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Abstract
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It is a major clinical problem that survival rates after out-of-hospital cardiac arrest have not
markedly improved during the last decades, despite extensive research and the introduction of
new interventions. However, recent studies have demonstrated promising treatments such as
targeted temperature management (TTM) and methylene blue (MB).

In our first study, we investigated the effect of MB administered during experi-mental
cardiopulmonary resuscitation (CPR) in the setting of postponed hypother-mia in piglets. We
set out to study if MB could compensate for a delay to establish targeted TTM. The study
demonstrated that MB more than compensated for 30 min delay in induction of TTM. The effect
of MB added to that of TTM.

The second study examined the effects of TTM and S-PBN on the endothelin system
and nitric oxide synthases (NOS) after prolonged CA in a porcine CPR mod-el. The study
was designed to understand the cardioprotective mechanism of S-PBN and TTM by their
influence on the endothelin system and NOS regulation. We veri-fied for the first time, that
these two cardioprotective postresuscitative interventions activate endothelin-1 and its receptors
concomitantly with eNOS and nNOS in the myocardium. We concluded that nitric oxide and
endothelin pathways are implicated in the postresuscitative cardioprotective effects of TTM.

The third study compared survival and hemodynamic effects of low-dose amio-darone and
vasopressin to vasopressin in a porcine hypovolemic CA model. The study was designed to
evaluate whether resuscitation with amiodarone and vasopressin compared to vasopressin alone
would have an impact on resuscitation success, survival, and hemodynamic parameters after
hemorrhagic CA. We found that combined resuscitation with amiodarone and vasopressin
after hemorrhagic circulatory arrest resulted in greater 3-hour survival, better preserved
hemodynamic parameters and smaller myocardial injury compared to resuscitation with
vasopressin only.

In our fourth study we planned to compare hemodynamic parameters between the treatment
group (milrinone, esmolol and vasopressin; MEV) and control group (vasopressin only) during
resuscitation from prolonged cardiac arrest in piglets. The study was designed to demonstrate
if MEV treatment improved hemodynamics or cardiac damage compared to controls. We
demonstrated that MEV treatment reduced cardiac injury compared with vasopressin alone.
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Introduction 

Cardiopulmonary resuscitation (CPR) celebrated its 50th anniversary in 
20101, while the low survival rate after cardiac arrest (CA) is still a major 
problem to this day. Sudden cardiac death causes approximately 350,000 
deaths per year in the USA2, which amounts to 15% of all deaths in Western 
countries 3. Survival rates after out-of-hospital CA have been estimated with 
8,4% in the US 4 and 10,7% in Europe5, but may be even as low as 7,6%6. 

Post-cardiac arrest syndrome7,8 characterizes the clinical challenges after 
successful restoration of spontaneous circulation (ROSC). Post-cardiac arrest 
myocardial dysfunction with low cardiac output, hypotension, dysrhythmias 
and cardiovascular collapse contributes equally to the low survival rate in 
I/R injury9, as well as post-cardiac arrest brain injury. Cardioprotective in-
terventions and cerebral protection strategies aim at injury prevention in 
post-cardiac arrest myocardial dysfunction and post-cardiac arrest brain in-
jury after ROSC, respectively. 

Advances during the last 30 years have been moderate10. However, early 
revascularization11 and mild therapeutic hypothermia (MTH)12,13, also 
termed targeted temperature management (TTM), have led to improvements 
in outcome after CA14. At the same time CPR algorithms are constantly up-
dated15, with changes in CPR compression ratio (30:2 compres-
sion/ventilation), or compression only technique, the introduction of vaso-
pressin as an alternative to epinephrine and the application of lower FiO2 
after ROSC, to name a few. However, only in a minority of cases CA is ob-
served and CPR is commenced immediately, with only 31% provided bys-
tander CPR16. 

We believe these important issues need to be further investigated to im-
prove patient outcome. Our group has shown that methylene blue (MB) in-
creases early survival and survival time after CA17,18 and that MB adminis-
tered during CPR reduces blood brain barrier disruption and attenuates neur-
al injury19. In the present thesis, inspired by our previous findings, we inves-
tigated novel interventions in the setting of prolonged CA after ventricular 
fibrillation in different pig models. Cooling and onset of effective hypother-
mia is often delayed in clinical reality. We characterized this scenario as 
postponed hypothermia (PH) in our first study and employed MB during 
CPR as a bridge to effective TTM, because MB is effective very early after 
administration. 
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The second paper compared cardioprotective effects of TTM and S-PBN, 
another cardioprotective and neuroprotective agent, and their impact on en-
dothelin and nitric oxide synthase regulation. 

In the third study, we addressed the clinical situation of hypovolemic CA, 
when resuscitation is difficult due to major bleeding even after relatively fast 
response time. Here, we compared survival and hemodynamic effects of 
low-dose amiodarone and vasopressin compared to vasopressin alone in a 
hypovolemic cardiac arrest model in piglets, because amiodarone has prom-
ising anti-arrhythmic effects, but has not been investigated as a rescue drug 
in this setting before. 

The fourth paper explored further therapeutic options in a setting of ven-
tricular fibrillation (VF) that does not respond to the first few defibrillation 
attempts and is associated with a dismal survival rate. The study compared 
hemodynamic parameters between the treatment group (milrinone, esmolol 
and vasopressin) and control group (vasopressin only) during resuscitation 
from prolonged cardiac arrest in piglets. We hypothesized that it would be 
attractive to combine a beta-blocker, vasopressin and a selective phospho-
diesterase (PDE) III-inhibitor to treat myocardial dysfunction after CA. 
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1. Background 

For many years, our group has been interested in cardiopulmonary research 
and has studied different porcine resuscitation models. Recent studies cen-
tered on the agent methylene blue (MB) and its role in neuroprotection. Our 
group has shown that MB increases early survival and survival time after 
CA17,18 and that MB administered during CPR reduces blood brain barrier 
(BBB) disruption and attenuates neural injury19.  

The neuroprotective mechanisms that have been investigated by our 
group are pathways of cerebral inflammation and oxidative stress20, meas-
ured with markers of peroxidation21 and inflammation22. Basu et al.20 have 
found that the maximum increase of free radical damage (indicating oxida-
tive stress) and eicosanoid formation (indicative of an inflammatory re-
sponse) in the brain is time-dependent as related to CA and CPR duration. 
Furthermore, promising results were obtained from experimentation with the 
spin-trap compounds S-PBN and PBN regarding neurological outcome after 
CA23,24. 

When Miclescu et al. were able to prove that MB added to a hypertonic-
hyperoncotic solution increases short-term survival in experimental CA17, 
the main interest of our group shifted to nitric oxide (NO) and nitric oxide 
synthase (NOS) isoform regulation. Here, in addition to the use of markers 
of inflammation and oxidative stress, immunohistochemical (IHC) metho-
dology was applied. IHC proves to be a valuable technique to investigate 
BBB disruption (albumin leakage) and to judge neural injury (morphological 
changes) with different antibodies and stainings25. MB is an interesting topic 
not only in neuroprotection, but has metabolic effects and is even involved in 
cardioprotection18. There is ongoing research on the role of MB in neuropro-
tection19,26 in our group. 

Over time, it became clear that our interventions influence mechanisms 
equally important for neuroprotection and cardioprotection27. This thesis 
emphases on both organs and continues our previous neuroprotective re-
search, but moves on with a target on cardioprotection. Therefore, after fur-
ther elucidating the neuroprotective properties of MB in paper I, we set out 
to study possible cardioprotective properties of different interventions in 
similar models used for neuroprotection studies in papers II-IV. 
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1.1 Cardiopulmonary arrest 
Cardiac arrest (CA) is characterized by abrupt loss of blood flow both to the 
myocardium and systemically. Four resuscitation phases exist, namely pre-
arrest phase, no-flow & low-flow phase during CPR and post-resuscitation 
phase. 

In the pre-arrest phase, important adult pre-morbidity includes coronary 
heart disease, smoking and diabetes mellitus, among others28. Sasson et al. 
concluded that ventricular fibrillation (VF) / ventricular tachycardia (VT) is 
present in 40% of out-of-hospital CA patients, while restoration of spontane-
ous circulation (ROSC) is only achieved in 22% of those patients10. Here, 
survival can be improved by identifying and treating risk groups before the 
actual incident. Furthermore, there is a trend towards a lower incidence of 
VF29.  

Following CA, but before the onset of CPR, there is no coronary perfu-
sion (no-flow), while 5(-10)-20% (up to 40% in open-heart massage) of 
baseline cardiac output can be achieved during effective CPR, whereof 5-
15% is distributed to the coronary circulation. Constant updates and optimi-
zation of CPR algorithms6 aim at survival improvements in this phase. 

Despite efforts to increase the quality of postresuscitative care this prog-
nosis has only marginally improved over the past 30 years6,10 globally. The 
aggregate survival rate to hospital discharge for CA victims after OHCA is 
as low as 7.6%10, while Rubertsson et al. report a hospital survival rate of as 
high as 8.5% after out-of-hospital cardiac arrest (OHCA) in their LINC 
trial30. However, Hollenberg et al. analyzed data from the Swedish resuscita-
tion register29 and report an increasing survival rate after OHCA over the last 
10 years in Stockholm from 2-3% in 2000-2003 up to around 10% in 201131. 
They attribute the increase in survival to quicker response-time and the wid-
er availability of automated external defibrillators (AEDs) both to profes-
sional responders and the public. Furthermore, Aune et al. describe a similar 
increase in in-hospital cardiac arrest (IHCA) survival rate during 10 years in 
Sweden due to improvements in staff training and hospital organization32.  

Finally, in addition to achieving ROSC, optimization of CA outcome 
should also address the resultant ischemia/reperfusion (I/R) injury labeled as 
“post-cardiac arrest syndrome”8. 

1.2 Post-cardiac arrest syndrome 
The unique pathophysiological state after cardiac arrest created by return of 
spontaneous circulation (ROSC) was characterized in 2008 by the Interna-
tional Liaison Committee on Resuscitation (ILCOR) and the American Heart 
Association (AHA)7 as post-cardiac arrest syndrome (PCAS). The complex 
combination of pathophysiological processes includes post-cardiac arrest 
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myocardial dysfunction (PCMD), post-cardiac arrest brain injury and sys-
temic ischemia/reperfusion (I/R) response33. By definition, the syndrome is 
divided into five phases, namely immediate (ROSC  20 min), early (20 
min  6-12 h) and intermediate (6-12 h  72 h), followed by recovery and 
rehabilitation with specific characteristics for each phase. This thesis focuses 
on the immediate and early phases of post-cardiac arrest syndrome. The 
main goals in these two phases are to limit ongoing injury and to give organ 
support, as well as to prevent recurrence of cardiac arrest7. 

1.2.1 Impact of cardiac arrest on the myocardium 
Post-cardiac arrest myocardial dysfunction (PCMD), an important compo-
nent of post-cardiac arrest syndrome, is transient and reversible in the setting 
of optimal post-CA intensive care34,35. This phenomenon includes primary 
manifestations such as arrhythmias, myocyte death, and contractile dysfunc-
tion36 so-called “stunning”, first described by Braunwald et al.37. The key 
mechanisms why CA results in PCMD / stunning are increased myocardial 
stiffness and impaired contractility, as well as myocardial and mitochondrial 
edema36 and coronary no-flow phenomenon. 

The coronary no-(re)flow-phenomenon (not to be confused with the no-
flow phase during CA) has been first described in 1966 by Krug et al.38 and 
later by Kloner who introduced the term “no-flow”39. It is common after 
reperfusion and due to microvascular obstruction, with a duration between 
minutes to hours after reperfusion40. The phenomenon is associated with left-
ventricular remodeling and worse prognosis40. 

Following CA, there is no effective coronary perfusion in the presence of 
high catecholamine release. This diminishes norepinephrine clearance from 
the coronary circulation, leading to prolonged action and thus vasoconstric-
tion with myocardial hypoperfusion36. 

Moreover, myocardial edema results from loss of cardiac contraction with 
ceasing lymph drainage and accumulation of interstitial fluid. This in turn 
increases diffusion distance between cardiomyocytes, thus worsening oxy-
gen uptake in the myocardium36. 

At the same time, myocardial stiffness and impaired contractility are 
caused by the development of metabolic acidosis in combination with 
ischemia. Due to the oxygen shortage, cell metabolism switches from aerobe 
to anaerobe state. In the latter, ATP production in the mitochondrial respira-
tory chain depends on anaerobe glycolysis, with lactate and proton genera-
tion41. Proton accumulation and decreasing pH activates Na+/H+ and 
Na+/Ca2+ exchangers, thus augmenting intracellular and mitochondrial cal-
cium concentration. During reperfusion (after ROSC), mitochondrial Ca2+, 
together with pH normalization and reactive oxygen species (ROS) activate 
mitochondrial permeability pore (mPTP), thus damaging mitochondrial and 
cardiomyocyte cell membranes41. The resulting permeability increase leads 
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to intracellular calcium and sodium influx, causing both further mitochon-
drial swelling and myocardial edema. The rising intracellular calcium con-
centration activates proteases which in turn impairs contractility36. 

In this context, myocardial conditioning41 is relevant, as it affects regula-
tory pathways investigated in this thesis. The phenomenon describes induc-
tion of increased myocardial tolerance against ischemia and reperfusion (I/R 
injury). The mechanism of preconditioning (before onset of ischemia) and 
postconditioning (following ischemia) are similar. In both cases, a “trigger” 
is required that exposes the myocardium to certain stimuli, e.g. short epi-
sodes of ischemia, or certain drugs41. There exist two preconditioning „win-
dows“; an early window that develops rapidly and lasts for 2 – 4 h and a late 
window, developing over 12 – 24 h and lasting 3 -4 days. Myocardial condi-
tioning activates mitochondrial ATP-dependent potassium channels (mito-
KATP) that inhibit mPTP opening. Inhibition of mPTP opening prevents mi-
tochondrial swelling and decoupling from the respiratory electron chain. 
Thus, cellular and mitochondrial energy supply with ATP remains intact41. 

In addition to immediate and short-term survival risks, myocardial dys-
function aggravates persistent precipitating pathology such as chronic heart 
failure or angina pectoris, requiring life-long medication and clinical follow-
up. To achieve the main goals in the immediate and early phases of post-
cardiac arrest syndrome, (cardiac) organ support focuses on sustaining car-
diac output for example with inotropes, while at the same time trying to mi-
nimize the area at risk by increasing coronary perfusion pressure (CPP) and 
decreasing afterload (e.g. with intra aortic balloon pump, IABP). 

1.2.2 Cerebral effects of cardiac arrest 
The cerebral effects in post-cardiac arrest syndrome are characterized as 
post-cardiac arrest brain injury7, being a common cause of morbidity and 
mortality after both out-of hospital CA and in-hospital CA42. 

The brain tolerates cardiopulmonary arrest even less than the heart, de-
pending on uninterrupted necessary oxidate metabolism, because it lacks 
sufficient tissue stores for essential energy metabolites. Neuron damage oc-
curs via two mechanisms described as ischemia/reperfusion (I/R) injury in-
volving complex molecular cascades43. While energy failure is the main 
pathomechanism during ischemia, the active cellular response to ischemic 
damage during CA and CPR dominates reperfusion injury.  

Within the first minutes after CA during no-flow, brain energy stores 
(adenosine trisphosphate, ATP) are rapidly depleted in the absence of oxy-
gen and cell metabolism switches from aerobe to anaerobe. In this state, 
ATP is no longer restored from creatine phosphate or synthesized de novo in 
the oxygen dependent respiratory chain processes. This in turn leads to col-
lapse of the electrical cell membrane potential due to ATP dependent 
Na+/K+-pump failure. As the electrical cell membrane potential collapses, 



 19

electrolytes and protons equilibrate over cellular and mitochondrial mem-
brane pores, leading to marked increases in intracellular calcium and sodium 
ion concentrations, respectively. 

Secondly, after ROSC free radical formation triggers reperfusion injury, 
now thought to be even more relevant than the initial ischemic damage dur-
ing no-flow44. The pathomechanism of I/R injury involves altered calcium 
homeostasis, mitochondrial dysfunction, activation of inflammatory and cell 
death signaling pathways, as well as pathological protease cascades and ex-
citotoxicity8,45 . Specific to the nervous tissue, excitotoxicity is a pathologi-
cal process by which neurons are destroyed due to excessive stimulation by 
neurotransmitters such as glutamate46. This phenomenon is caused by the 
collapse of the presynaptic membrane potential described above, causing 
massive release of the excitatory transmitter glutamate into the presynaptic 
cleft. Glutamate binds to postsynaptic glutamate receptors (NMDA and 
AMPA), thus augmenting neuronal calcium ion concentration to cytotoxic 
levels causing cell death47. Analogously to the already described pathophysi-
ological processes involved in post-cardiac arrest myocardial damage, cere-
bral mitochondrial dysfunction is caused by a similar mechanism as de-
scribed in section 1.2.1, ultimately causing calcium influx and mPTP open-
ing with successive cell death. Furthermore, cerebral microcirculatory failure 
can lead to cerebral no-(re)flow phenomenon48 caused by microemboli and 
vasotonus dysregulation, that may be balanced by hyperemia in the first mi-
nutes after ROSC. However, neither no-flow nor hyperemia are beneficial 
and add to the development of brain edema. 

Three major pathophysiological complexes exist, namely formation of ce-
rebral edema, impaired cerebrovascular autoregulation and postischemic 
neurodegeneration7, that must be addressed by potential treatments49. 

Cerebral edema develops frequently and early after CA and is associated 
with blood brain barrier (BBB) disruption and neuronal injury25. It is thought 
to be a negative factor contributing to overall brain damage after ROSC. 
This is indicated by albumin leakage over the BBB, demonstrating a specific 
injury pattern after CA25. Cerebral edema augments intracranial pressure 
(ICP) which in turn leads to a decrease in cerebral perfusion pressure (CPP). 
However, there is limited evidence that either high ICP or cerebral edema by 
itself causes post-cardiac arrest brain injury7. Further investigations are 
needed addressing possible benefits of goal directed therapies managing ICP 
and CPP7. 

