more comprehensive understanding of the time course of
Cx43 expression and its related mechanisms.
Basically, quantitative changes of the Cx43 protein expression may either be an unspecific
manifestation of structural cell damage or reflect a specific response to extern stimuli with
protective properties. Modulation of Cx43 expression, as shown for atorvastatin appears
to alleviate cell damage from ischemia/ reperfusion injury [14] and down-regulation of
Cx43 in-vitro accelerates apoptosis of murine neonatal CM [160]. The slight increase of
protein amounts of Cx43 in heart tissue homogenates may be an early response to acute
stress after systemic inflammation.

4.2. Limitations of the study
4.2.1 Limitations of the methods
Some limitations to the methods applied must be considered. Exsanguination of the mice
after experimental PT and HS was performed by piercing the apex of the heart. Although
all considered sections of the hearts were located near to the atrioventricular valves and
all heart sections have been screened for histological damage from exsanguination, this
mode of exsanguination could have influenced certain measurements. Yet, as there were
no detectable signs of damage in either groups but still significant differences concerning
the evaluated damage markers, alleged influences can be considered negligible.
Immunohistochemistry, though valuable in determining spatial expression patterns and in
distinguishing from epitope expression on cardiomyocytes and stromal cells has limitations
in stating actual expression levels. As routine sections are about 4 µm in thickness, cells are
typically cut on different levels, i.e. epitopes from the surface as well as the cytosol are
exposed. Therefore, high levels of antibody-binding do not necessarily reflect high levels of
functional active, i.e. surface-bound epitopes. This holds especially true for receptor
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expression as shown for C5aR1 and C3aR, but also for HMGB1, which might be ligated to
its respective surface receptor or be residual in the extracellular matrix or the cytosol.
Another point of criticism may be the lack of time curves in measurements, rendering the
data from the PT and HS trauma model a mere snapshot of a range of parameters that are
very likely to behave dynamically upon the organism’s reaction in time. This gap in data is
in large part due to the very limited blood volume of mice and also to the declared intention
to limit animal numbers in scientific research. Although this study for the first time
demonstrated alterations in the heart at such an early time point as four hours, the course
of the physiological and pathophysiological reactions needs to be assessed in further
studies.

4.2.2 Limitations of the study design
Due to small sample numbers in this study, the resulting power for statistical testing is low.
Thus, non-significant results from statistical analysis may lead to type-II errors in data
interpretation. Larger studies, both in-vitro and in-vivo are needed to confirm changes that
were hinted to in this study. Another considerable deficiency of the presented work is, that
the assessment of functional data on the heart and in-vitro CM such as echocardiography
and life-cell imaging were beyond the scope of this study. Thus, it is not possible to
conclude any functional impairment of the heart resulting from the molecular and
structural changes presented. To fully understand the extent of cardiomyopathy after
trauma, future studies need to address functional performance of the heart.
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4.3. Conclusions
With a relevant model of PT and HS in mice, this study demonstrated substantial alterations
to the molecular structure of the heart at an early time point after traumatic impact. These
changes seem to occur prior to morphological changes and loss of cellular integrity as
measured by a pathohistological damage score. Besides a significant increase of both
specific and non-specific damage markers, indicating (sub-) cellular damage, changes in
expression of complement receptors and inhibitors on the cell surface and spatial
alterations of the CGJ protein Cx43 demonstrate, that the cardiac cells react to trauma,
shock and systemic inflammation in manifold ways. The implication of these findings on
the functionality of the heart and the circulation and further, their relevance for patient
care in the emergency room and the intensive care unit remain to be evaluated.
Nonetheless, the data of this study provide several conceivable mechanisms to consider
for the improvement of outcomes in trauma patients, namely agents interacting with the
complement system or DAMPs such as histones. For the latter, it was possible to show
significant effects on the integrity of CM in-vitro. Last but not least, awareness of changes
in the electrical conduction system may motivate trauma surgeons and anaesthetists to
carefully monitor trauma patients in order to detect and treat life-threatening cardiac
arrhythmias.
Considering the hypotheses, laid out under 1.5, the following conclusions can be drawn:
1) PT and HS do cause cellular damage as can be deducted from the significant
increase in plasma levels of the cardiac specific damage marker cTnI. Moreover,
tissue levels of HMGB1 were significantly increased after trauma and shock, which
may at least in part be a manifestation of perceivable CM damage. However, the
assumption, that this damage is perceivable via histomorphological evaluation
could not be verified in this study.
2) Data from this study does not conclusively support the assumption, that the
complement system is systemically activated, four hours after PT and HS as
measured by plasma levels of C3a and C5a.
3) The traumatic impact and the following inflammatory response in the organism
alter the detectable immunohistochemical signal of the complement receptors
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C5aR1 and C3aR. These alterations in measured signal density can be assumed to
reflect changes in respective protein expression.
