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Abstract

Open aortic arch surgery almost always requires a bloodless operating field which necessitates the
use of hypothermic circulatory arrest. Hypothermic circulatory arrest is a technique where the core
temperature of a patient is lowered so that the systemic blood circulation can be stopped
momentarily. This can cause unwanted damage to the brain. The risk for neurological impairment
is at its highest when corrective surgery has to be performed in emergency situations. This
highlights the need for additional neuroprotective methods.

Our research group has used a porcine model described in this thesis for about 12 years in
various setups to study many neuroprotective hypotheses. We have tested and researched surgical
and CPB strategies that could be useful in a HCA and aortic arch reconstruction setting. In this
thesis we have combined both chronic surviving animal data with acute experiments and aim to
shed light on the mechanisms and efficacy of RIPC as neuroprotective method.

In our experimental model, RIPC provided a mitigation of inflammatory response and cerebral
injury after prolonged HCA. In general, the collected data showed homogeneity as similar
biochemical results were seen in study | and Il. Also interestingly, study 111 and IV possibly shed
some light as to the mechanisms of the neuroprotective effect seen in Study Il. These results seem
to corroborate each other in a logical way.

In study | which was acute experiment we saw faster EEG recovery rates in the intervention
group. Additionally we recorded beneficial biochemical changes from samples that were collected
from the brain. In our chronic study, were the animals were followed for a 7 day period after
hypothermic circulatory arrest, we saw a statistically significant neuroprotective effect of remote
ischemic preconditioning. In studies 111 and IV we attempted to shed light on the mechanisms.
Study 11 revealed that an altered oxygen usage profile during hypothermic circulatory arrest and
recovery phase might have a role in the neuroprotection. In study IV we saw a reduced
microcirculatory leukocyte accumulation in cerebrocortical vessels was noted using an intravital
microscope. The intravital microscope also provided results that indicated a difference in the redox
state of the mitochondria via NAD+/NADH autofluorescence measurements.

Keywords: brain protection, cardiac surgery, ischemic brain damage, ischemic
preconditioning
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Tiivistelma

Sydén- ja aorttakirurgiassa tarvitaan jossain tilanteissa taysin veretonté leikkausaluetta. Veretto-
man leikkausalueen saavuttamiseksi joudutaan joskus turvautumaan potilaan elimistén jaahdy-
tyksen jalkeiseen verenkierron pysaytykseen. Tdman menetelmén haittana on kuitenki aivoku-
dokselle aiheutuva hapenpuute ja tastd mahdollisesti seuraava vaurioituminen. Vaurioitumisen
riski on korkeimillaan erityisesti paivystyksellisissa tilanteissa.

Tamaén tutkimuksen tavoitteena on ollut selvittad, onko esialtistavalla raajaiskemialla kykyé
suojata aivokudosta hapenpuutostilanteissa. Tutkimusryhmamme on viimeisen 12 vuoden aika-
na tutkinut sianporsailla eri keinoja, joilla voitaisiin parantaa aivojen suojausta sydan- ja aortta-
kirurgian aikana. Esialtistava raajaiskemia toteutetaan kiristaméall4 mansetti eldéimen oikean taka-
jalan ympérille. Tdmén jalkeen mansetti tdytetaan viiden minuutin vélein neljasti. Tayttokertojen
valissa pidettddn viiden minuutin tauko, jolloin mansetti on avatuna ja jalan verenkierto palau-
tuu normaaliksi.