It is known that cerebrovascular autoregulation is impaired after CA50. 
Autoregulation is the capacity of the brain and other organs such as the kid-
neys to maintain constant organ perfusion by adapting vasotonus inside the 
organ despite changes in mean arterial pressure (MAP) over a certain pres-
sure range. Maintenance of organ perfusion ensures adequate oxygen deli-
very to the already damaged brain. During the first minutes after ROSC sys-
temic intravascular pressure is usually elevated and results in high CPP due 
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to impaired autoregulation, because CPP is now directly dependent on the 
systemic pressure (MAP). This state of hyperemic reperfusion supports oxy-
gen delivery, but may lead to further edema and reperfusion injury51. More 
research is needed to determine a healthy level of cerebral reoxygenation7. 

The mechanisms leading to postischemic neurodegeneration in days to 
weeks after initial cardiac arrest brain injury are not well understood25. It is 
hypothesized that free radical formation due to hyperoxia during hyperemia 
after ROSC, excitotoxicity and disruption of the BBB lead to neuronal dam-
age and cell death in the injured brain25. Miclescu et al. were able to show 
that MB protects the BBB against I/R-induced disruptions19, further adding 
to the emerging evidence that free radicals and increased NO formation are 
contributing factors in post-cardiac arrest brain injury. Martijn et al. ana-
lyzed neuronal gene expression influenced by MB in a porcine experimental 
model of global ischemia-reperfusion in cardiac arrest52. Using microarray 
technique they found major transcriptional changes induced by ROSC re-
lated to apoptosis, stress response, cytoprotection and inflammation. They 
showed that the neuroprotective role of MB is diverse and fulfilled by the 
regulation of the above mentioned mechanisms. 

Other factors that have a negative impact on brain injury in general and 
have been shown to have a negative influence on outcome in post-cardiac 
arrest brain injury include extreme hyperglycemia, fever and seizures7. 

Clinical manifestations range from mild confusion and short-term memo-
ry loss to persistent vegetative state and brain death including a variety of 
manifestations with different severity grades such as coma, seizures, myoc-
lonus, cognitive dysfunction, secondary Parkinsonism as well as cortical and 
spinal stroke. In addition to optimal intensive care including early hemody-
namic optimization and targeted temperature management (TTM) have been 
identified as potential key interventions7. In many cases that require inten-
sive care unit (ICU) admission, airway protection and mechanical ventilation 
with controlled reoxygenation (SaO2 94-96%) and seizure control is necessi-
tated in addition to general supportive care7. Supportive care stabilizing the 
circulation aims at avoiding hypovolemia, hypotonia and hypoxemia in pa-
tients with impaired cerebral autoregulation. Likewise, treatment of brain 
injured patients involves control of blood sugar levels, as well as body tem-
perature to avoid hyperglycemia and pyrexia, respectively7. 
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1.1 Interventions 
1.3.1 Targeted temperature management after cardiac arrest 
To date, targeted temperature management (TTM) is the only treatment, 
implemented in post-resuscitation care of out-of-hospital cardiac arrest 
(OHCA) patients, known to improve neurological outcome and reduce mor-
tality after cardiac arrest (CA)14,53. Most of the interest in TTM to date fo-
cuses on its neuroprotective effects. Induced cooling to 34 - 32° C after CA 
and CPR12,54-56 is considered neuroprotective when administered after CA 
and CPR14, both clinically and experimentally14,57-59. However, induction of 
TTM takes time60 and this may be considered of importance61-63 for the ensu-
ing neural injury inflicted25.  

Less is understood about the potential cardiac effects of post-resuscitation 
cooling. Yet, in addition to improving short-term survival TTM has many 
positive myocardial actions including a decrease in heart rate, increasing 
vascular resistance as well as hemodynamic stabilization64-66. Besides TTM 
improves ventricular myocyte contractility67 while defibrillation success and 
ROSC rate are improved after ventricular fibrillation induced in the setting 
of TTM68,69. 

However, the therapeutic value of TTM after CA is not undisputed. Niel-
sen et al.’s TTM trial revealed no survival benefit for unconscious survivors 
of OHCA treated with 33°C compared to 36°C70. Several questions about 
hypothermia as a treatment in CA need to be answered: Is avoiding fever by 
temperature control the key, rather than hypothermia being therapeutic? 
What is the best target temperature in the range of 32-37 °C? What is the 
impact of protocol-based care in comparison to the value of one specific 
intervention as a puzzle piece of the whole, such as a specific target tempera-
ture? Importantly, the TTM trial revealed no harm for the 33°C group. It is 
noteworthy, that the time from CA to ROSC was about 16-40 minutes in 
both groups70. It is unlikely that hypothermia has an effect on already dam-
aged CNS/cardiac tissue, thus understriking the importance of additional 
interventions, like MB and S-PBN, investigated in this thesis. Therefore, we 
believe in the effectiveness of TTM and do not think that its value only lies 
in the avoidance of fever. On the contrary, this controversy is rather due to a 
lack of data on outcome and also a lack of knowledge of the mechanisms of 
action by which TTM enacts its therapeutic effects. Thus, in our view this 
illustrates the need for more research in this field. 

1.3.1.1 TTM and Endothelin 
To our knowledge, there have been no studies that studied the effect of TTM 
on the endothelin system in the myocardium in connection with cardiopul-
monary resuscitation (CPR). Extensive experiments have been done related 
to changes of plasma ET-1 levels after myocardial ischemia - often in the 
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context of myocardial infarction - yet few studies have addressed the issue of 
how CA and ROSC can modulate myocardial ET-1 gene expression. 

In paper II we hypothesized that some of the cardioprotective effects of 
TTM might be mediated by modulating the expression of the endothelin 
system in the heart. For this study, we therefore employed a porcine model 
of prolonged CA and CPR that reflected a realistic simulated clinical setting 
of CA and reperfusion. Expression levels of both transcripts and proteins 
belonging to the endothelin system e.g. ET-1, ECE-1, ETAR and ETBR as 
well as protein levels of endothelin system-related enzymes e.g. nitric oxide 
synthases (NOS) were measured after successful ROSC in presence or in 
absence of TTM. 

1.3.2 Actions of Methylene blue 
Methylene blue (MB), or methylthioninium (Figure 1), was discovered in 
1876 by Heinrich Caro and first used as a textile dye71. Around 1891 MB 
was identified by Paul Ehrlich as a substance with therapeutic potential, 
while in the search for a malaria treatment72. MB has been employed in a 
great variety of medical and non-medical applications71, such as treatment of 
infection and sepsis, neurodegenerative disorders and many more. The com-
pound has a well known toxicity profile due to its historical use and is consi-
dered safe in a relative low dose range for human treatment. MB is a cationic 
thiazine dye with a deep blue color in its oxidized state, while the reduced 
redox-partner (leuco-MB) is colorless27. 
 

 
Figure 1: Methylene blue molecule (chemical name tetramethylthionine chlo-
ride,C16H18ClN3S · 3H2O). Source: Wikipedia, public domain 

When used as a drug, MB can be injected intravenously (i.v.) or taken orally 
(p.o.), with doses ranging from 1-2 mg kg-1 for i.v. boluses to 300 mg p.o. 
daily. The properties of the redox-couple MB and leuco-MB can be used 
clinically to treat methemoglobinemia, with MB reducing the Fe3+ iron atom 
of the heme component to the physiological Fe2+ state in hemoglobin. There 
is also potential for its use as an antidote for poisonings other than methe-
moglobinemia. Interest in MB had been almost lost for a number of years, 
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possibly owing to its obvious adverse effects manifesting as blue sclera and 
green urine, but interest in this molecule is growing again.  

Generally, methylene blue’s neuroprotective mechanisms are both meta-
bolic and circulatory. Metabolically, MB directly blocks guanylyl cyclase73 
and nitric oxide synthase (NOS)74, thus inhibiting NO production after glob-
al ischemia. NO is a potent vasodilator that balances vasomotor tone in phy-
siological conditions against the actions of vasoconstrictors, such as ET-1 
and noradrenaline, to maintain adequate tissue perfusion. After CA, this 
balance is often severely disrupted, resulting in pathological vasoplegia or 
vasoconstriction. NO is generated by different NOS isoforms as described in 
section 1.4.2. The NO signaling pathway involves soluble guanylyl cyclase 
that is activated by NO75,76. Soluble guanylyl cyclase (GC) converts guano-
sine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP 
acts as second messenger in many tissues, including the brain and the myo-
cardium. The main actions of cGMP is activation of protein kinase I and II 
(PKG I and II) and inhibition of phosphodiesterase II and III (PDE II and 
III). PDE inhibit cyclic adenosine monophosphate (cAMP) production. In 
this respect, MB acts in synergy with the PDE III inhibitor milrinone that is 
clinically used to treat reduced myocardial contractility states77. 

Thus, MB increases systemic vascular resistance78 and counteracts vasop-
legia79, thereby enacting its circulatory effects. Importantly, MB´s capacity 
to counteract lasting vasodilatation, even when first-line therapies like nora-
drenaline are ineffective, promises to further establish MB as a powerful 
rescue therapy e.g. in sepsis78 or in thoracic surgery with cardiopulmonary 
bypass79. 

Furthermore, MB has antioxidant effects and limits platelet function by 
inhibiting platelet aggregation80. 

In the first study, we investigated methylene blue as a pharmacological 
bridge to the onset of TTM effects. As intravenous administration of MB 
was demonstrated to act as a neuroprotectant drug25 in piglets when adminis-
tered during normothermic CPR after experimental CA17-19, we considered 
MB a possible remedy during the time needed to achieve TTM. 

1.3.3 Cardiac effects of S-PBN 
S-PBN (N-tert-butyl-a-phenylnitrone) is an organic spin trap agent designed 
specifically to form "stable" adducts with free radicals81. Apart from neuro-
protective effects24,82, S-PBN dramatically reduces the vulnerability of the 
myocardium to reperfusion-induced ventricular fibrillation81. Furthermore, 
S-PBN has cardioprotective effects due to radical scavenger properties83 and 
leads to better left ventricular recovery after reperfusion injury in the isolated 
rat heart83. Moreover, S-PBN increases coronary blood flow by approximate-
ly 25% at lower concentrations in vivo (open-chest dogs)84, while it’s nega-
tive chronotropic and negative inotropic effects are relatively mild at non-
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toxic concentrations85. The cardioprotective properties of S-PBN are summa-
rized in Table 1. 
 
Cardiac effects of S-PBN 
Increases coronary perfusion 
Negative chronotropic 
Negative inotropic 
Inhibits reperfusion-induced arrhythmias 

Table 1: Cardioprotective properties of S-PBN 

We chose to investigate S-PBN in our studies because of its promising car-
dioprotective properties and the possibility that S-PBN causes vasodilatation 
by its transformation to NO via enzymatic cleavage, thus activating guanylyl 
cyclase, producing a vasorelaxant effect85. 

1.3.4 Cardiac effects of amiodarone 
Amiodarone is categorized under Vaughan-Williams Class III, where its 
properties include inhibiting potassium channels, prolonging repolarization, 
and preventing recurring arrhythmias. Although amiodarone is classified as a 
Class III drug, it also does have effects seen in Class I, II, and IV. However, 
the main mechanism of action is not yet known86. Current resuscitation 
guidelines recommend it as an anti-arrhythmic medication87,88. Recommen-
dation is based on two randomized studies showing an increased rate of 
ROSC in out-of-hospital patients with shock-resistant VF/pulseless ventricu-
lar tachycardia89-91. However, long-term outcome was not improved in the 
studies. 

Few pilot experiments without amiodarone were performed in a pro-
longed CA setting. Amiodarone’s efficacy as a rescue drug and its effects to 
the ‘‘failing heart’’ are questioned because a rapid intravenous administra-
tion is known to be occasionally associated with hypotension and bradycar-
dia89,92. Thus, we arbitrarily chose to use a dose of 1 mg·kg-1 amiodarone to 
avoid negative inotropic and chronotropic effects93. 

The third study was designed to evaluate whether resuscitation with ami-
odarone and vasopressin compared to vasopressin alone would have an im-
pact on resuscitation success, survival, and hemodynamic parameters after 
hemorrhagic CA. 

1.3.5 Combined effect of milrinone, esmolol and vasopressin 
Ventricular fibrillation (VF) that does not respond to the first few defibrilla-
tion attempts is associated with mortality rates of up to 97%. Currently, no 
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pharmacological intervention increases long-term survival in patients with 
shock-refractory VF94.  
One of the principal mechanisms behind the poor outcome after CA is myo-
cardial dysfunction, resulting from post-ischemic and catecholamine-induced 
stunning36. To date, this phenomenon lacks effective treatment7 and thus, 
there is a clinical need for better drugs or a combination of those to improve 
resumption of spontaneous circulation (ROSC) outcome.  
Clinical data suggest that beta-blockade during resuscitation from VF may 
be associated with an increased rate of resuscitation and improved post-
resuscitation myocardial function94. Beta-blockade helps to improve the bal-
ance between myocardial oxygen supply and demand during resuscitation, 
thus possibly mediating beneficial effects on outcome95. However, risks of 
beta-blocker treatment under resuscitation include decreased myocardial 
contractility and hypotension95. 
The selective phosphodiesterase (PDE) III-inhibitor milrinone has proved 
beneficial when treating heart failure and is widely used perioperatively in 
open-heart surgery96,97. It is an inodilator with lusitropic properties98,  in-
creasing both myocardial contractility and relaxation as well as lowering 
systemic vascular resistance. These actions are mediated by inhibiting the 
enzyme that degrades cyclic adenosine monophosphate (cAMP). As a con-
sequence intracellular concentrations of cAMP and calcium increase after 
milrinone administration98. In contrast to catecholamines, milrinone exerts 
its positive inotropic effect on the heart without increasing myocardial oxy-
gen consumption99 and is not curtailed by receptor down-regulation98. How-
ever, milrinone can cause vasoplegia, resulting in low blood pressure, thus 
possibly decreasing the chance of achieving ROSC.  
Combination of milrinone with vasopressin may therefore be useful, as va-
sopressin enacts peripheral vasoconstriction via endothelial vasopressin-
receptors100. Theoretically, vasopressin is a desirable vasopressor in CA and 
cardiopulmonary resuscitation (CPR), producing selective vasoconstriction 
of resistance vessels in non-vital tissues whilst preserving blood flow to vital 
organs101 including heart and brain102. Vasopressin was chosen as an alterna-
tive vasopressor instead of epinephrine to avoid the negative beta-adrenergic 
effects of epinephrine on the myocardium. However, Aung et al.103 con-
cluded that there was no clear advantage of vasopressin over epinephrine in 
the treatment of CA.  
Hypothetically, it would be attractive to combine a beta-blocker, vasopressin 
and a selective PDE III inhibitor to treat myocardial dysfunction after CA. 
However, such a combination has not been reported previously. Therefore, 
we designed a study to evaluate the impact of the combined effect of milri-
none, esmolol and vasopressin on hemodynamic parameters and cardiac 
damage compared to vasopressin alone during resuscitation after prolonged 
CA. 
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1.2 Affected cardiac regulatory mechanisms 
1.4.1 The Endothelin system 
ET-1, a 21 amino acid peptide104, is generated by a two-step proteolytic 
cleavage by endopeptidase and by the pacemaker enzyme endothelin con-
verting enzyme-1 (ECE-1)105, Figure 2. All members of the endothelin sys-
tem are expressed in the heart. ET-1 is synthesized and released by various 
cells, including vascular endothelial cells, epithelia, smooth muscle cells, 
cardiomyocytes, leukocytes and macrophages106. To exert its effects, ET-1 
binds to endothelin A (ETAR) and B (ETBR) receptors, two members of the 
family of G-protein-coupled receptors present in the heart107. ET-1 is one of 
the most potent vasoconstrictors known, approximately 100 times stronger 
than equimolar norepinephrine. The mode of action of the endothelin system 
after cardiac arrest and during reperfusion is presently not fully understood. 

The Endothelin System

ET-1

Ischemia +

ETAR ETBR

VasodilatationVasoconstriction

mRNA
ECE-1

mRNA

ET-1 gene

 
Figure 2: The Endothelin System. Endothelin-1 (ET-1) belongs to a family of pep-
tides with a length of 21 amino acids. Pace making enzyme Endothelin Converting-
Enzyme-1 (ECE-1) cleaves ET-1 from larger precursors. ET-1 enacts vasoconstric-
tion via Endothelin A receptor (ETAR), while Endothelin B receptor (ETBR) me-
diates vasodilatation by release of NO. Ischemia is an important stimulus for endo-
thelin expression changes. 

Endothelin is considered a stress-responsive regulator working in paracrine 
and autocrine fashion with both beneficial and detrimental roles in cardiac 
physiology as well as pathology108. There are several lines of evidence sug-
gesting that endothelin-1 (ET-1) is involved in the myocardial dysfunction 
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following I/R injury109. ET-1 levels increase within minutes after onset of 
myocardial ischemia and normalize under the following 24h110. 

ET-1 causes coronary vasoconstriction111 and increases infarct size by re-
ducing myocardial perfusion110 as illustrated in Figure 3. Furthermore, ET-1 
is arrhythmogenic. Thus, ET-1 was mainly thought to play a negative role in 
CA and during ROSC. However, experimental endothelin receptor blockade 
is unsuccessful and does not induce cardioprotection. This might be due to a 
fragile balance between vasodilatators and vasoconstrictors. Moreover, there 
is growing evidence that endothelin itself may be cardioprotective due to a 
preconditioning-like effect and its role in inflammation112 and its beneficial 
effects on left ventricular function113. 