4) MAC formation in cardiac tissue, as measured by signal density of IHC preparations
was increased early after PT and HS. Since the detected differences were not
statistically significant, the hypothesis cannot conclusively be supported.
5) PT and HS in a rodent model lead to delocalisation of Cx43, which was obviously
detectable in IHC preparations. Quantitative evaluation of total protein levels of
Cx43 in cardiac tissue via IHC analysis and WB did not show statistically significant
differences.
6) Exposure of transdifferentiated human cardiomyocytes to bovine histones in-vitro
did increase supernatant levels of cTnI and HMGB1, indicating cellular damage or
an inflammatory reaction or both. C3a and C5a failed to mediate cTnI or HMGB1
release from human cardiomyocytes.
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5 Summary
Morbidity and mortality from severe trauma and traumatic bleeding pose a significant
burden on global health. Severe trauma, bleeding and consecutive shock result in a
systemic inflammatory response syndrome (SIRS), evoked by a plethora of soluble
mediators, both released from dying cells and actively secreted from parts of the immune
system and may subsequently lead to multi-organ dysfunction. The pathophysiological
mechanisms of post-traumatic SIRS resemble in part the systemic inflammation occurring
during sepsis. In sepsis, these processes lead to an acute depression of the cardiac function
with structural and morphological correlates in the cardiomyocytes (CM). While recent
findings propose CM impairment after severe trauma as well, the exact pathological
mechanisms and their implications for the clinical management remain unclear. The
objective of this study was to characterise the morphological and molecular response of
CM during the very early time period after traumatic injury.
To evaluate the impact of multiple trauma and haemorrhagic shock (HS), specimens from
a well-characterised rodent model of polytrauma (PT) and HS were analysed. To simulate
PT, mice were exposed to blunt chest trauma, traumatic brain injury and a closed femur
fracture under anaesthesia. Shortly after infliction of PT, a pressure-controlled HS was
induced by blood-drawing to achieve a mean arterial pressure of 30 mmHg. After 60
minutes (min) of shock, mice were reperfused with crystalloids, and pressure was kept
steady for another 120 min via volume perfusion and catecholamine administration on
demand. Then, mice were sacrificed in deep anaesthesia and hearts were explanted.
Untreated animals served as controls.
From plasma, concentrations of cardiac troponin I (cTnI) and of the activated complement
components 3 and 5 (C3a and C5a) were measured. To evaluate morphological alterations,
a new histopathological damage score was developed and evaluated. High mobility group
box nuclear protein 1 (HMGB1) and cleaved caspase 3 (CC3) as markers for cell-injury and
apoptosis, as well as C5a receptor 1 (C5aR1) and C3a receptor (C3aR), the tissue-bound
membrane attack complex (MAC) and the complement-inhibitor CD59 (cluster of
differentiation 59) were analysed by immunohistochemistry (IHC). For spatial and
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quantitative evaluation of the gap junction protein (CGJ) connexin 43 (Cx43), IHC analysis
and western blotting were carried out. In additional translational experiments, cultured
human transduced CM were treated with anaphylatoxins C3a and C5a and histones for 6
hours (h), 12 h and 24 h respectively and cTnI and HMGB1 concentrations in the
supernatant were quantified.
The present study did show a significant increase of the cTnI plasma concentration,
reflecting CM injury at this early time point after PT and HS. Evaluation of haematoxylin
and eosin stained sections and IHC analysis of CC3 could rule out marked cellular necrosis
or apoptosis as well as marked muscle ruptures and bleedings. However, PTHS animals
presented with significantly increased tissue levels of HMGB1 levels, suggesting cell
damage beyond the detectability of morphological alterations. Further, C5aR1 signal was
significantly increased on IHC analysis while there was a significant drop in the C3aR signal.
A significant decrease of the CD59 signal was accompanied with a slight, although not
statistically significant increase of tissue bound MAC. These findings suggest an impact of
the complement system on the response of CM to systemic inflammation after PT and HS,
although in this study, no statistically significant change in C3a/ C5a plasma concentrations
was detectable. IHC analysis of Cx43 showed spatial alterations and possible disruption of
the CGJ, while quantification of Cx43 in the tissue did fail to show significant results. On
translation into an in-vitro model of human CM, release of HMGB1 and cTnI could be
reproduced by treatment with histones representing circulating damage-associated
molecular patterns, whereas stimulations with C3a and C5a did not cause an increase of
those markers in the supernatant.
The results of this study provide first evidence of an early cardiac cell injury 4 h after PT and
HS both on a systemic and a cellular level in the absence of microscopically perceivable CM
damage. Further changes of the expression pattern of complement receptors, MAC and
CD59 could be observed, leading to the assumption that the complement system is
involved in the post-traumatic response of CM. The disintegration of the important CGJ
protein Cx43 may lead to arrhythmia and further aggravate possible affections of the
cardiac function after trauma and HS. To which extent these structural alterations translate
to a clinically significant impairment of the cardiac function needs to be addressed in future
investigations.
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