Ensimmaisessa tutkimuksessamme totesimme, ett4 esialtistava raajiskemia vaikuttaa aivojen
sahkokayran toipumista nopeuttavasti. Toisessa tutkimuksessamme seurasimme koe-eldimia
seitseméan péivén ajan kokeen jalkeen. Td&méan tutkimuksen yhteydessa toteutessa aivokudoksen
mikroskooppiananalyysissé havaitsimme, etté raajaiskemia vaikutti suojaavan aivokudosta
hapenpuutteen aiheuttamilta aivovaurioilta. Kolmanessa tutkimuksessa selvitimme, etta raajais-
kemia vaikuttaa aivojen happipitoisuuteen sekd verenkierron pysaytyksen aikana etté toipumis-
vaiheessa. Viimeisessd tutkimuksessa kuvasimme aivojen pintaverisuonia mikroskoopilla. Seu-
rasimme kokeessa valkosolujen kayttadytymistéd aivokudoksessa kayttéen fluoresoivia laakeainei-
ta. Havaitsimme, etté raajaiskemiaryhmassa valkosoluja oli aivokudoksen pintaverisuonissa
merkittavasti vahemman. Lisaksi samalla menetelmélla tutkimme sitruunahappokiertoon osallis-
tuvan NAD+/NADH parin suhteita autofluoresenssi ilmioll4. Autofluorensenssi tutkimuksen
tulokset viittaavat siihen, ett4d mitokondrioiden hapetus/pelkistys kyky oli parempi raajaiskemia
ryhmassa.

Kokeissamme esialtistava raajaiskemia vahensi tulehdussolujen maaraa aivokudoksessa seké
vahensi aivovauriota hapenpuutteen jalkeen.

Asiasanat: aivojen suojaus, aivovaurio, esialtistava iskemia, sydankirurgia






Medicine is a science of uncertainty and
an art of probability

— Sir William Osler (1849-1919)
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1 Introduction

The human brain and central nervous system is very susceptible to all kinds of
insults. At a macroscopic level our brains are very soft and gelatinous organs that
albeit vital seem to be very vulnerable to damage. Evolution has done its part in
developing encasements to protect our central nervous systems from the many
rigors of the physical world. However, the brain is most susceptible to damage at
a microscopic level. The cells of our brain, called neurons, are in constant need of
energy and oxygen. Even the slightest interruption to either one will quickly
cause symptoms and eventually lead to unrepairable cellular dysfunction.

After the advent of the cardiopulmonary bypass (CPB) method and its
subsequent development surgeons were able to repair congenital and acquired
defects in the cardiovascular system that previously were untreatable. During the
1950°s hypothermia was discovered as a way to increase the ischemia tolerance of
the brain (Niazi & Lewis 1957) and quickly after that the concept of hypothermic
circulatory arrest (HCA) was first introduced. During the 1970s HCA was first
applied successfully to aortic arch repairs in humans. Although it was known by
that time that profound and deep hypothermia has substantial protective properties
it was unclear what the limits were. In the early 1980s it was first shown that
there were no clear-cut boundaries that could be drawn to define a completely
safe duration of HCA. It was noted that the risk of damaged and necrotic neurons
grew almost exponentially after 36 minutes of circulatory arrest (Treasure 1984).
The noteworthy fact was that HCA was not completely safe even in the time
window of 0 to 36 minutes.

Approximately at the same time in other laboratories experimental surgeons
were investigating another interesting technique called ischemic preconditioning.
It was discovered that the effects of cessation of blood flow (i.e. ischemia) in the
heart could be alleviated by exposing the myocardium to small intermittent
periods of ischemia beforehand (Murry et al. 1986). This phenomenon was later
shown to have similar effects in several other organs such as the kidney, liver and
brain. After local ischemic preconditioning was discovered it took several years
before the first evidence of the so called remote ischemic preconditioning (RIPC)
effect was discovered. As the name implies the method involved causing
intermittent non-lethal ischemia to remote organs to protect the intended organ,
which in the first reported experiments was the heart (Gho et al. 1996). Since then
studies have shown that other organs besides the heart could possibly be protected
by this method. It took almost another decade before the first studies were
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published in which researchers tried to mitigate ischemic damage of the brain
(Dave et al. 2006, Vlasov et al. 2005). Additionally some studies have shown
promising results in ameliorating ischemic sequelae in kidney and liver tissue (Ali
et al. 2007, Theodoraki et al. 2011).