Coronary Perfusion
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Figure 3: Endothelin-1 and Coronary perfusion. Endothelin-1 diminishes coronary 
perfusion via endothelin A-receptor (ETAR) mediated vasoconstriction. This poten-
tially causes myocardial injury after cardiac arrest and during reperfusion. Experi-
mental ETAR blockade recovers coronary perfusion, but is not cardioprotective. 

1.4.2 Nitric oxide synthases and NO pathway 
Nitric oxide (NO) and nitric oxide synthases (NOS) are involved in both 
harmful and beneficial regulatory mechanisms after CA and during reperfu-
sion114. Generally, NO is cardioprotective in modulating I/R injury115, while 
its role in neuroprotection is less clear. During reperfusion, NO may disrupt 
the blood brain barrier (BBB) leading to hyperemia with undesired cerebral 
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edema25. NO is produced by three NOS isoforms, namely endothelial 
(eNOS), neuronal (nNOS) and inducible (iNOS)116. 

In the absence of disease, NO is physiologically produced by NOS from 
the substrates L-arginine and molecular oxygen, thereby creating citrulline116 
(Figure 4). Both eNOS and nNOS isoforms are calcium dependent, while 
iNOS is not. Similarly, due to high NO production capacity NO production 
from iNOS can rise to cytotoxic levels in the disease state, such as after 
ROSC, while eNOS and nNOS produce moderate amounts of NO116. The 
messenger molecule NO has only a short half life time and is degraded by 
spontaneous oxidation.  

In pathology, such as after CA where metabolites, substrates and oxygen 
are depleted, NOS contributes to free radical formation116, thereby increasing 
further tissue damage. 

Figure 4: The NO system. Nitric oxide (NO) is produced from L-Arginine by Nitric 
Oxide Synthase (NOS). Oxygen (O2) and NADPH are essential cofactors. Citrulline 
enters the Krebs cycle.  
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Figure 5: Nitric oxide (NO) and cell death. Isolated Nitric Oxide Synthase (NOS) 
activation can be neuroprotective – in this case, NO inhibits cell death. On the con-
trary – NO induces neuronal cell death, if activated in combination with hypoxia or 
inflammation.  

1.4.2.1 Cardiac NO and NOS expression regulation 
In the heart, both the source of NO production (via the different NOS iso-
forms) and the myocardial health state prior to damage are important for 
outcome. NO synthesis by eNOS plays an important role in the regulation of 
vasomotor tone, while the role of nNOS is not well understood in the heart. 
iNOS produces more NO than the other two isoforms and may be involved 
in preconditioning. When the myocardium is exposed to certain stimuli, e.g. 
short episodes of ischemia, preconditioning activates protective mechanisms. 
Cardioprotection is temporary and reduces myocardial damage and arrhyth-
mia in case of another cardiac event within the protective time-frame. iNOS 
induced by preconditioning augments baseline NO levels in the precondi-
tioned heart compared to non-preconditioned hearts114. In our model, we 
investigated non-preconditioned healthy piglets. This is important, because 
during ROSC, eNOS and nNOS are activated much earlier than iNOS. In 
fact, iNOS activation is effective during late preconditioning114 (not earlier 
than 6 hours after preconditioning) which is beyond our model‘s time-frame. 
Thus, myocardial NO production in our model during ROSC initially de-
pends on eNOS and nNOS, rather than on iNOS. 

1.4.2.2 Cerebral NO and NOS expression and regulation 
Similarly to the heart, all three NOS isoforms are expressed in most tissues 
of the CNS, although with different preferences; nNOS is expressed more 
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abundantly in neurons, eNOS in endothelial cells and iNOS foremost in neu-
roglia116. The different roles of NOS isoforms have been better elucidated 
more recently, but much is still not known. However, it is known that nNOS 
is involved in memory, learning and neurogenesis117 in health, while it is 
likely to contribute to excitotoxicity (see section 1.2.2) in the disease state. 
The capacity of iNOS to produce large quantities of NO independent of in-
tracellular calcium concentration is responsible for cytotoxic and cytostatic 
effects in macrophages, playing an important role in the cellular immune 
response to microorganisms and tumor cells, respectively. However, during 
disease, as in I/R injury, the high NO production capacity of iNOS leads to 
toxicity via peroxidation (free radical formation) not only against pathogens, 
but against healthy cells as well116. Suggestive of its name, eNOS is mostly 
expressed in endothelial cells and interestingly synthesizes NO in a pulsatile 
manner, regulated by the intracellular calcium concentration and other fac-
tors like shear stress. eNOS is involved in many physiological processes, 
including vasomotor tone regulation, producing the important vasodilator 
NO, inhibition of platelet aggregation and adhesion, as well as opposition of 
vascular inflammation116. The role of eNOS in pathophysiology is character-
ized by failure of its physiological functions, contributing to cardiovascular 
disease116. 

1.4.2.2 Endothelin and NO interaction 
In health, the NO system plays a major role in maintaining vasotonus medi-
ating vasodilatation, thus balancing vasoconstriction mediated by the endo-
thelin system (Figure 6). NO produced by endothelial NOS (eNOS) in the 
endothelium diffuses into vascular smooth muscle cells, where NO acts as 
cofactor for soluble guanylyl cyclase producing cyclic guanosine mono-
phosphate (cGMP), thus enacting vasodilatation. The endothelin system 
mediates vasoconstriction by paracrine effects of ET-1 on vascular smooth 
muscle cells. Here, Endothelin B-receptor mediates either vasodilatation 
(endothelium) or vasoconstriction (smooth muscle), depending on its loca-
tion. 

In the diseased vasculature, NO production diminishes while endothelin 
production increases due to vessel wall shear stress and inflammatory proc-
esses (atherosclerosis). 
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Figure 6: Interaction between the Endothelin- and the Nitric Oxide (NO) system. 
In health, the NO system plays the major role, mediating vasodilatation, thus ba-
lancing the vasoconstriction mediated by the endothelin system. Endothelial NOS 
(eNOS), L-Arg, L-Arginine, cGMP, cyclic guanosine monophosphate, ET-1, Endo-
thelin-1, ETAR, Endothelin A-receptor; ETBR. Endothelin B-receptor, R, Receptor 
(diverse)  
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2. Aims of the study 

 To study if methylene blue (MB) administered during cardiopulmo-
nary resuscitation (CPR) could compensate for a delay to establish 
targeted temperature management (TTM) 

 
 To understand the effect of S-PBN, MB and TTM after cardiac ar-

rest (CA) on the endothelin system 
 
 To compare survival and hemodynamic effects of low-dose amioda-

rone and vasopressin to vasopressin in hypovolemic cardiac arrest in 
piglets 

 
 To evaluate the impact of the combined effect of milrinone, esmolol 

and vasopressin compared to vasopressin alone in the setting of CPR 
after prolonged cardiac arrest 
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3. Material and Methods 

3.1 Animal models 
The studies’ experimental protocols were approved by the Regional Animal 
Review Board of Uppsala, Sweden. All studies were prospective, rando-
mized, laboratory animal studies and in accordance with national law and 
EU directive. Special care was taken to ensure that animal handling and ex-
perimentation was in accordance with the European Convention of Animal 
Care as well as Swedish National Board for Laboratory Animals guidelines. 
In the laboratory, the piglets were handled exclusively by certified staff with 
many years experience. 

3.1.1 Animals 
All animals were triple cross-breed Swedish domestic piglets (Norwegian 
land race × Yorkshire) with no apparent pre-existing disease (age 12-14 
weeks), weighing 24-26 kg and of both sexes. The animals were obtained 
from a single provider and were fasted before the experiment with free 
access to water. 
 
Study & protocol nr. Number of animals Mean weight ± SD 
Paper I Total: n=29 25.0 ± 1.0 kg 
 C group, n=8 24.7 ± 1.2 kg 
 PH group, n=8 25.6 ± 1.0 kg 
 PH + MB group, n=8 25.1 ± 0.9 kg 
 Neg. controls, n=5 24.7 ± 0.8 kg 
Paper II total: n=34 25.8 ± 1.3 kg 
C108/4 C group, n=5  
 ROSC groups, n=18  
 S-PBN group, n=5 

MTH group, n=6 
 

Paper III Total: n=18 25.3 ± 1.8 kg 
C13/9 Cordarone group, n=9  
C315/5 Control group, n=9  
Paper IV 
C265/11 

Total: n=26 
MEV group, n=13 

25.3 ± 2.0 kg 

 Control group, n=13  
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Table 2: Experimental animals, groups and mean weight. Paper I: C group - unre-
suscitated cardiac arrest controls. PH group - treatment with postponed mild hypo-
thermia. PH + MB group -treatment with postponed hypothermia and methylene 
blue. Paper II: C group – unresuscitated cardiac arrest controls. ROSC groups - 
resuscitated controls with 30, 60 and 180 min reperfusion after ROSC, respectively, 
but otherwise no intervention. S-PBN group - treatment with S-PBN, 180 min reper-
fusion. MTH group - treatment with mild therapeutic hypothermia, 180 min reperfu-
sion. Paper III: Cordarone group - hypovolemic CA, treatment with amiodarone. 
Control group – untreated hypovolemic CA. Paper IV: MEV group – prolonged CA 
treated with milrinone, esmolol and vasopressin, 180 min reperfusion. Control 
group - prolonged CA treated with vasopressin only, 180 min reperfusion. 

3.1.2 Anesthesia and fluid replacement 
Before induction of general anesthesia, the animals were premedicated with 
tiletamine, 6 mg·kg−1 zolazepam and 2.2 mg·kg−1 xylazine (Rompun, Bayer, 
Germany) and 0.04 mg·kg−1 atropine was injected intramuscularly. Then, the 
animals were placed on a warming blanket to maintain baseline temperature 
(37.5–38.5 °C) during preparation for the experiment in all groups, and dur-
ing the experiment in the normothermic groups. All experiments were per-
formed in the same climate-controlled animal surgical suite set at 21–24 °C. 
Anesthesia was induced as follows: After the first boluses of ketamine 2 
mg·kg−1 and morphine 0.1 mg·kg−1, an intravenous infusion of 8 mg kg−1·h−1 
sodium pentobarbital (Apoteket, Umeå, Sweden), morphine 0.5 mg·kg−1·h−1 
(Morphine, Pharmacia, Sweden) and 0.25 mg·kg−1·h−1 pancuronium bromide 
(Pavulon, Organon, Solna, Sweden) was started for maintenance of anesthe-
sia and shivering prevention. Adequate anesthesia was confirmed by absence 
of motor and sympathetic responses to painful stimuli. The piglets were tra-
cheotomized and mechanically ventilated (Servo-i V3.1, Siemens Medical, 
Solna, Sweden) with 30% oxygen/air mix, 1:2 inspiratory:expiratory (I:E) 
ratio, 25 min−1 respiratory frequency, 5 cm H2O positive end-expiratory 
pressure (PEEP) and minute volume set to maintain arterial partial pressure 
of carbon dioxide (PaCO2) between 5.0 and 5.5 kPa. The capnogram 
(CO2SMO Plus-8100, Novametrix, Wallingford, CT, USA), peripheral oxy-
gen saturation and electrocardiogram (ECG) were displayed continuously 
until the end of the experiment. Temperature probes were inserted for mea-
suring esophageal (Tesof) and rectal temperature (Tr). During the first hour 
of preparation, fluid replacement with acetated Ringer´s solution was stan-
dardized for all animals with 30 mL·kg−1 followed by continuous infusion of 
10 mL·kg−1·h−1 acetated Ringer´s solution and 8 mL·kg−1·h−1 2.5% glucose-
electrolyte solution. 
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3.1.3 Surgical preparation 
An 18-G arterial catheter was advanced into the aortic arch via a branch of 
the right carotid artery for withdrawal of blood samples and measurement of 
blood pressure. A jugular venous catheter (18-G) was inserted antegradely to 
a position close to the wedge position. A 14-G saline-filled double lumen 
catheter was placed into the right atrium via a cutdown of the right external 
jugular vein. Along with that, a pulmonary artery catheter was inserted to 
monitor core temperature, cardiac output (CO), pulmonary artery pressure 
(PAP) and capillary wedge pressure (PCWP). The bladder was catheterized 
to collect urine and monitor diuresis. 

3.1.4 Hemodynamic measurements and samples 
Peripheral oxygen saturation and capnograms (CO2SMO Plus-8100, No-
vametrix, Wallingford, CT, USA) as well as hemodynamic parameters, in-
cluding heart rate, systemic arterial blood pressure, electrocardiogram leads 
II and V5, right atrial pressure and pulmonary artery pressure were moni-
tored and recorded continuously until the end of the experiment (BioPac 
MP100, Acknowledge, version 3.8.1 software, BioPac Systems, Santa Bar-
bara, CA, USA). Cardiac output (CO) was measured with thermodilution 
technique and coronary perfusion pressure (CPP) was calculated. CO, PCWP 
and CPP (measured at baseline and at 30, 60, 120, 180 min after ROSC) 
were recorded and measured according to the previous protocols (Clark CA, 
Harman EM: Hemodynamic Monitoring: Pulmonary Artery Catheters. In 
Critical Care, 3rd edition. Civetta JM, Taylor RW, Kirby RR. Philadelphia: 
Lippincott Williams & Wilkins 1988, pp293-302). Samples of arterial blood 
were taken for blood gas analysis and acid-base balance (ABL 300, Radi-
ometer, Copenhagen, Denmark) at regular intervals (control, 16 and 19 min 
during CPR and 5, 15, 30, 60, 120 and 180 min after ROSC). Oxygen satura-
tion and hemoglobin were determined simultaneously on an OSM3 Hemox-
imeter (Radiometer) at the same time points. Systemic oxygen extraction, as 
well as cerebral oxygen extraction was calculated. 

3.1.5 Analytical methods 
3.1.5.1 Paper I – blood-borne tissue injury indicators 
Before CA and during reperfusion at 15, 30, 60, 120 and 180 min after 
ROSC, blood specimens were collected from the arterial catheter for analys-
es of the cardiac tissue injury indicator troponin I; and from the jugular ven-
ous catheter the cerebral tissue astroglial protein S-100β and the indicator of 
oxidative stress, 8-iso-dihydroPGF2α, as indicators of cerebral injury. Analyt-
ical methods of these have been published previously by our group21,118. 
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3.1.5.2 Paper III – blood-borne tissue injury indicators 
The arterial blood samples were used to determine troponin I levels at base-
line and 30, 60, 120, and 180 minutes after ROSC. Troponin I was measured 
with monoclonal/polyclonal mass immunoassay (ADVIA Centaur, Bayer), 
with normal values less than 0.12 µg·L-1 for troponin I. Plasma glucose, 
lactate, and electrolyte concentrations were determined (ABL 700, Radiome-
ter, Copenhagen, Denmark) at baseline as well as 120 and 180 minutes after 
ROSC119. 

3.1.5.3 Paper IV – blood-borne tissue injury indicators 
Arterial blood samples were taken at baseline, 30, 60 and 180 min after 
ROSC. Plasma was separated by centrifugation and stored at -70 °C for tro-
ponin I analysis. 

3.1.6 Experimental protocols and interventions 

Prolonged CA models with closed-chest CPR – papers I, II and IV: 
After preparation, the piglets were stabilized for one hour and ventilated with 
0.3/0.7 oxygen/air mix where after 1 h baseline measurements were made. 
Ventricular fibrillation was induced by a 50-Hz, 20-60 V alternating transtho-
racic current via two subcutaneous needle electrodes. Cardiopulmonary arrest 
was defined as ventricular fibrillation (VF) in the electrocardiogram com-
bined with aortic blood pressure below 25 mm Hg. In the control group, ex-
perimentation was ended without treatment directly after cardiac arrest. 

After 12 min of untreated CA in the other groups, closed-chest CPR was 
performed with a pneumatically driven automatic piston device for CPR 
(Lucas®, Jolife AB, Lund, Sweden) and mechanical ventilation with 100% 
oxygen was resumed with the same ventilator settings as before induction of 
CA and otherwise unchanged parameters. 

Hypovolemic CA model with open-chest CPR – paper III: 
After preparation, the piglets were allowed to stabilize for 1 hour, after 
which baseline measurements were performed. Heparin (60 IU·kg-1) was 
injected intravenously, and hemorrhage was started from the catheter in the 
femoral artery (Figure 9). Blood was collected in 450-mL bags (Baxter 
Healthcare Corporation, Deerfield, IL) containing the citrate-phosphate-
dextrose anticoagulant solution for a subsequent retransfusion120. 

A controlled, fixed-pressure hemorrhage model was used. The speed of 
hemorrhage was controlled by adjusting the blood flow through the femoral 
catheter. Bleeding was stopped when a mean arterial blood pressure of 35 
mm Hg was reached. This blood pressure was being maintained for 5 minutes 
by withdrawing more blood or administering small volumes of the shed 
blood. The total blood volume in a piglet was calculated as 67 mL·kg-1 121. 
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3.1.6.1 Paper I (Figure 7) 
One minute after commencement of CPR, all animals received a bolus of 0.4 
U·kg-1 of vasopressin (Arg8-vasopressin, Sigma Chemicals Co, St Louis, 
MO, USA). At the same time point, i.e. 1 min after commencement of CPR, 
the animals were randomly assigned to one out of four groups by a lottery. 
The control (C) group (n=8) received standard treatment, i.e. no cooling, no 
MB, but room temperature 30 mL·kg-1 of Ringer’s acetate during the period 
30-60 min after ROSC. The PH group (n=8) received the same treatment up 
to 30 min after ROSC when cooling began by administering 5 °C Ringer’s 
acetate (30 mL·kg-1 Ringer’s acetate during 30 min) along with surface cool-
ing by applying plastic bags containing ice until the target temperature 34 °C 
was achieved in the pulmonary artery. The PH + MB group (n=8), being 
cooled in the same manner as the PH group (30 mL·kg-1 Ringer’s acetate 
during 30 min), also received an infusion with 7.5 mg·kg-1·h-1 methylene 
blue (methylthioninium chloride 10 mg·mL-1 equivalent to 8.56 mg·mL-1 
water free MB, Apoteket, Umeå, Sweden) mixed in total 20 mL normal sa-
line administered from 1 min after commencement of CPR for 20 min, after 
which it was reduced to 2.25 mg·kg-1·h-1 maintained for another 40 min re-
sulting in a total MB dose of approx. 3 mg·kg-1. After hypothermia of 34 °C 
was achieved, the Ringer’s acetate infusion, now at room temperature, was 
reduced to 16.5 mL·kg-1 h-1. Thus, the PH + MB group was cooled according 
to the same protocol as the PH group, i.e. from 30 min after ROSC until the 
same target temperature was reached and the fluid volumes given to the 
three experimental groups achieving ROSC was identical. In order to control 
for the histological and immunohistochemical methods, 5 more piglets were 
randomized for additional negative controls, see below. 