Remote ischemic protection of the brain was first tested in 2006 in a rat
model of global cerebral ischemia and the results were promising (Dave et al.
2006). Subsequently it was shown to be neuroprotective also in a focal ischemic
animal model (Ren er al. 2008). Although some negative results have been
published (Saxena et al. 2009), it seems that most of the experimental studies
published have shown RIPC to have some neuroprotective effects (Malhotra et al.
2011, Tropak et al. 2011).

The first paper of this thesis was completed to assess whether RIPC had any
measurable effects in our established HCA porcine model. In this setup we use a
CPB pump to lower the core temperature of the animals to 18°C after which the
whole circulation is stopped for 60 minutes. We were able to show significant
differences in the acute recovery phase from HCA (I). For the second paper the
efficacy of RIPC was tested in a chronic model in collaboration with our
colleagues from Great Ormond Street Hospital, London (II). The third study
tested the hypothesis that RIPC might affect the oxygen usage profile of the
cerebrum during HCA (III). Lastly this thesis presents the yet unpublished
manuscript of our study where we use intravital microscopy to directly assess in-
vivo cerebral leukocyte adhesion after HCA (IV).

22



2 Review of literature

2.1 The human brain

The brain consists almost purely of neuronal cells called neurons and the
supporting cells which are commonly referred to as neuroglia cells.
Macroscopically the brain or cerebrum contains as its most prominent structures
two large hemispheres. The outermost layer, cerebral cortex, is densely
convoluted. This maximises the surface area of the cortex without an increase in
volume. Grey matter and white matter are visible in anatomical sections of the
brain. The white matter consists mostly of neuronal axons and the grey matter
mostly of neuronal cell bodies.

2.1.1 Cells of the brain

The neuron

The neuron has several distinct parts. The body, called soma, is where protein
synthesis occurs and where the nucleus is. The soma has outward reaching
extensions like branches of a tree called dendrites, which function as the main
input channels for the neuron. An axon is the part responsible for the transmission
of efferent (i.e. away from the soma) signals. A multitude of variation occurs in
soma size, dendrite amount and axon length. The axon itself can be either
myelinated or non-myelinated. The myelinisation is done by another group of
cells called Schwann cells (Figure 1). The myelinisation of the axon multiplies
the transmission velocity of the axon.

Neuroglial cells

Neuroglial cells can roughly be divided into four different cell types.

Astrocytes are a major type of neuroglial cells; this cell type covers
practically all vascular surfaces of the brain with its specialised dendritic endfeet.
They comprise a major fraction of the brain’s biomass and have a vital role in
maintaining ion and neurotransmitter homeostasis and keeping the brains blood-
brain barrier effective (Parpura ef al. 2012). It has even been suggested that the
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immense complexity and diverse functionality of the astrocytes is the
distinguishing factor between human and primate brains (Oberheim et al. 2006).

The main function of oligodendrocytes is to produce myelin with which to
cover the axons of the brain and spinal cord. Oligodendrocytes such as Schwann
cells produce large amounts of myelin daily. The production of myelin requires a
high metabolic rate and consumes large quantities of adenosine triphosphate
(ATP). Unfortunately, oligodendrocytes are very susceptible to injury and
dysfunction due to their high metabolic rate and a low concentration of anti-
oxidants (McTigue & Tripathi 2008).

Microglial cells are the “third” major glial subtype and are the macrophage-
monocyte cells of the central nervous system (CNS). They respond to tissue
damage and infection and play a major role in the immunological response of the
CNS. The final subtype of neuroglial cells is the ependymal cell. Ependymal cells
coat the inside of cerebral ventricles and the spinal canal.

Dendrites Axon

A

-—

S

~ Schwann cells

I Soma

Fig. 1. The basic structure of a neuron

2.1.2 Cerebral blood flow

The brain is in constant need of energy substrates such as oxygen (O,) and
glucose that are provided by the blood flow. The cerebral blood vessels and
capillaries have the ability to sustain normal levels of cerebral blood flow (CBF)
even when there are large changes in systemic arterial pressure (Harper 1966).
This is generally referred to as the autoregulatory capability of the brain.
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2.1.3 Metabolism

Although the brain as an organ weighs approximately 2% of total body mass it
receives a major share of the cardiac output volume. If cerebral perfusion pressure
is adequate to sustain normal CBF, and oxygen and glucose are present in the
blood flow, then neurons and neuroglial cells operate in aerobic conditions. In this
state one mole of glucose is metabolised into 38 moles of ATP.