After 8 min of external chest compressions, a monophasic countershock 
was delivered through defibrillation electrode pads (Medtronic Physio-
Control Corp. Seattle, WA, USA) at an energy level of 200 J. If ROSC was 
not successful, another two defibrillatory shocks (200 J, 360 J) were given. 
During continued CPR, DC shocks were applied at the same energy level 
(360 J) for a maximum period of 5 min. CPR was discontinued if ROSC was 
not achieved during this time. If arterial pH was < 7.20 or base deficit > 10 
mmol·L-1 5 min after ROSC, acidosis was corrected with a tris buffer mix-
ture (Tribonat®, Fresenius Kabi, Stockholm, Sweden), 1 mmol·kg-1 and by 
increasing minute ventilation. Dobutamine (Dobutrex®, Eli Lilly) was admi-
nistrated in a solution of 12.5 mg·mL-1 starting at 5 µg·kg-1 min-1 if the sys-
tolic blood pressure was < 70 mm Hg. 

After completion of the study, all animals were killed with an injection of 
10 mL of 20 mmol·mL-1 potassium chloride. The skull was opened before 
final CA in the prone position and after administration of potassium the 
brain was rapidly, within 2 min, removed pending immunohistochemical and 
histopathological analyses. As controls for these analyses, 5 piglets were 
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anesthetized by the same method as above after which craniotomies were 
performed and the brains harvested immediately, within 2 min, after ending 
the experiment by an injection of potassium chloride. 

 
Figure 7: Experimental Protocol of paper I. Timeline of the experimental proce-
dure: After 1 h stabilization, animals were subjected to 20 min ventricular fibrilla-
tion (VF) including 12 min cardiac arrest and 8 min cardiopulmonary resuscitation 
(CPR). Cardiac arrest = negative controls (CA); restoration of spontaneous circula-
tion; controls (C); postponed hypothermia treated group (PH); methylene blue and 
PH treated group (PH + MB); alternating transthoracic shock (AC); defibrillatory 
shocks (DC); potassium chloride (K+Cl-). 

3.1.6.2 Paper II (Figure 8) 
Our model with 12 min untreated CA and eight min CPR has previously 
been described18.  Here, we induced CA with identical anesthesia, fluid ad-
ministration and surgical preparation as described above. 

Following one minute CPR, all animals received a bolus 0.4 U·kg−1 vaso-
pressin (Arg8-vasopressin, PolyPeptide Laboratories, Wolfenbüttel, Germa-
ny) via the right atrial catheter. After eight minutes of external chest com-
pressions, a 200 J monophasic counter shock was delivered through defibril-
lation electrode pads (Medtronic Physio-Control Corp., Seattle, WA, USA). 
If spontaneous circulation was not restored, CPR continued 2 min followed 
by defibrillation (200 J). A bolus of epinephrine (20 µg·kg-1) was adminis-
tered after the third DC shock. CPR and DC shocks were applied over max-
imally 5 min according to resuscitation guidelines from 2010 15. If ROSC 
was not achieved within this timeframe, CPR was discontinued. ROSC was 
defined as return of coordinated electrical activity resulting in systolic blood 
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pressure > 60 mm Hg for at least ten minutes. Oxygen was reduced to 30% 
after 5 min of spontaneous circulation. Acidosis was corrected by increasing 
minute ventilation and with 1 mmol·kg-1 tris buffer mixture (Tribonat®, 
Kabi Fresenius, Stockholm, Sweden) on acidosis, defined as arterial pH < 
7.20 or base deficit > 10 mmol·L−1, 5 min after ROSC. Dobutamine was 
infused to maintain systolic blood pressure >70 mm Hg in a dose of 5 
µg·kg−1·h−1. Thereafter, the animals were treated according to the specific 
protocols described beneath. 

The piglets were randomized into four groups: one non-resuscitated group 
and three resuscitated groups. The non-resuscitated group served as control 
(C group, n=5) and underwent 12 min CA. The resuscitated groups under-
went 12 min CA and 8 min CPR, without subsequent hypothermia (ROSC 
groups, n=18 and S-PBN group, n=5) or with hypothermia (MTH, n=6). The 
hearts were removed immediately after CA (C group) or at 30 min 
(ROSC30), at 60 min (ROSC60) and 180 min (ROSC180) after ROSC, re-
spectively. In the S-PBN group, a dose of 40 mg·kg-1 sodium 4-[(tert-
butylimino) methyl]benzene-3-sulfonate N-oxide (S-PBN; Sigma Aldrich) 
was administrated 1 min after CPR was initiated. These piglets were fol-
lowed until 180 min after reperfusion. The last group underwent CA fol-
lowed by CPR and hypothermia (MTH). In this group, an intravenous infu-
sion of 4°C cold saline solution 30 mL·kg-1 was administrated under 30 min, 
starting immediately after ROSC (body temperature decrease was 
4.6±1.5°C) while external ice packs were used under the whole experiment 
time to maintain mild hypothermia (34°C).  

All animals received the same amount of fluid. Untreated animals were 
administered saline solution 30 mL·kg-1 at room temperature. All experi-
ments were performed in the climate-controlled animal operation room set at 
21–24°C. 

The experimental protocol with timeline and all different interventions are 
summarized in Figure 8. After completion of the study, all animals received 
an injection of 10 mL potassium chloride 20 mmol·mL−1 and were killed. 
Cardiac left ventricle tissue samples were removed within 2 min after death, 
immediately frozen in liquid nitrogen and stored at -80°C prior to mRNA 
and protein analyses. 
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Figure 8: Experimental Protocol of paper II. Timeline of the experimental proce-
dure: After 1 h stabilization, animals were subjected to 20 min ventricular fibrilla-
tion (VF) including 12 min cardiac arrest and 8 min cardiopulmonary resuscitation 
(CPR). Cardiac arrest, controls (C); restoration of spontaneous circulation (ROSC 
30, 60 and 180); Hypothermia treated group (MTH); N-tert-butyl-a-phenylnitrone 
(S-PBN); alternating transthoracic shock (AC); defibrillatory shocks (DC); potas-
sium chloride (K+Cl-). 

3.1.6.3 Paper III (Figure 9) 
VF was induced in all animals with a 50-Hz, 20-V to 40-V transthoracic 
alternating current application via two subcutaneous needles placed on both 
sides of the thorax122. During CA and CPR, 100% oxygen was delivered 
with the same baseline ventilator settings. 

After 4 minutes of circulatory arrest, open-chest CPR was started, with a 
compression rate of 60 to 80 per minute because it is almost impossible to 
have a compression rate higher than 80 per minute without damaging the 
myocardium while handling the heart. After 1-minute CPR, the amiodarone 
group piglets (n=9) received 1.0-mg·kg-1 amiodarone (Cordarone, 50 
mg·mL-1, Sanofi), whereas the control group piglets (n=9) received the same 
amount of NaCl 0.9% via the right atrial catheter. At the same time, all pig-
lets received 0.4 U/kg vasopressin (Arg8-vasopresin, PolyPeptide Laborato-
ries, Wolfenbüttel, Germany), and 3 mL·kg-1 hypertonic saline (7.5%) with 
dextran (hypertonic saline dextran [HSD]) solution (RescueFlow, Biophau-
sia, Uppsala, Sweden), infused through the right atrial catheter over 20 mi-
nutes. 

After 3 minutes of open-chest CPR, an internal monophasic countershock 
was delivered at the energy level of 20 J (Medtronic Physio-Control, Seattle, 
WA). Subsequent defibrillatory shocks were increased to 40 J122. If ROSC 
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was not achieved after 6 shocks, a bolus of 0.4 U·kg-1 vasopressin was ad-
ministered through the right atrial catheter. CPR was continued up to 8 mi-
nutes. CPR was discontinued if ROSC was not achieved during this pe-
riod119. ROSC was defined as the return of coordinated electrical activity 
resulting in a pulsatile cardiac rhythm with a systolic blood pressure of 
greater than 60 mm Hg for at least 10 consecutive minutes. 

Five minutes after ROSC, oxygen was reset to 30%. Minute ventilation 
was adjusted to maintain an arterial PaCO2 within the range of 5.0 kPa to 5.5 
kPa. Twenty-three minutes after CA, the resuscitation fluid infusion rates 
were reduced as follows: HSD was stopped, and the exsanguinated blood 
was given over 1 hour122. If arterial pH was less than 7.20 or if base deficit 
was more than 10 mmol·L-1 5 minutes after ROSC, acidosis was corrected 
with a tris buffer mixture (Tribonat, Kabi Fresenius, Stockholm, Sweden) 1 
mmol·kg-1 and by increasing minute ventilation25. Dobutamine (Dobutrex, 
Eli Lilly & Co., Indianapolis, Indiana, USA) was administered to maintain 
systolic blood pressure of 70 mm Hg to 90 mm Hg. The maximal allowed 
dose of dobutamine was 20 µg·kg-1·min-1. Three hours after ROSC, the last 
measurements were made and the anesthetized piglets received a lethal 
intravenous injection of potassium chloride. 

 
Figure 9. Experimental Protocol of paper III. After stabilization for 1 hour, pig-
lets were subjected to 4 minutes of untreated VF followed by 8 minutes of open-
chest CPR (open-chest CPR performed by the same investigator); CA, cardiac ar-
rest; HSD, hypertonic saline (7.5%) dextran (6%) solution; SBP, systolic blood 
pressure; AC, alternating transthoracic shock; DC, defibrillatory shocks; KCl, potas-
sium chloride. 
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3.1.6.4 Paper IV (Figure 10) 
Baseline measurements were taken after 1 h stabilization. To induce ventri-
cular fibrillation, a 50-Hz, 20-60 V alternating transthoracic current was 
applied via two subcutaneous needle electrodes. Cardiopulmonary arrest was 
defined as VF in the electrocardiogram combined with aortic blood pressure 
below 25 mm Hg. 

After twelve minutes of untreated CA without mechanical ventilation, 
closed-chest CPR (100 compressions min−1) was performed by an automatic 
device (Lucas™, Jolife AB, Lund, Sweden) for eight minutes and mechani-
cal ventilation was resumed with 100% oxygen and otherwise unchanged 
parameters. Following one minute CPR, all animals received a bolus 0.4 
U·kg−1 vasopressin (Arg8-vasopressin, PolyPeptide Laboratories, Wol-
fenbüttel, Germany) via the right central venous catheter). The treatment 
group (n=13) received i.v. boluses, esmolol 250·μg·kg−1 and milrinone123 25 
μg·kg−1 13 min after VF induction123. I.v. boluses esmolol 375 μg·kg−1 and 
milrinone 25 μg·kg−1 were repeated 5 min later (18 min after induction of 
VF) in the treatment group. The control group (n=13) received only the 
equal amount of saline at 13 min VF and at 18 min VF. After 5 min of spon-
taneous circulation, the treatment group received a continuous infusion of 
esmolol 15 µg·kg-1·h-1 for the remaining 180 min, whereas controls received 
the equal amount of saline. One minute after the start of CPR all animals 
received an infusion of 3 mL·kg−1 of the hypertonic-saline (7.5%) dextran 
(6%) solution (RescueFlow®, (Biophausia, Uppsala, Sweden) for 20 mi-
nutes. 

After eight minutes of external chest compressions, 20 min after VF in-
duction, a 200 J monophasic counter-shock was delivered through defibrilla-
tion electrode pads (Medtronic Physio-Control Corp., Seattle, WA, USA). If 
spontaneous circulation was not restored (ROSC), one more defibrillation 
(200 J) and another bolus vasopressin 0.4 U·kg−1 was administered in both 
groups. DC shocks at 360 J were then applied at a rate of one shot min−1 over 
maximally 5 min in both groups. If ROSC was not achieved within this time-
frame, CPR was discontinued. ROSC was defined as return of coordinated 
electrical activity resulting in systolic blood pressure > 60 mm Hg for at least 
ten minutes. Oxygen was reduced to 30% after 5 min of spontaneous circula-
tion. Acidosis was corrected by increasing minute ventilation and with 1 
mmol·kg−1 tris buffer mixture (Tribonat®, Kabi Fresenius, Stockholm, Swe-
den) on acidosis, defined as arterial pH <7.20 or base deficit >10 mmol·L−1 5 
min after ROSC. If necessary, norepinephrine was infused to maintain sys-
tolic blood pressure >70 mm Hg. Three hours after ROSC the experiment 
was ended with an injection of 10 mL potassium chloride 2 mmol·mL−1. 
Biochemical measurements and hemodynamic recordings from those ani-
mals achieving ROSC were included in the final analysis. 
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Figure 10: Experimental Protocol of paper IV. Timeline of the experimental proce-
dure: After preparation and 1 h stabilization (baseline), animals were subjected to 
20 min ventricular fibrillation (VF), induced by an alternating transthoracic shock 
(AC) including 12 min cardiac arrest (CA) and 8 min cardiopulmonary resuscitation 
(CPR). Treatment group (milrinone, esmolol and vasopressin) received i.v. boluses 
vasopressin 0.4 U kg−1, esmolol 250 μg kg−1 and milrinone 25 μg kg−1 13 min after 
CA and i.v. boluses esmolol 375 μg kg−1 & milrinone 25 μg kg−1 18 min after CA; 
controls received i.v. bolus 0.4 U kg−1 vasopressin and saline. DC shock algorithm: 
If unresponsive to 200 J DC shock after 8 min of CPR (at minute 20), the animals 
received another DC shock at 200 J and then 360 J and i.v. bolus 0.4 U kg−1 vaso-
pressin. This was followed by defibrillatory (DC) shocks, if necessary up to 5 mi-
nutes, once per minute. After restoration of spontaneous circulation (ROSC) was 
achieved, the animals were observed during 180 min reperfusion and hemodynamic 
measurements and markers for cardiac damage were taken at specific time-points. 
Animals in the treatment group received 15 μg·kg-1·h-1 esmolol infusion during 180 
min reperfusion, while controls received the same amount of saline. Noradrenaline 
infusion was initiated if systolic blood pressure was lower than 70 mmHg and tribo-
nate was given if pH was lower than 7.2. Thereafter, the experiment was ended with 
potassium chloride (K+Cl-). 

3.2 Molecular biology techniques – paper II 
3.2.1 RNA extraction 
Total RNA was extracted with RNeasy® Fibrous Tissue Midi kit (Qiagen) 
according to manufacturer’s instructions. One µg total RNA was reverse 
transcribed to cDNA with iScript cDNA Synthesis kit (Bio-Rad laboratories, 
USA) following manufacturer’s instructions. RNA quality was assessed with 
Agilent 2100 Bioanalyzer (Agilent).  
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3.2.3 Real-time quantitative polymerase chain reaction (qPCR) 
Real-time qPCR was performed with MyiQ single-color detection system 
(Bio-Rad Laboratories, USA). Porcine ET-1, ECE-1, ETAR, ETBR and β-
actin primers were described in Forni et al. 124. Details about primers and 
amplicons are summarized in Table 3. The reactions were performed using 
IQ SYBR® Green Supermix (Bio-Rad laboratories, USA) following stan-
dard conditions recommended by the manufacturer. At the end of the ampli-
fication phase, a melting-curve analysis was carried out on the products 
formed. All samples were measured in triplicate. mRNA amount was norma-
lized with β-actin. Relative amount of target genes compared to the calibra-
tor (C) was calculated with standard curve method. 
 
Primer Sequence (5´-3´) Transcript 

length 
Acc. no. * 

ET-1 For.: CCTGTCTGAAGCCATCTC 109 bp X07383 
 Rev.: AGTAAGGAACGGTCTGAAC   
ETAR For.: TCACCGTCCTCAATCTCTG 98 bp S80652 
 Rev.: CGCTGTGACCAATGGAATC   
ETBR For.: CCCCTTCATCTCAGCAGGATT 203 bp AY583500 
 Rev.: GCACCAGCAGCATAAGCATG   
ECE-1 For.: CCATCATCAAGCACCTCCTC 108 bp D89494 
 Rev.: GCTCCTCAATCCTGGTTTCG   
β-actin For.: ATGGTGGGTATGGGTCAGAAAG 103 bp AF054837 
 Rev.: TGGTGATGATGCCGTGCTC   

Table 3: Porcine primer sequences (forward and reverse) with transcript (RT-PCR 
product) length and EMBL database accession number. (ET-1) Endothelin-1; 
(ETAR) Endothelin A-receptor; (ETBR) Endothelin B-receptor; (ECE-1) Endothe-
lin-Converting-Enzyme-1; (SDH) Succinate Dehydrogenase. *GeneBank accession 
number at www.ncbi.nlm.nih.gov. doi:10.1371/journal.pone.0064792.t001 

3.2.4 Protein extraction 
Proteins from cardiac left ventricle were prepared by rapid homogenization 
in Tissue Extraction Reagent II (Invitrogen Corporation, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Protein concentration 
was determined with the RC DC kit (Bio-Rad laboratories, USA). For each 
group, 50 µg protein extracts were pooled from three animals. 

3.2.5 Western blot 
The protein extracts were resolved by electrophoresis on 12% SDS-acryl 
amide gels and transferred to Hybond-P PVDF membranes (GE Healthcare, 
Uppsala, Sweden). The membranes were blocked with SuperBlock® T20 
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PBS (Thermo Scientific) before incubation in phosphate-buffered saline–
Tween-20 with anti-ETBR (1:200, AER-001; Alomone Labs, Jerusalem, 
Israel), anti-ETAR (1:200, AER-002; Alomone Labs), anti-β-actin (1:200, 
Sigma-Aldrich, St. Louis, MO), anti-nNOS (1:3000; Euro-Diagnostica AB, 
Malmö, Sweden), anti-iNOS (1:3000; Abcam, Cambridge, MA) and anti-
eNOS (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), respectively. 
After washing, the membranes were incubated with anti-rabbit IgG-
conjugated to horseradish peroxidase (1:3000). Immunoreactive bands were 
visualized by enhanced chemiluminescence with Lumi-Light plus (Roche 
Diagnostics). Protein band densities were digitally quantified and normalized 
to the loading control (β-actin) with ChemiDoc XRS and Quantity One im-
age analysis software (Bio-Rad laboratories, USA). At least two membranes 
with duplicate sample pools were analyzed. 

3.3 Histology and Immunohistochemistry (IHC) 
3.3.1 Paper I 
Both brain hemispheres were immersed in 4% buffered formalin and stored 
at 4º C for 1 week before small tissue pieces (< 3×3×5 mm) from the pariet-
al-temporal cerebral cortex were cut and processed for histology or immu-
nohistochemistry. Comparisons between histologic analyses of the different 
areas of the brain have previously been published by the same research 
group25. The samples were embedded in low-temperature paraffin (56-58ºC) 
according to a standard protocol125, previously established by our group. 
Multiple sections approximately 3-5 μm thick were cut from cerebral cortex 
and stained using a commercial protocol126. Immunohistochemistry for al-
bumin was performed using a sheep polyclonal anti-rat albumin antibody 
(Sigma Chemicals, USA) and the streptavidin-horseradish peroxidase-biotin 
(HRP) technique19,25,118. The number of distorted neurons in one whole sec-
tion, and the number of albumin positive cells was counted in one identical 
area of the temporo-parietal cortex from each animal at least three times and 
in a blinded fashion in order to determine leakage of the blood-brain barrier 
(BBB)19,25 and neuronal injuries by the same investigator. Median values 
were recorded for data analysis. 

3.3.2 Paper II 
Fixation: Cardiac left ventricle tissue was immersed in 4% buffered formalin 
and stored one week at 4°C before small tissue pieces (< 3×3×5 mm) from 
the cardiac left ventricle were cut and processed for immunohistochemistry. 
Following standard protocol125, tissue pieces were dehydrated in alcohol 
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graded series, rinsed in xylene and embedded in low-temperature paraffin 
(56–58 °C). Multiple 3–5 µm sections were cut and collected on glass slides.  

IHC of ETAR, ETBR: After deparaffinization, immunostaining was per-
formed with polyclonal rabbit antibody (Alomone Labs, Jerusalem, Israel).  
ETA and ETB receptors antibodies were diluted 1:100 and incubated over 
night under continuous shaking at room temperature. The sections were then 
incubated with biotinylated goat anti-rabbit secondary antiserum and visua-
lized with a light microscope.  

IHC of eNOS, iNOS and nNOS was performed applying the same protocol 
we described previously in Miclescu et al.19. 
No immunoreactivity was detected in negative controls stained with primary 
antibody in presence of the corresponding blocking peptide. The amount of 
positive cells in each group was estimated by counting staining for each 
group in a blinded fashion by the same investigator. 
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4. Statistical analysis 

p-values of less than 0.05 were considered statistically significant in all pa-
pers presented. 

4.1 Paper I 
Circulatory data are presented as means ± SEM and indicators of tissue in-
jury in box plots (median, 25th and 75th as well as and 10th and 90th per-
centiles). Comparisons of circulatory data between the groups have been 
made, when normally distributed, by Student’s t-test on the area under the 
curve calculated according to the trapezoidal rule. Statistics of indicators of 
peroxidation and inflammation was performed by the same method after 
logarithmic transformation. Survival analysis was carried out using the me-
thod of Kaplan and Meier and comparisons between groups were made using 
log-rank test and the log-rank test for trend because survival was considered 
to be a variable of the ordinal type. In the case of histological and immuno-
histochemical analyses, normal distribution of data could not be presumed. 
We therefore used the non-parametric Kruskal-Wallis followed by Mann-
Whitney’s test. Pearson correlation has also been used.  

4.2 Paper II 
Protein and mRNA expression levels are displayed as normalized fold 
change, whereas data are presented as means ± SEM; expression is first 
normalized to β-actin expression on the same membrane in the case of pro-
tein detection (Western blot) and β-actin amplification in the case of real-
time qPCR for mRNA analysis, respectively. This step accounts for inherent 
technical and methodical fluctuations. Thereafter, the data are again norma-
lized to expression levels of the negative controls (C) that underwent un-
treated cardiac arrest, but no ROSC. This step is required to normalize for 
baseline tissue expression levels. Therefore, baseline expression in the nega-
tive controls (C) is always displayed as 1.0, regardless of the actual numeri-
cal value. Significant results (p < 0.05) are marked with (*), while (p < 
0.001) are marked with (**). 
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Statistics were performed with one-way analysis of variance (ANOVA) 
and Tukey’s Multiple Comparison Test (GraphPad Prism 5, GraphPad Soft-
ware), due to different group sizes. 

4.3 Paper III 
All data are presented as mean (SD). After the data were shown to be 

normally distributed, all parameters were analyzed with two-way repeated-
measures analyses of variance (ANOVA). The specific differences between 
the groups were determined with a one-way ANOVA and a Bonferroni-
Dunn post hoc test, if significant group effects were observed. Data about 
bleeding time and volume as well as number of defibrillatory shocks were 
analyzed using Mann-Whitney U-test. Survival analysis was performed us-
ing the method of Kaplan and Meier, and comparisons between groups were 
made using the log-rank test. The following statistical software was used: 
GraphPad PRISM version 6 (GraphPad Software Inc., San Diego, CA) and 
StatView for Windows (SAS Institute Inc., version 5, Cary, NC). 

4.4 Paper IV 
The following statistical software was used: GraphPad PRISM® version 5, 
GraphPad Software Inc., San Diego, CA, USA. All data are presented as a 
mean ± standard deviation (SD). In our previous cardiac arrest studies, mean 
troponin I concentration was approximately 9 µg·L-1 after 12 min of CA17,18. 
Therefore, power calculation was based on an assumed troponin I difference 
from 9 µg·L-1 to 18 µg·L-1, which at the 5% alpha level corresponded to a 
group size of 8 piglets. This was adjusted to 13 based on an early mortality 
or lack of ROSC rate of approximately 30%. Data of diuresis, norepineph-
rine consumption and defibrillation attempts were analyzed with t-test. 
Hemodynamic and troponin data were tested for normality with Shapiro-
Wilk test. Even though W values were in the range of 0.8 for most hemody-
namic parameters, the data was logarithmically transformed to achieve nor-
mal distribution and analysed with 2-way repeated measures analyses of 
variance (ANOVA) and Bonferroni post-tests to compare replicate means by 
row. Post-test and t-test significance levels of p<0.05 were considered statis-
tically significant. 
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5. Results 

5.1 Resuscitability and Survival 
5.1.1 Paper I 
In our first study out of 29 piglets five were unresuscitated negative controls, 
leaving 24 pigs, that is, eight in each experimental group. One pig in the PH 
+ MB group and one pig in the PH group, respectively, did not achieve 
ROSC. In the C group, one pig died at 3 min and another two pigs at 25 min 
after ROSC. In the PH group, a pig died at 15 min after ROSC. That leaves 
five pig brains in the C group, six pig brains in the PH group, and seven pig 
brains in the PH + MB group to be analyzed at the end of the experiment. 
There was no statistically significant difference in survival (Figure 11). 

 
Figure 11: Kaplan-Maier survival curves for Controls (C), Postponed hypothermia 
(PH) and PH + Methylene Blue (PH + MB) groups. There was no statistically sig-
nificant survival difference. 

5.1.2 Paper III 
In the third study, no significant group differences were observed in bleeding 
time, hemorrhage volume, CPR duration, or the number of defibrillatory 
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shocks (Table 4). ROSC was achieved in eight of nine piglets in the ami-
odarone group and in six of nine piglets in the control group (p=0.26). In the 
control group, three piglets experienced VF and died at 12, 17, and 80 mi-
nutes after ROSC. A significant difference in survival to the end of the 3-
hour experiment between amiodarone and control groups (p=0.02) was dem-
onstrated using the Kaplan-Meier survival curve and the log-rank test 
(Figure 12). 
 
Study 

group 

Total 

num-

ber of 

ani-

mals 

Duration of 

haemorrhage 

(min) until 

MAP of 35 

mmHg was 

reached 

Bleeding 

volume (% 

of calcu-

lated TBV) 

Number of 

defibrillatory 

shocks (DC) 

Duration of 

CPR (min) 

 

Number of 

animals receiv-

ing a second 

dose of vaso-

pressin during 

CPR 

Amio-

darone 

9 14.4 ± 1.3 32.32 ± 4.39 5 (2 – 15) 4.3 (3-8) 4 

Control 9 14.7 ± 0.8 27.05 ± 3.53 10 (2 – 15) 7.1 (3-8) 9 

Table 4: Haemorrhage volume and time, number of defibrillatory shocks and 
duration of cardiopulmonary resuscitation (CPR). Haemorrhage volume and time 
data is presented as mean ± SD. Number of DC and duration of CPR are presented 
as means (range, minimum – maximum). MAP, mean arterial pressure; TBV, total 
blood volume; CPR, cardio-pulmonary resuscitation 

 
Figure 12: Kaplan-Maier survival curve indicating significant difference by the log-
rank test in survival between the amiodarone and control group, p=0.02. Amioda-
rone group, n=9. Control group, n=9. 
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5.1.1 Paper IV 
Twenty-nine piglets were used in the study, while results from twenty-six 
animals were included in the final analysis (thirteen piglets in both treatment 
group and thirteen in the control group). One piglet that survived 180 min 
reperfusion was excluded from treatment group as necropsy was performed 
after the study and signs of viral myocarditis were observed (also the piglet 
was tachycardic and had a fever, 39.2 °C). One animal was excluded due to 
LUCAS device dislocation during CPR, whereas necropsy of another piglet 
revealed accidental heart rupture during CPR (both from control group, nei-
ther achieving ROSC).  
  ROSC was achieved in 8 of 13 piglets in the treatment group and 9 of 13 
piglets in the control group. All resuscitated piglets survived until the end of 
the experiment. No significant group differences were observed in resuscita-
tion or survival rates or the number of defibrillatory shocks needed to 
achieve ROSC, Table 5. 

  Treatment 
group

Control 
group

Statistics 

Number of animals 13 13   
Successful resuscitation 
(ROSC) 

8 9 p=0.7 

Number of defibrillations 1.8 ± 0.9 2.2 ± 0.1.6 p=0.5 
Diuresis/weight [mL·kg-1·3h-1] 11.8 ± 4.8 6.4 ± 2.5 p<0.01 (*) 
Noradrenalin dose/weight  
[mL·kg-1·3h-1] 

1.0 ± 0.3 2.6 ± 1.4 p<0.01 (*) 

Esmolol dose [μg·kg-1] i.v. 250 + 375 +    
15 μg·kg-1·h-1 

0   

Milrinone dose [μg·kg-1] i.v. 
boluses 

25  + 25  0   

Vasopressin 40U i.v. boluses  1.4 ± 0.5 1.4 ± 0.5  p=0.8 

Table 5: Comparison of treatment group (treated with milrinone, esmolol and 
vasopressin) and control group. Number of defibrillations, diuresis, noradrenaline-, 
esmolol-, milrinone- and vasopressin doses. (*) a p-value <0.05 was considered 
statistically significant. All data are presented as a mean ± standard deviation of the 
mean (SD). 

5.2 Hemodynamic parameters and body temperature 
5.2.1 Paper I 
Temperature was measured in three locations in all study animals, namely in 
the esophagus, pulmonary artery and rectum. This was done to check for 
optimal and evenly distributed cooling. Mild hypothermia in the range of 33-
36° C is clinically used for treating humans after CA for cerebral protection, 
with lower risk of arrhythmia and coagulation disruption compared to deep 
hypothermia. 



 52 

On an average, the target temperature of 34° C was reached in 35 min in 
the postponed hypothermia (PH) treated group, while it took 37 min in the 
PH + MB treated group. The temperature decrease was considerably slower 
in the esophageal and rectal measurements. The decrease of temperatures is 
illustrated in Figure 13. 

 
Figure 13: Body temperature of Controls (C), Postponed hypothermia (PH) and PH 
+ MB (Methylene Blue) groups in pulmonary artery, esophagus and rectum 
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In this model, as well as in similar models of our group used to study differ-
ent interventions after cardiac arrest, hemodynamics is monitored with a 
variety of continuous and punctual measurements of physiological parame-
ters. The data is collected with the purpose to reconstruct a detailed picture 
of the complex changes during experimentation, with relevance to the model 
and to the specific aims of the study.  

There were no statistical group differences in any of the variables of the 
systemic or pulmonary circulatory variables (Figure 14) except in cardiac 
output. This variable (CO) was greater in the PH + MB group than in the C 
and PH groups at the last two measuring points (p=0.04). 
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Figure 14: Hemodynamic parameters (mean blood pressure, cardiac output and 
oxygen extraction) of the Controls (C), Postponed hypothermia (PH) and PH + MB 
(Methylene Blue) groups 
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5.2.2 Paper III 
After ROSC, dobutamine was required in all piglets to maintain the systolic 
blood pressure according to the protocol. Dobutamine was given throughout 
the whole reperfusion period. No significant group differences were ob-
served in the dobutamine dose or its start time. A second vasopressin dose 
was needed in all piglets from the control group but only in four piglets from 
the amiodarone group. 

Heart rate was significantly higher (p=0.0004) in the control group as 
compared with the amiodarone group (Table 6). In the amiodarone group, 
the systolic blood pressure, the diastolic blood pressure, and the mean arteri-
al blood pressure (Table 6) were greater compared with the control group 
(p=0.007, p=0.005, p=0.001, respectively). Coronary perfusion pressure 
(Table 6) was higher and pulmonary vascular resistance was lower in the 
amiodarone group (p=0.01 and p=0.01) compared with the control group. 
Stroke volume was higher in the amiodarone group at 120 minutes (p=0.04) 
and 180 minutes (p=0.03) after ROSC in comparison with the control group 
(Table 7). 
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Time Hear rate (BPM)∗ CPP (mmHg)∗ MAP (mmHg)∗ 

Amiodarone Control Amiodarone Control Amiodarone Control 

Baseline 104±17 112±15 74±12 74±5 97±12 93±6 

After  

hemorrhage 

109±17 115±12 27±2 24±0 35±1 34±1 

Cardiac arrest and cardio-pulmonary resuscitation  

5 min   11±3 7±6 34±4 30±6 

6 min   20±4 22±12 48±6  45±11 

7 min   22±4 22±7 50±5 44±7 

8 min   23±4 22±7 49±7 39±10 

9 min   25±5 24±5 52±5 47±7 

10 min   24±4 21±6 53±6 48±7 

11 min   25±4 22±5 49±10 32±21 

12 min   25±5 16±10 52±5 37±15 

ROSC 

5 min 139±24 143±19 82±24 54±11 103±25 71±10 

15 min 130±28 155±25 57±13 32±6 79±14 49±6 

30 min 115±20 156±12 50±7 51±7 71±8 67±7 

60 min 118±20 158±6 52±9 49±10 76±8 68±8 

120 min 114±21 147±14 62±10 57±13 89±11 75±13 

180 min 112±17 152±16 59±9 58±13 86±11 78±15 

Table 6: Heart rate (beats per minute, BPM), coronary perfusion pressure (CPP, 
mmHg), and mean arterial blood pressure (MAP, mmHg) at baseline and after res-
toration of spontaneous circulation (ROSC). Data provided as a mean ± SD. Ami-
odarone group, n=8; control group, n=6. (*) denotes significant difference between 
amiodarone and control group (2-way repeated measures ANOVA for heart rate, 
coronary perfusion pressure and mean arterial blood pressure (p<0.05)). 
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Time Stroke volume (L·beat-1) CO (L·min-1) Troponin I (ng·mL-1) * 

Amiodarone Control AmiodaroneControl AmiodaroneControl 

Baseline 0.028±0.005 0.026±0.006 2.8±0.5 2.8±0.3 0.08±0.06 0.07±0.06 

After  

haemorrhage 

0.012±0.003 0.014±0.006 1.3±0.3 1.5±0.5   

Cardiac arrest and cardiopulmonary resuscitation 

ROSC 

5 min 0.017±0.004 0.014±0.003 2.3±0.6 1.9±0.1   

15 min 0.02±0.003 0.017±0.001 2.6±0.7 2.6±0.3   

30 min 0.023±0.005 0.019±0.003 2.7±0.4 3.0±0.5 0.6±0.4 4.5±5.7 

60 min 0.023±0.005 0.018±0.005 2.8±0.5 2.8±0.7 1.4±0.9 8.5±7.3 

120 min 0.028±0.007∗0.018±0.001 3.1±0.6 2.6±0.2 2.2±1.2 14.2±13.9 

180 min 0.028±0.006∗0.018±0.001 3.0±0.6 2.7±0.4 3.1±1.5 30.0±29.1 

Table 7: Stroke volume, cardiac output (CO) and troponin I at baseline and after 
restoration of spontaneous circulation (ROSC). Amiodarone group, n=8; control 
group, n=6. * denotes significant difference between amiodarone and control group 
(2-way repeated measures ANOVA for troponin I, p<0.05; and  one-way ANOVA for 
stroke volume at 120 and 180 min (p<0.05). Data provided as a mean ± SD. 

5.2.3 Paper IV 
Norepinephrine infusion was needed in all animals and was started between 
five and ten minutes after ROSC. Total norepinephrine consumption after 
180 min reperfusion was lower in the treatment group than in the control 
group (Table 5). There was no difference in central venous pressure, pulmo-
nary artery pressures, systolic, diastolic and mean arterial blood pressure, 
pulmonary artery wedge pressure and cardiac index between the groups (Fig. 
15 and Table 9). Diuresis was greater in the treatment group compared to 
controls after 180 min reperfusion (Table 5). 
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Figure 15: Heart rate, mean arterial blood pressure (MAP), coronary perfusion 
pressure (CPP) and cardiac index (CI) of treatment group with milrinone, esmolol 
and vasopressin (MEV-treatment) and controls with vasopressin and saline. Base-
line values were recorded after one hour stabilization. Animals were then subjected 
to 20 min ventricular fibrillation (VF) including 12 min cardiac arrest and 8 min 
cardiopulmonary resuscitation (CPR), not shown in graphs, followed by recordings 
from 5, 15, 30, 60, 120 and 180 min reperfusion. Data presented as mean, and error 
bars represent standard deviation (SD). No significant differences (p<0.05) were 
found. 

Values 180 min after ROSC 
Treatment 
group 

Control 
group 

Temperature [°C] 37.9 ± 0.8 38.5 ± 0.7 

Pulmonary arterial systolic pressure [mm Hg] 30.8 ± 4.2 35.2 ± 8.5 

Pulmonary arterial diastolic pressure [mm Hg] 19.0 ± 4.1 20.3 ± 5.5 

Pulmonary arterial mean pressure [mm Hg] 25.6 ± 3.6 27.8 ± 5.8 

Pulmonary arterial wedge pressure [mm Hg] 8.9 ± 1.2 8.8 ± 2.0 

Central venous pressure [mm Hg] 9.0 ± 1.9 9.6 ± 1.6 

Arterial systolic pressure [mm Hg] 97.8 ± 7.3 96.8 ± 27.5 

Arterial diastolic pressure [mm Hg] 70.9 ± 6.8 62.4 ± 21.0 

Hemoglobin concentration [g·L-1] 89.0 ± 9.2 96.3 ± 5.4 

Table 8: Comparison of treatment group (treated with milrinone, esmolol and 
vasopressin) and control group. Temperature, arterial, central venous and pulmo-
nary pressures, as well as hemoglobin concentration after 180 min reperfusion 
(ROSC). Data are presented as a mean ± standard deviation (SD). There were no 
statistically significant findings. 
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5.3 Blood gases 
5.3.1 Paper I 
Our measurements revealed no differences in arterial or pulmonary arterial 
blood gases except that there was a difference (p=0.03) in oxygen extraction. 
This difference was due to an increasing difference in oxygen extraction 
between the C group and the PH group, the oxygen extraction being greater 
(p< 0.01) in the C group (Figure 14). 

Oxygen extraction increases when tissue demand is greater than oxygen 
supply. There exist a number of mechanisms contributing to an increase in 
oxygen extraction. For example a decrease in the inspired oxygen fraction 
(FiO2) and pulmonary causes such as lung edema and lung fibrosis with de-
creased diffusion capacity for oxygen can lead directly or indirectly to hy-
poxemia, respectively. Furthermore, inadequate circulation with oxygen 
delivery not meeting tissue demand leads also to increased oxygen extrac-
tion. E.g. circulatory failure can be the result of loss of intravasal fluid vo-
lume, myocardial dysfunction, such as myocardial stunning or infarction, or 
vasoplegia of the peripheral vessels, due to inflammation and dysregulation, 
often found in sepsis. Thus, a difference in oxygen extraction between the 
control group and the PH + MB group complements the picture of a better 
preserved cardiac output resulting in a more favorable hemodynamic profile 
in the PH + MB treated group compared to the control group. 

All animals having ROSC received tris buffer mixture as arterial pH was 
<7.20 as well as pressure support with dobutamine after ROSC. 

5.3.2 Paper III 
Electrolytes, Lactate, Glucose, Temperature and Urinary output 
No significant differences were observed between groups regarding plasma 
lactate, potassium, sodium, glucose concentrations (Table 9), and body tem-
perature (Table 10). Urinary output was higher in the amiodarone group (2.4 
[1.1] mL·kg-1·h-1) as compared with the control group (0.8 [0.6] mL·kg-1·h-1; 
p=0.001). 

Systemic acid-base status 
No significant differences were observed in the systemic acid-base status 
between the groups (Table 10). Systemic acidosis (pH < 7.20) was observed 
in four piglets from the control group but none in the amiodarone group. 
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Time Glucose 

(mmol·mL-1) 

Lactate 

(mmol·L-1) 

Potassium 

(mmol·L-1)❊ 

Sodium 

(mmol·L-1) 

 Cordarone Control Cordarone Control Cordarone Control Cordarone Control 

Baseline  9.2±1.7 9.9±1.8 2.9±1.3 1.7±0.6 3.6±0.1 3.8±0.1 136±3.1 135±2.5 

Cardiac arrest and CPR 

ROSC 

120 min 9.0±2.3 7.2±0.8 4.2±1.3 3.0±0.6 3.3±0.3 3.9±0.4 139±2.0 140±2.1 

180 min 7.2±1.7 6.6±0.7 2.9±1.1 2.5±1.0 3.5±0.3 4.2±0.2 138±1.5 138±1.0 

Table 9: Glucose (mmol·mL-1), lactate, potassium and sodium plasma concentra-
tions (mmol·L-1) at baseline and after restoration of spontaneous circulation 
(ROSC). CPR, cardio-pulmonary resuscitation. Data provided as a mean ± SD. 
Cordarone=Amiodarone group, n=8; Control group, n=6. (❊)Potassium was lower 
in amiodarone group compared with control (p<0.05, repeated measures ANOVA). 

Time Esophageal temperature Arterial pH  Arterial base excess 

Amiodarone Control Amiodarone Control Amiodarone Control 

Baseline 38.2±0.2 38.3±0.2 7.51±0.04 7.5±0.02 7.3±2.8 6.0±1.0 

After  

hemorrhage 

38.3±0.2 38.3±0.2 7.51±0.04 7.5±0.04 3.2±3.2 3.2±2.8 

Cardiac arrest and CPR 

5 min 37.8±0.2 37.9±0.1 7.27±0.04 7.22±0.05 -6.9±2.5 -9.9±2.0 

15 min 37.7±0.1 37.8±0.1 7.25±0.05 7.23±0.03 -6.9±2.6 -8.6±0.6 

30 min 37.7±0.2 37.6±0.1 7.35±0.06 7.30±0.05 -3.6±2.8 -5.6±1.3 

60 min 37.7±0.2 37.7±0.2 7.45±0.06 7.37±0.02 0.8±3.3 -1.4±2.2 

120 min 38.2±0.2 38.1±0.2 7.49±0.06 7.44±0.04 4.5±3.6 2.5±2.5 

180 min 38.3±0.2 38.2±0.2 7.50±0.05 7.45±0.03 6.1±3.2 3.5±2.2 

Table 10: Esophageal temperature (°C), arterial pH and base excess (mmol·L-1) at 
baseline and after restoration of spontaneous circulation. CPR, cardio-pulmonary 
resuscitation. Data provided as a mean ± SD. Amiodarone group, n=8; control 
group, n=6. 
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5.3.3 Paper IV 
Systemic and jugular venous acid base status 
There were no significant differences in arterial and jugular venous pH and 
base excess values between the two groups (Figure 16). No differences in 
arterial oxygen and carbon dioxide partial pressures were detected. 

Hemoglobin and temperature 
There was no difference in hemoglobin concentration or temperature be-
tween the groups (Table 8). 

 

5.4 Myocardial injury 
5.4.1 Paper III 
The control group piglets had significantly higher troponin I levels in com-
parison with the amiodarone group piglets after ROSC (p=0.001, Table 7). 

Figure 16: Arterial blood gas analyses (arterial pH, arterial base excess, jugular 
venous pH and jugular venous base excess) of treatment group with milrinone, es-
molol and vasopressin (Treatment) and Controls with vasopressin and saline. Base-
line values were recorded after one hour stabilization. Animals were then subjected 
to 20 min ventricular fibrillation (VF) including 12 min cardiac arrest and 8 min 
cardiopulmonary resuscitation (CPR), not shown in graphs, followed by recordings 
from 5, 15, 30, 60, 120 and 180 min reperfusion. Data presented as mean, and error 
bars represent standard deviation (SD). No significant differences (p<0.05) were 
found. 
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5.4.2 Paper IV 
Troponin I levels after 30 min and 180 min reperfusion were lower in the 
treatment group than in the controls (p<0.05, Figure 17). 

 

5.5 Inflammation markers 
Jugular indicators of oxidative stress and inflammation 

5.5.1 Paper I 
For the purpose of detecting differences in cerebral damage attributable to 
treatment with methylene blue and/or hypothermia, we chose to measure a 
marker of oxidative stress127, 8-isoPGF2α and one of inflammation70, 15-
keto-dihydroPGF2α. Both markers were measured in the jugular vein, where 
cerebral venous blood is drained and concentrations reflect brain metabolism 
better than in the periphery. 

Jugular venous 8-isoPGF2α did not differ between the groups. In contrast, 
the jugular venous concentration of 15-keto-dihydroPGF2α was significantly 
lower (p =0.02) in the PH + MB group compared with the two other experi-
mental groups. 

Figure 17: Troponin I changes of treatment group with milrinone, esmolol and va-
sopressin (Treatment) and Controls with vasopressin and saline. Baseline values 
were recorded after one hour stabilization. Animals were then subjected to 20 min 
ventricular fibrillation (VF) including 12 min cardiac arrest and 8 min cardiopul-
monary resuscitation (CPR), not shown in graphs, followed by troponin I measure-
ments from 30, 60, 120 and 180 min reperfusion. Error bars represent standard 
deviation (SD). Significant results (p<0.05) are marked with (*). 
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5.6 Neuronal injury 
Neuronal injury was studied with immunohistochemistry (IHC) and a bio-
marker, protein S-100β. Mainly two IHC methods were used, one to detect 
cortical neural injury by assessing the proportion of injured to healthy neu-
rons, while the second method aimed at evaluation of the blood brain barrier 
(BBB) by counting the number of albumin positive cells. Healthy and in-
jured neurons were determined by predefined criteria such as shape and 
edema formation, while albumin antibody staining was used to determine 
albumin-positive cells. Normally, the BBB is impermeable for larger mole-
cules such as albumin and an increase in albumin-positive cells indicates 
BBB disruption with consecutive neural damage. 

Protein S-100β is a marker of astroglial damage and was measured in the 
jugular vein in addition to IHC methodology. Astrocytes are so called glial 
cells in the central nervous system that are structural and functional different 
from neurons. They are sensitive to CNS damage and release protein S-100β, 
which is a potential clinical marker, but is mainly used in research. 

5.6.1 Paper I – central nervous variables 
Cortical neural injury (Table 11, Figure 18 and Figure 19) was greater in all 
the experimental groups than in the negative controls. In addition, neural 
cortical injury was greater in the C group than in the PH and PH + MB 
groups. Furthermore, the cortical neural injury was greater in the PH group 
than in the PH + MB group. Cortical tissue albumin content, i.e. the BBB 
disruption, (Table 12, Figure 18 and Figure 20) was greater in all of the other 
experimental groups than in the negative controls. 

However, there was no significant difference between the C and PH 
groups. In contrast, the PH + MB group differed from both the PH and C 
groups. The extent of cortical neural injury was correlated to the extent of 
cortical BBB disruption (R2=0.86, n=23, p<0.01). There was no difference in 
the jugular venous protein S-100β. It was, however, noteworthy that the 
numerical value in the C group at 60 min after ROSC was greater than in the 
PH and PH + MB groups.  
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Comparison between groups: Statistical test p-value 
Over-all Kruskal–Wallis 0.0002 
Negative controls vs. C group Mann–Whitney 0.008 
Negative controls vs. PH group Mann–Whitney 0.008 
Negative controls vs. PH + MB 
group  

Mann–Whitney 0.006 

C group vs. PH group Mann–Whitney 0.016 
C group vs. PH + MB group Mann–Whitney 0.003 
PH group vs. PH + MB group Mann–Whitney 0.031 

Table 11: Statistical tests and p-values for comparison between groups of cortical 
neural injury 

 
Figure 18: Number of injured neural cells and albumin-positive cells per whole 
section in the C, PH and PH + MB groups as well as in the negative controls. 

 



 65

 
Figure 19: Shows healthy neurons in negative controls (arrows) that are markedly 
damaged in the C group, where damaged neurons are also present (arrow head) in 
neuropil. Marked sponginess and edema (*) is also seen in this group. The treatment 
of the PH group resulted in a mild neuroprotection as indicated by several healthy 
looking neurons (arrows). The combination of hypothermia and methylene blue (PH 
+ MB group) resulted in the most marked neuroprotection and many healthy cells 
(arrows) can be observed in this group. 
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Comparison between groups: Statistical test p-value 
Over-all  Kruskal-Wallis 0.0004 
Negative controls vs. C group Mann Whitney 0.008 
Negative controls vs. PH group Mann Whitney 0.008 
Negative controls vs. PH + MB 
group  

Mann Whitney 0.006 

C group vs. PH group Mann Whitney 0.109 
C group vs. PH + MB group Mann Whitney 0.015 
PH group vs. PH + MB group Mann Whitney 0.007 

Table 12: BBB disruption - Statistical tests and p-values for comparison between 
groups of cortical tissue albumin content 
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Figure 20: Shows normal blood-brain (BBB) in negative controls (arrows) as albu-
min-positive cells are almost absent (except for a few, arrow head). In C group 
several albumin-positive cells are seen in the neuropil (arrows). These albumin-
positive cells are markedly reduced in the PH group although there are several 
albumin-positive cells (arrows) in this group. The combination of hypothermia and 
methylene blue, PH + MB group, resulted in almost complete absence of albumin-
positive cells (except 432 for some sporadic albumin-positive cells, arrows) indicat-
ing marked protection of the BBB. Bar = 35 μm. 
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5.7 Cardiac effects of MTH and S-PBN 
5.7.1 S-PBN activates the endothelin system transcriptionally 
This thesis focuses on identifying and testing new valid interventions to mi-
tigate I/R injury following reperfusion in our porcine cardiac arrest and re-
suscitation model. S-PBN (N-tert-butyl-a-phenylnitrone) is one of the candi-
dates we previously tested on our model126. This compound is an organic 
spin trap agent designed specifically to scavenge free radicals. Beside neuro-
protective effects24, S-PBN dramatically reduces the vulnerability of the 
myocardium to reperfusion-induced ventricular fibrillation81. We hypothe-
sized that if activation of the endothelin system was a mechanism by which 
MTH exerts its myocardial protection there was a possibility that another 
cardioprotective agent could have a similar effect. 

ET-1 is synthesized, stored and released in the human heart and is mar-
kedly involved in a number of myocardial physiological and pathophysiolog-
ical processes. 

On release, ET-1 has the potential to activate specific receptors, ETAR 
and/or ETBR, in a paracrine manner to modify heart function directly. Con-
sequently changes in either tissue ET-1 production or in tissue expression of 
its receptors can contribute to cardiac pathological states. 

5.7.2 Paper II 
5.7.2.1 MTH induces cardiac endogenous ET-1 and ECE-1 transcripts 
The transcriptional regulation of the endothelin system in the myocardium 
after ROSC was studied with quantitative real-time PCR (qPCR). The results 
are expressed as the ratios of the targets normalized to the endogenous refer-
ence. In the ROSC groups where the animals went through CA followed by 
untreated ROSC, the expression of both ET-1 and ECE-1 mRNAs did not 
significantly change at 30, 60 and 180 minutes after resuscitation (Figure 
21A and B). In the MTH group where the animals were maintained in mild 
hypothermia for 180 minutes following ROSC, both ET-1 (p<0.0001) and 
ECE-1 (p=0.0127) were significantly induced (Figure 21A and B). 

5.7.2.2 MTH upregulates ETBR transcripts 
Here we investigated whether MTH regulates the endothelin receptors after 
resuscitation with quantitative real-time PCR. ETAR mRNA was not in-
duced by MTH (Figure 22A), whereas the ETBR transcript was significantly 
upregulated by three hours of MTH after CPR (p=0.0007, Figure 22B). 
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Figure 21: Effects of ROSC and MTH on ECE-1 and ET-1 mRNA expression. 
Endothelin converting enzyme 1, ECE-1 (A), and endothelin 1, ET-1 (B), mRNA 
expression analysis was performed by real-time qPCR. The relative fold changes to 
control animals with untreated cardiac arrest (C group) were normalized with β-actin 
and calculated for animals after 30, 60 and 180 min of untreated return of spontane-
ous circulation (ROSC30, ROSC60 and ROSC180 groups) or after 180 min of mild 
therapeutic hypothermia (MTH group). Error bars are expressed as mean ± standard 
error of the mean (SEM). Significant results (p<0.05) are marked with (*), (p<0.001) 
are marked with (**). 

 

Figure 22: Effects of ROSC and MTH on ETAR and ETBR mRNA expression. 
Endothelin A receptor, ETAR (A), and endothelin B receptor, ETBR (B), mRNA 
expression analysis was performed by real-time qPCR. The relative fold changes to 
control animals with untreated cardiac arrest (C group) were normalized with β-
actin and calculated for animals after 30, 60 and 180 min of untreated return of 
spontaneous circulation (ROSC30, ROSC60 and ROSC180 groups) or after 180 min 
of mild therapeutic hypothermia (MTH group). Data bars are expressed as mean ± 
standard error of the mean (SEM). Significant results (p<0.05) are marked with (*). 
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5.7.2.3 S-PBN activates the endothelin system transcriptionally 
At the transcriptional level, ET-1 (p=0.0003), but not ECE-1, was upregu-
lated by S-PBN after 3 hours post-ROSC (Figure 23A and B). Furthermore 
ETAR (p=0.0029) and ETBR (p=0.0057) mRNAs were both significantly 
induced by S-PBN treatment (Figure 23C and D). 

 
Figure 23: Effects of S-PBN on ET-1, ECE-1, ETAR and ETBR mRNA expres-
sion. Endothelin 1, ET-1 (A), endothelin converting enzyme 1, ECE-1 (B), endothe-
lin A receptor, ETAR (C), and endothelin B receptor, ETBR (D), mRNA expression 
analysis was performed by real-time qPCR. The relative fold changes to control 
animals with untreated cardiac arrest (C group) were normalized with β-actin and 
calculated for animals after 180 min of untreated return of spontaneous circulation 
(ROSC180 group) or 180 min after S-PBN infusion (S-PBN group). Boxes denomi-
nate upper and lower quartiles when applicable Data bars are expressed as mean ± 
standard error of the mean (SEM). Significant results (p<0.05) are marked with (*). 

5.7.2.4 ETAR and ETBR are activated in cardiomyocytes by MTH and 
S-PBN at the protein level 
To verify whether MTH and S-PBN have an impact on ETAR and / or 
ETBR protein levels, Western Blot analyses were performed with specific 
antibodies for ETAR and ETBR, respectively. After digital quantification the 
results are presented as the ratios of ETAR and ETBR normalized with β-
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actin. MTH significantly upregulated both the ETAR (p<0.0001) and ETBR 
(p=0.0162) proteins after resuscitation (Figure 24). 

 
Figure 24: Western Blot analysis of ETAR and ETBR. Cardiac left ventricle tissue 
homogenates from control animals with untreated cardiac arrest (C group), or after 
180 min of untreated return of spontaneous circulation (ROSC180 group), after 180 
min of mild therapeutic hypothermia (MTH group) or 180 min after S-PBN infusion 
(S-PBN group) were loaded on a 12% SDS-acrylamide gel. Bands for endothelin A 
receptor (ETAR), endothelin B receptor (ETBR) and β-actin were detected at 25 
kDa, 50 kDa and 42 kDa, respectively (A). Protein band intensities were quantified 
with ChemiDoc XRS and Quantity One software and normalized to the loading con-
trol (β-actin) (B). Data bars are expressed as mean ± standard error of the mean 
(SEM). Significant results (p<0.05) are marked with (*). 

After treatment with S-PBN, ETAR was significantly increased (p<0.05) 
while ETBR protein levels were elevated without reaching statistical signi-
ficance (Figure 24). In order for ET-1 to act in an autocrine/paracrine man-
ner in cardiomyocytes, its receptors should be present in these cells. We 
detected ETAR and ETBR using immunohistochemistry in cardiac left ven-
tricle tissue in control, untreated ROSC, MTH-treated and S-PBN treated 
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pigs, respectively. The specificity of the anti-ETAR and anti-ETBR antibo-
dies was verified by absence of immunoreactivity in negative controls 
stained with respective primary antibodies in presence of the corresponding 
blocking peptide (data not shown). ETAR was present in controls and un-
treated ROSC (Figure 25A and B) however staining of both myocytes and 
non-myocyte cells was stronger in MTH- and in S-PBN-treated animals 
(Figure 25C and D). The same pattern was observed with low expression of 
ETBR in controls and untreated ROSC (Figure 26A and B) and stronger 
staining in MTH and in S-PBN hearts (Figure 26C and D). 
 

 
Figure 25: Immunohistochemistry of ETAR. Cardiac left ventricular tissue from 
control animals with untreated cardiac arrest (A), or after 180 min of untreated 
return of spontaneous circulation (B), after 180 min of mild therapeutic hypothermia 
(C) or 180 min after S-PBN infusion (D) were stained with anti-ETAR. The amount 
of ETAR-positive cardiac cells was higher in pigs treated with mild therapeutic 
hypothermia (C) and S-PBN (D), respectively, compared to controls (A) and un-
treated animals (B) 
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Figure 26: Immunohistochemistry of ETBR. Cardiac left ventricular tissue from 
control animals with untreated cardiac arrest (A), or after 180 min of untreated 
return of spontaneous circulation (B), after 180 min of mild therapeutic hypothermia 
(C) or 180 min after S-PBN infusion (D) were stained with anti-ETBR. The amount 
of ETBR-positive cardiac cells was higher in pigs treated with mild therapeutic 
hypothermia (C) and S-PBN (D), respectively, compared to controls (A) and un-
treated animals (B). 

5.8 NOS isoform expression in the myocardium 
5.8.1 Paper II 
Stimulation of the ET receptors induces release of endogenous nitric oxide 
(NO) produced by activating nitric oxide synthases. As NO plays an impor-
tant role in cardioprotective effects in I/R injury, we investigated whether 
MTH and S-PBN treatments could influence the expression of NOS iso-
forms. The inducible form of NOS (iNOS) is unchanged by either MTH or 
S-PBN compared to ROSC180 (data not shown).  

Western Blot results show that neuronal NOS (nNOS) was significantly 
upregulated by MTH and S-PBN (p=0.0018; Figure 27A and B). The other 
constitutive form of NOS, endothelial NOS (eNOS) was activated by both 
MTH and S-PBN (p< 0.0001; Figure 27C and D). Immunohistochemical 
analysis confirmed the Western Blot results and demonstrates that eNOS 
(Figure 28) and nNOS were stimulated in cardiomyocytes (Figure 29). 
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Figure 27: Western Blot analysis of nNOS and eNOS. Cardiac left ventricle tissue 
homogenates from control animals with untreated cardiac arrest (C group), or after 
180 min of untreated return of spontaneous circulation (ROSC180 group), after 180 
min of mild therapeutic hypothermia (MTH group) or 180 min after S-PBN infusion 
(S-PBN group) were loaded on a 4-20% SDS-acrylamide gel. Bands for neuronal 
NOS (nNOS) (A), endothelial NOS (eNOS) (C) and β-actin (A and C) were detected 
at 160 kDa, 135 kDa and 42 kDa, respectively. Protein band intensities for nNOS 
(B) and eNOS (D) were quantified using a ChemiDoc XRS and Quantity One soft-
ware and normalized to the loading control (β -actin). Data bars are expressed as 
mean ± standard error of the mean (SEM). Significant results (p<0.01) are marked 
with (**). 
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Figure 28: Immunohistochemistry of eNOS. Cardiac left ventricular tissue from 
control animals with untreated cardiac arrest (A), or after 180 min of untreated 
return of spontaneous circulation (B), after 180 min of mild therapeutic hypothermia 
(C) or 180 min after S-PBN infusion (D) were stained with anti-eNOS. The amount 
of eNOS-positive cardiac cells was higher in animals treated with mild therapeutic 
hypothermia (C) and S-PBN (D), respectively compared to controls (A) and un-
treated animals (B). 
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Figure 29: Immunohistochemistry of nNOS. Cardiac left ventricular tissue from 
control animals with untreated cardiac arrest (A), or after 180 min of untreated 
return of spontaneous circulation (B), after 180 min of mild therapeutic hypothermia 
(C) or 180 min after S-PBN infusion (D) were stained with anti-nNOS. The amount 
of nNOS-positive cardiac cells was higher in animals treated with mild therapeutic 
hypothermia (C) and S-PBN (D), respectively compared to controls (A) and un-
treated animals (B). 
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6. Discussion 

Have our studies led to a gain in knowledge that will somehow translate into 
a sum increase in human welfare and can we thus ethically justify the neces-
sary animal suffering due to experimentation? Covering all ethical implica-
tions in this thesis is at least as difficult as answering this question with con-
fidence. The view that “our might is our right” may finally end any ethical 
discussion, nevertheless it is necessary to value our laboratory animals when 
experimenting with them; contrary to the researcher they couldn’t choose to 
be part of these papers, after all.  

We were motivated by the low survival rates after cardiac arrest (CA) de-
spite continuous progress in the art of cardiopulmonary resuscitation (CPR) 
over the last 50 years. One obstacle in this field of research is the obvious 
limitation to do human trials, which mandates our animal models. In short, 
the ultimate goal for us was to evaluate new treatments and interventions for 
prolonged CA. Specifically, there is insufficient data on the effects of tar-
geted temperature management (TTM), S-PBN and methylene blue (MB) 
and their combination as treatment of prolonged CA in porcine models of 
resuscitation. 

In our first study, we tested the hypothesis that MB could act as a bridge 
to the onset of effective hypothermia. Such a delay is clinically relevant, 
because in reality, cooling takes time. We demonstrated that MB more than 
compensated for a 30 minute delay in induction of TTM labeled postponed 
hypothermia and that the effect of MB added to that of TTM. 

The second study was designed to investigate the effects of TTM and S-
PBN on the endothelin system and nitric oxide synthases (NOS) after pro-
longed CA in a porcine CPR model. We wanted to understand the cardiopro-
tective mechanism of S-PBN and TTM by their influence on the endothelin 
system and NOS regulation. In this study, we verified that these two cardio-
protective postresuscitative interventions, TTM and S-PBN, activate endo-
thelin-1 and its receptors concomitantly with eNOS and nNOS in the myo-
cardium. It was concluded that nitric oxide and endothelin pathways are 
implicated in the postresuscitative cardioprotective effects of TTM. 

In the third study, we addressed the clinical situation of hypovolemic CA, 
when resuscitation is difficult due to major bleeding even after relatively fast 
response time. Here, we compared survival and hemodynamic effects of 
low-dose amiodarone and vasopressin compared to vasopressin alone in a 
hypovolemic cardiac arrest model in piglets, because amiodarone has prom-
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ising anti-arrhythmic effects, but has not been investigated as a rescue drug 
in this setting before. We found that combined resuscitation with amiodarone 
and vasopressin after hemorrhagic circulatory arrest resulted in greater 3-
hour survival, better preserved hemodynamic parameters and smaller myo-
cardial injury compared to resuscitation with vasopressin only. 

The fourth paper explored further therapeutic options in a setting of VF 
that does not respond to the first few defibrillation attempts and is associated 
with a dismal survival rate. The study compared hemodynamic parameters 
between the treatment group (milrinone, esmolol and vasopressin, MEV) and 
control group (vasopressin only) during resuscitation from prolonged CA in 
piglets. We hypothesized that it would be attractive to combine a beta-
blocker, vasopressin and a selective PDE III-inhibitor to treat myocardial 
dysfunction after CA. The study was designed to measure if MEV treatment 
improved hemodynamics or cardiac damage compared to controls. We dem-
onstrated that the combination of milrinone, esmolol and vasopressin im-
proved the hemodynamics and reduced cardiac injury compared with vaso-
pressin alone. 

6.1 Animal experimental models 
In our porcine models in studies I, II and IV of closed-chest cardiopulmo-
nary resuscitation, prolonged cardiac arrest was induced and the animals 
were subjected to 20 min ventricular fibrillation (VF) with 8 min CPR after 
12 min of VF prior to defibrillation (Figure 7, Figure 8 and Figure 10). After 
ROSC, the animals were monitored and samples were taken during 180 min 
of reperfusion. When the experiments were ended, brain and heart tissue 
samples were taken for further analysis. Expectedly, it was difficult to 
achieve ROSC after 12 min untreated CA, which is reflected in a relatively 
low resuscitability of 60-80% in all groups.  

However, observed resuscitability resembled that in previous studies in 
our lab with a similar time frame120,126,128. Although resuscitability of humans 
differs from pigs, 20 min VF with 12 minutes of untreated CA in this model 
resembles prolonged CA, contributing to a lower resuscitation rate. We 
chose this time frame partly to account for the clinical reality of unavoidable 
delay until commencement of resuscitation in the out of hospital situation 
and partly to augment differences due to interventions. In a model with for 
instance only 10 min VF, ROSC rate would probably have been greater, 
sparing the lives of a number of piglets, while at the same time sample size 
would have to be increased to account for smaller differences of the inter-
ventions. Taking into account ROSC rates of pilots and experiences from 
similar models in our laboratory we tried to optimize this balance, but have 
to admit that this choice might not be ideal. 
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In the third study, our model was adapted to the setting of hypovolemic 
CA by shortening CA time and using open-chest CPR to investigate the re-
sponse to the anti-arrhythmic amiodarone ( 

Figure 9). It was necessary to modify our model accordingly, because of 
the very low resuscitability in hypovolemic CA, even in a laboratory setting. 

In study IV, norepinephrine instead of dobutamine (studies I, II and III) 
was infused during reperfusion after ROSC to stabilize blood pressure. The 
rationale here was to avoid β1-adrenergic mediated positive inotropic and 
arrhythmogenic effects of dobutamine. Instead, the PDE III inhibitor milri-
none was used to mediate inotropy.  

6.2 Survival 
6.2.1 Paper I 
Our studies were not powered to produce a statistical difference in survival 
between the groups. Nor were they sufficiently extended in time to clarify 
end-results regarding final neurological or cardiac function. However, in 
paper I, survival both in controls (C) and intervention groups with postponed 
hypothermia (PH) and a combination of PH + MB (methylene blue) was 
similar to that described previously by our group after MB treatment in ex-
perimental CPR17.  

6.2.1 Paper II 
In the second study, we intended to measure expression differences of endo-
thelin and nitric oxide synthase (NOS) between the groups. For this purpose, 
relatively few animals were required to produce statistically significant re-
sults in qPCR and Western blot expression analyses. Thus, the decision was 
taken not to continue experimentation with the disadvantage of sacrificing 
meaningful survival data. 

6.2.1 Paper III 
The third experimental haemorrhage and a subsequent circulatory arrest 
study revealed that the resuscitation with amiodarone resulted in a signifi-
cantly greater 3-hr survival, better preserved haemodynamic parameters and 
less myocardial injury compared to the control group. 
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6.2.1 Paper IV 
The initial survival in the fourth study of 12 min CA was approximately 70% 
in both groups. This is higher than observed initial survival in out-of-hospital 
cardiac arrest (OHCA) of 15-20%31,129,130. This discrepancy in resuscitability 
and survival is likely explained by the fact that very young and healthy pig-
lets without competing disease were used in our model and that immediate 
resuscitative efforts were available in the laboratory. The initial survival rate 
was similar to previous studies from our laboratory120,122,126,131. However, 
despite slightly smaller cardiac damage, MEV treatment did not improve 
initial survival compared with controls. 

6.3 Combined neuroprotection of TTM and MB 
The findings in paper I indicate that methylene blue administered to normo-
thermic piglets during CPR adds to the neuroprotective effect caused by 
targeted temperature management when cooling is delayed to 30 min after 
ROSC. The neuroprotective effect was greatest in the PH + MB group, 
somewhat less in the PH group and least in the group receiving standard 
CPR implying that administration of methylene blue adds to the neuropro-
tective effect caused by hypothermia applied 30 min after ROSC and result-
ing in a hypothermia of 34ºC in another 35 to 37 min. In fact, this delay in 
achieving mild therapeutic hypothermia is not as great as in most human 
studies60. It should also be noted that the neuroprotective effect of TTM, 
even though its induction was delayed for 30 min, was clearly significant as 
compared to the standard CPR in the control group (C). To mimic prehospit-
al or clinical situations where induction of hypothermia takes time60, cooling 
began 30 min after ROSC. However, in comparison to TTM induction in the 
clinic, cooling of the animals was relatively rapid in study I. This could indi-
cate that the neuroprotective effect of TTM may be less obvious in humans 
when applied clinically132. 

6.4 Central nervous effects of Methylene Blue 
The recorded central nervous effects can hardly be ascribed to the systemic 
circulatory effects of MB described previously17 but the smaller systemic 
oxygen extraction and the greater cardiac output in the last few measuring 
points in the hypothermic groups could possibly indicate a more favorable 
situation for the better perfused tissues of which the central nervous system 
must be considered being the most important. More essential, however, are 
probably the metabolic effects of MB. Its antioxidant and nitric oxide block-
ing effects have been described previously17,133. In addition, its high lipophi-
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licity leads to easy passage of the blood brain-barrier (BBB)19,134 and subse-
quently accumulates in mitochondrial membranes135, which might be even 
more important. MB has unique properties in that it also can transfer elec-
trons both to oxygen and to other electron acceptors and, thus, acts as an 
electron shuttle in mitochondria136-138. In addition, MB maintains its redox 
activity despite being reduced meaning that its reduction-oxidation capacity 
allows electron cycling139,140 contingent upon its concentration, redox state of 
the medium and the presence of molecular oxygen. These mentioned proper-
ties of MB have previously been reviewed133,140,141 and in addition it has been 
shown that administration of MB even leads to enhanced learning in experi-
mental models140. 

6.5 Anti-inflammatory actions of TTM 
Among the previously described effects of targeted temperature management 
are its anti-inflammatory effects17,142. As an indicator of inflammation we 
analyzed the enzymatically created metabolic product of arachidonic acid 
15-keto-dihydroPGF2α in jugular venous blood118. While hypothermia had no 
effect in any group on 8-isoPGF2α, an indicator of peroxidative effects on 
arachidonic acid, we measured significant anti-inflammatory effects in the 
MB group. This came as no surprise as MB has been described previously as 
an anti-inflammatory agent59,142. However, the genomic response and de-
tailed histopathologic effects of TTM remain to be determined. Supporting 
data on histologic, immunohistologic and genomic effects of methylene blue 
administered after normothermic cardiac arrest and CPR have previously 
been published by our group25,52. 

6.6 Cardioprotective effects of S-PBN and TTM 
6.6.1 Activation of the endothelin system after CA 
In paper II we demonstrated for the first time in a model of global ischemia / 
reperfusion (I/R) injury after cardiac arrest (CA) that targeted temperature 
management (TTM) induces the endothelin system. Not only myocardial 
endogenous ET-1 but also ECE-1, ETAR and ETBR were upregulated at 
both mRNA and protein levels. Concomitantly we observed activation by 
TTM of eNOS and nNOS three hours after ROSC. Furthermore similar post-
ROSC stimulation of the endothelin system and of eNOS and nNOS oc-
curred in animals treated with another cardioprotective agent, S-PBN. There 
were no significant changes from 30 minutes to 3 hours after ROSC in myo-
cardial ET-1 or ET receptors expressions neither at mRNA nor at protein 
levels. Considering that it has been demonstrated that ET-1 is upregulated in 
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porcine cardiomyocytes subjected to ischemia143 and that it is widely docu-
mented that the endothelin system is an important factor in determining the 
outcome of myocardial ischemia and reperfusion (see for review144), our 
results were somewhat surprising. However the majority of these observa-
tions were made in the context of myocardial infarction and/or cardiovascu-
lar diseases. Therefore, their conclusions might not apply to our model. In-
deed two previous clinical studies, both in agreement with our results, sug-
gest that endothelin levels are not elevated following resuscitation145,146. The 
role of the endothelin system in CA and ROSC has not been well characte-
rized and to our knowledge there are no reports in literature about the effect 
of cardioprotective agents on postresuscitative myocardial endothelin pro-
duction.  

Here we show for the first time that TTM/MTH stimulates the endothelin 
system in the heart three hours after resuscitation. The mechanism by which 
MTH improves post-resuscitative myocardial function is thought to be multi-
factorial as showed by a recent study demonstrating that MTH acts by mod-
ulating inflammation, apoptosis and remodeling after CPR147. Few studies 
have addressed the potential role that ET-1 may have in CA and ROSC. 
There is evidence from a comparative clinical study between survivors and 
non-survivors that survival after CPR is associated with higher plasma endo-
thelin concentration145. In addition, it was recently reported that local expres-
sion of ET-1 plays an important role in preserving cardiac myocytes exposed 
to stress and is a potent survival factor that protects cells from apoptosis in 
cardiomyocytes148.  

Our results showed that the endothelin system is also stimulated by S-
PBN, an antioxidant with reactive oxygen species (ROS) scavenging proper-
ties, which has been studied by our group as a potential postresuscitative 
therapy126. In addition to its neuroprotective properties, S-PBN has powerful 
anti-arrhythmic and cardioprotective functional activities during I/R83. Our 
observations in MTH and S-PBN taken together suggest that stimulation of 
the endothelin system might be involved in the positive effect of these post-
ROSC cardioprotective interventions. ET-1 exerts complex cardiac effects 
(including modulation of contractility) which are mediated by two receptors 
ETAR and ETBR, both found in cardiac myocytes. The ETAR is more ab-
undant (90%) and has been considered more important for the cardiac effects 
of ET-1 but the ETBR may be more responsive to physiological stress108.  
   In our model both the ETAR and ETBR are similarly increased by MTH 
and S-PBN. It is complicated to define the relative roles of ETAR versus 
ETBR activation in the mediation of responses to ET-1 due to a phenomenon 
of inhibition/compensation, e.g. cross-talk between the ETAR and ETBR149. 
Therefore, it is unclear which receptor might be involved in the cardiopro-
tective effects of MTH and S-PBN. Whereas it has been shown that ET-1 
exerts arrhythmogenic effects mainly via stimulation of the ETAR150, a re-
cent report demonstrated that the ETBR has a protective role on post ischem-
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ic myocardial dysfunction151. And while the pathways downstream of the 
ETBR are multiple, NO is thought to be a key molecule in its receptor-
mediated actions. Indeed NO produced by ETBR activation is an important 
factor for the cardioprotective effects by exogenous ET-1152.  

6.6.2 NOS induction after ROSC 
Therefore we further analyzed the effects of MTH and S-PBN on three dif-
ferent isoforms of NOS, neuronal NOS (nNOS), inducible NOS (iNOS) and 
endothelial NOS (eNOS). Our results revealed that both MTH and S-PBN 
activate eNOS and nNOS but not iNOS. This activation of eNOS and nNOS, 
that generates an increase of NO production in the myocardium, suggests 
that NO may be involved in the cardioprotective effects of MTH after CPR. 
Our observations agree with recent reports which demonstrate that hypo-
thermia protection against I/R injury on cultured cardiomyocytes is, in part, 
mediated by NOS activation153,154.  

However, it is unclear to what extent eNOS and nNOS contribute to the 
effects of MTH. The beneficial effect of eNOS on myocardial dysfunction 
after I/R is well characterized in the ischemic heart in the context of cardi-
ovascular diseases (see for review155). To our knowledge there is only one 
report in a mouse model of CA which demonstrated that genetic deletion of 
eNOS decreases ROSC rate and worsens post-ROSC left-ventricular func-
tion156 substantiating the hypothesis that MTH might protect the ischemic 
heart by activating eNOS.  

Meanwhile the physiological role of nNOS in the ischemic myocardium 
is slowly emerging with some evidence suggesting that nNOS may be consi-
dered chiefly responsible for physiological NO-mediated autocrine regula-
tion of cardiomyocyte contraction and relaxation, mainly through modula-
tion of excitation-contraction157. In addition a recent study indicated that 
overexpression of nNOS results in myocardial protection after I/R injury158. 
In the heart, nNOS has been suggested to be the isozyme targeted to the mi-
tochondria where it generates NO within the organelle. Through its interac-
tion with components of the electron-transport chain, NO functions as a phy-
siological regulator of cell respiration and production of reactive species. 
Modulation of nNOS activity by MTH could therefore result in regulating 
mitochondrial NO production and optimize the balance between cardiac 
energy production and utilization and to regulate processes such as apopto-
sis, oxygen and nitrogen free radical production and Ca2+ homeostasis. 
Therefore it is possible that stimulation of nNOS may be involved in the 
action of MTH after resuscitation.  

Future studies with specific inhibitors of NOS isoforms are required to 
better understand the respective roles of eNOS and nNOS in myocardial 
protection conferred by MTH and S-PBN. Likewise additional experiments 
with inhibitors specific to ETAR and ETBR are necessary to determine the 
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relationship between both forms of ET receptors and their actions on NOS 
activation. 

MTH is an established intervention which has shown benefits in patients 
who have suffered cardiac arrest. However, the survival to hospital discharge 
rate for victims after successful ROSC is still disappointing10 leaving a large 
unmet medical need. The physiological effects of MTH are multifaceted and 
therefore a better knowledge of its underlying molecular mechanisms is es-
sential for the development of innovative combination therapies to augment 
the protective benefits of hypothermia. We showed that the ET/NOS path-
way is a therapeutic target of MTH. Therefore drugs modulating this path-
way might be combined with MTH to either potentially enhance its overall 
protection or prolong its temporal therapeutic window. 

6.8 Amiodarone increases survival in hypovolemic CA 
Amiodarone is the recommended anti-arrhythmic drug in the 2010 Guide-
lines for Cardiopulmonary Resuscitation87,88. Amiodarone increases the ad-
mission to hospital rates (short term survival), but not discharge from the 
hospital (long term survival)159. Our third study protocol differs significantly 
from the recommendations: a low dose of amiodarone was given before de-
fibrillatory shocks together with vasopressin. The hypotension occurring 
after intravenous amiodarone is related to the rate of injection and is usually 
produced by solvent (Polysorbate 80 and benzyl-alcohol), which causes his-
tamine release, rather than the drug itself160. A dose of 0.5 mg kg-1 amioda-
rone was given in one previous hypovolemic cardiac arrest study119. Results 
from our pilot experiments using a recommended dose of 5 mg kg-1 amioda-
rone were not encouraging, thus a dose of 1 mg kg-1amiodarone was arbitra-
rily chosen in the third study. Alas, we have not done a dose finding study 
for amiodarone and another dose of the drug might have had other effects.  

However, not only did we avoid negative haemodynamic effects of ami-
odarone in the early post-resuscitation phase161,162, but also observed better-
preserved haemodynamic parameters. The post-resuscitation myocardial 
dysfunction is a well-known clinical problem7. Occurrence of malignant 
ventricular tachyarrhythmia leading to re-arrest is a major problem during 
post-resuscitation period163. In the current study no episodes of ventricular 
tachycardia were observed and VF occurred only in three piglets from con-
trol group. Myocardial ischemia, metabolic disturbances and haemodynamic 
compromise were described as causative reasons164. 

In the third experiment the post-arrest haemodynamic profile in amioda-
rone group piglets appears to correspond with a smaller myocardial injury 
(lower troponin I levels) and dysfunction. This may be explained by an en-
hanced or better-preserved oxygen supply-demand ratio after successful 
ROSC in the amiodarone group piglets (higher mean blood pressure and a 
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lower heart rate/rate pressure product). While no differences were observed 
in the number of defibrillatory shocks or dobutamine requirement after 
ROSC between the two groups, a low dose amiodarone stabilized the myo-
cardium and had a positive effect on the 3-hr survival. Our results are in 
agreement with some previous experiments where intravenous amiodarone 
bolus increases VF threshold, while having no effect on defibrillation thre-
shold165. Ji et al. reported increased ROSC and 24-h survival rates for early 
administration of amiodarone versus placebo in a pig model of VF arrest166.  

The magnitude of cardiac damage observed in piglets in the current expe-
riment is similar to the damage observed in clinical practice (after cardiac 
arrest and/or trauma). After successful ROSC in adults and children post-
arrest myocardial stunning is usually observed. The condition is similar to 
sepsis-related myocardial dysfunction, and the optimal treatment of the post-
arrest myocardial dysfunction has not been established. Various inotrop-
ic/vasoactive agents, including dobutamine, dopamine, epinephrine and mi-
lrinone have been used. A defined goal-directed protocol improves outcomes 
following adult cardiac arrest167. In the third study we used dobutamine to 
maintain an adequate perfusion pressure (systolic blood pressure 70-90 
mmHg). The rationale to use dobutamine was based on previous clinical 
studies in chronic heart failure patients where low-dose oral amiodarone 
attenuated the proarrhythmic effects of dobutamine168,169. Thus, in the third 
study the adverse effects of amiodarone on haemodynamic function could 
potentially have been masked by the administration of dobutamine. Howev-
er, no significant group differences were observed in the dobutamine re-
quirement or its dose. 

6.9 Milrinone and esmolol decrease cardiac damage 
The fourth study demonstrated that myocardial injury was attenuated (lower 
troponin I release) by combined treatment with milrinone, esmolol and vaso-
pressin (MEV) compared to vasopressin alone in the early period after CA. 
The MEV protocol not only reduced the need for vasopressors but also im-
proved diuresis. However, the exact mechanism behind the observed differ-
ences between the groups is difficult to elucidate without further investiga-
tion.  
    There are few established therapies available that improve outcome after 
CA6. The rationale behind the concept evaluated in the present study was the 
assumed synergy between the properties of the beta-blocker esmolol to re-
duce cardiac stress by counteracting endogenous catecholamine response; 
the beta-independent inotropic effect of the PDE inhibitor milrinone; and the 
effectiveness of vasopressin during vasoplegia despite metabolic acidosis. 
The hemodynamic properties of each component drug have been docu-
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mented after CA170-172, but to our knowledge, the combination has not been 
previously investigated in the context of prolonged CA.  
    Despite side effects such as increased myocardial oxygen demand, arr-
hythmias and metabolic acidosis173, epinephrine has remained a first-in-line 
drug of choice for resuscitation15, basically due to absence of evidence of 
inferiority to alternative vasopressors in humans and the fact that epineph-
rine increases short-time survival and resuscitability174. However, the in-
creased resuscitability by epinephrine is not reflected by correspondingly 
favorable survival outcome175 in humans. Therefore, the rationale to use 
vasopressin instead of epinephrine was to establish a resuscitation model 
without the use of catecholamines to reduce the risk for the above mentioned 
negative effects of epinephrine on the myocardium in the setting of CA and 
CPR.  

Beta receptor blockers such as esmolol have been tested after CA171, and 
it has been stated that inherent effects such as reduction of myocardial oxy-
gen consumption and decreased heart rate result in a favorable hemodynamic 
profile95, the principal disadvantage being negative inotropic effects. How-
ever, no other significant differences were observed in hemodynamic para-
meters between the groups except higher usage of norepinephrine in the 
control group. We may speculate that esmolol could have exerted a protec-
tive effect on myocardium which resulted in a lower need of norepinephrine 
despite similar cardiac indexes between the groups.   

Post-cardiac arrest syndrome, including myocardial stunning, acidosis and 
vasoplegia, is an important problem after successful resuscitation8. Milrinone 
is an inotropic drug with a favorable pharmacodynamic profile that lacks the 
metabolic side effects of epinephrine. The main side effect of milrinone is 
vasodilatation, for which vasopressin, at least theoretically, offers an excel-
lent pharmacodynamics profile by acting on non-adrenergic receptors. PDE 
inhibition has proved effective in the treatment of ischemia-induced myocar-
dial stunning 176, the similarities of which may indicate also a role in post CA 
stunning. However, ischemia-induced stunning may not share the same natu-
ral history as post CA stunning. 

6.10 Study rationale and limitations 
There are principal limitations in the design of our studies, the most obvious 
being that the models do not cover functional outcome or long-term survival; 
they are too short to analyze the resulting final neurological and cardiac 
functions as well as long-term possible cellular neuroprotective and cardio-
protective effects of the different treatments. Thus, it remains to be deter-
mined if the recorded additive neuroprotective effects of targeted tempera-
ture management and methylene blue will remain until final neurological 
function can be determined.  
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Moreover, the limited sample size does not admit enough power to ad-
dress possible confounders or differences between the two study groups. The 
CA mechanism in the models was VF, which is representative for most but 
not all of the out-of-hospital cardiac arrests (OHCA). However, we believe 
that the arrest duration of 12 min in papers I, II and IV as well as the shorter 
CA time in paper III adequately mirrors untreated cardiac arrest regarding 
the influence by duration on resuscitability and on myocardial damage.  

6.10.1 Paper III 
Furthermore, there are obvious limitations to the design of the third study. 
We acknowledge that our study may lack the power to detect some addition-
al differences due to a relatively small sample size. At the same time in the 
third study animals were bled to a predetermined fixed pressure (35 mmHg) 
and maintained at that pressure for a fixed time period (5 minutes). This, 
however, does not resemble the clinical situation of most trauma 
patients177,178 but may be relevant in anaesthetized patients, who suddenly 
lose 30% of blood volume and develop CA. An additional disadvantage of 
the study was usage of heparin in order to standardize coagulopathy and 
avoid hypercoagulability. Heparin may have impaired thrombus formation 
and vasoconstriction, which are physiologic responses to haemorrhage in 
unanesthetized animals. At the same time anaesthesia and short bleeding 
time may have influenced the extent of catecholamine surge and vasocon-
striction, which could have influenced the outcome in a human situation. We 
also chose to use a VF model of CA, which is the most reliable arrhythmia 
model to be controlled experimentally, as consistency in the time between 
the onset of hypovolemic shock and CA is a critical factor influencing the 
extent of tissue injury and outcome120. Thus we did not permit electrical 
instability to occur spontaneously but chose electrical current for induction 
of ventricular fibrillation. 

Hypertonic-hyperoncotic saline, including 7.5% saline and 6% dextran 
(hypertonic saline dextrane, HSD), have been shown to be effective in resus-
citation from severe haemorrhage179. As rapid administration of large vo-
lumes of blood or isotonic solutions during CPR is shown to decrease myo-
cardial perfusion pressure and blood flow180, we chose a more gradual vo-
lume expansion and administered the resuscitation fluids over a 20 min pe-
riod of time120. A major limitation of these volumes, relevant to its clinical 
applicability, is that the level of haemorrhage may be different and may re-
quire larger or smaller volumes of crystalloids or colloids181,182. In our re-
search group vasopressin was combined with HSD not only CA studies17,126 
but also in hypovolemic CA experiments119. In addition, different vasopres-
sin receptors exist in pigs and humans that may result in a different hemody-
namic response to exogenously administered vasopressin183. 
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6.10.1 Paper IV 
The principal limitation of the present study is that the model does not eva-
luate functional outcome or long-term survival. Moreover, the sample size 
may not have enough power to address possible confounders or differences 
between the study groups. The study was not designed to show a difference 
in survival and/or resuscitability. Instead, power calculation was based on 
troponin I concentrations.  We chose to use a VF model of CA, which is the 
most reliable arrhythmia model to be controlled experimentally. However, 
VF is representative for most but not all of the OHCAs. 

Perspectives 
The potential clinical implication of this study could be that more effective 
CPR algorithms for CA victims exist than those used clinically today. De-
spite the above mentioned limitations, this study demonstrated an alternative 
algorithm without the use of epinephrine, instead utilizing the synergy of 
three well-established drugs in the setting of CPR and CA. Therefore, basic 
studies to elaborate on our findings include dose-response studies to identify 
the effective dosages of esmolol and milrinone with the least possible ad-
verse effects. Furthermore, the treatment algorithm needs to be simplified, 
ideally with fewer interventions and without the need for continuous infu-
sions.  

Finally, pigs are not humans. In spite of these limitations, and because it is 
more or less impossible to do similar invasive investigations in man, we do 
think that our present results may add to the understanding of some mechan-
isms involved in hypothermic treatment after cardiac arrest and cardiopul-
monary resuscitation. 
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7. Conclusions 

Paper I - Methylene Blue (MB) more than compensated for a 30 min delay 
in induction of mild therapeutic hypothermia (MTH). Thus, the effect of MB 
can add to the neuroprotective effects of induced MTH. 
 
Paper II - The two postresuscitative interventions, MTH and S-PBN, acti-
vate Endothelin-1 and its receptors concomitantly with eNOS and nNOS in 
the myocardium. NO and Endothelin pathways are activated by MTH and 
thus could be valuable therapeutic targets for novel cardioprotective drugs. 
 
Paper III - Resuscitation with amiodarone resulted in a greater 3-hour sur-
vival, better preserved haemodynamic parameters and a smaller myocardial 
injury. 
 
Paper IV - The combination of milrinone, esmolol and vasopressin reduced 
cardiac injury compared with vasopressin alone. 
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