Although ATP can be produced by several other mechanisms the most
efficient one is the electron transport chain (ETC). The ETC uses a chain of
enzymes that are in sequence increasingly electronegative to generate ATP. The
process consumes the reduced form of nicotinamide adenine dinucleotide
(NADH) that is in turn generated most efficiently in the citric acid cycle. In
anoxic conditions the same amount of glucose generates only two moles of ATP.
The prevalent dogma for the past three decades has been that only glucose can be
utilised for this process. Some emerging studies have shown, however, that lactate
could be a major energy substrate in aerobic conditions, although its significance
during anoxia or hypoxia is yet to be determined (Overgaard ef al. 2012, Wyss et
al. 2011).

2.2 Cardiopulmonary bypass

The honour of the first successful open heart surgery with a cardiopulmonary
bypass pump goes to Dr. John Gibbon and his surgical team who repaired an
intracardiac defect in 1953. Although the idea of extracorporeal circulation was
not his own, Dr. Gibbons and his team developed the first “modern” type CPB
machine with a roller pump and an oxygenator that was used first in animal
studies and later with human patients (Gibbon et al. 1954)

Extracorporeal circulation

The modern CPB maintains extracorporeal circulation. Venous blood is first
drained by gravity from the patient’s body into the CPB machines reservoir using
venous cannulae. Then the oxygenated blood passes via tubing into a roller pump
that leads it to an oxygenator that facilitates carbon dioxide (CO,) and O,
diffusion. From there blood is then directed back into the patient via arterial
cannulae. Supplementary roller pumps and reservoirs can be used depending on
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the type of the operation performed. A heat exchanger is usually used in
conjunction to maintain adequate core temperature or to cool the patient.

2.2.1 Hypothermic circulatory arrest

Hypothermia means literally “low-temperature”. Even before the advent of the
CPB machine some scientist were experimenting on using hypothermia to lower
the oxygen usage of the body to facilitate longer cardiac surgery times. The
general use of hypothermia in cardiac surgery is accredited to Dr. Bigelow who
conducted several human and animal studies in the 1940s and 1950s even before
the invention of the CPB machine (Bigelow et al. 1950). Almost at the same time
several studies were started that used severe hypothermia to enable surgeons to
operate in a total circulatory arrest, which led to the concept of hypothermic
circulatory arrest (HCA) (Niazi & Lewis 1957). The HCA is an operative
procedure in which the patient is cooled via extracorporeal perfusion to a target
temperature, the heart is stopped and the extracorporeal circulation is stopped
effectively shutting down all blood flow in a patient’s cardiovascular system. The
method has a strict “safe” operating time that is dependent on the depth of
hypothermia. At 15°C the safe operating time is considered to be only 30 minutes
(McCullough et al. 1999). An HCA prolonged beyond this timeframe increases
the risk of neurological injury significantly (Treasure 1984).

Today HCA enables surgeons to operate on certain types of aortic diseases
and defects that require a bloodless operating field. The mortality rate in elective
aortic arch surgeries requiring HCA is approximately 2%, whereas in emergency
aortic arch repairs it is almost 10%. A similar significant difference is seen in the
risk of neurological injury (8% vs. 17%, respectively) (Czerny et al. 2011).
Additional factors such as patient age further increase the mortality rate
significantly (Biancari et al. 2011). Although the risk of neurological injury and
mortality is quite high, it is noteworthy that an untreated acute dissection of the
ascending aortic arch carries a mortality rate of almost 100%.

2.3 Ischemic brain damage

Ischemic brain damage can roughly be defined as either a global ischemic insult
or a focal ischemic insult. Hypothermic circulatory arrest to some degree causes
the former and plaque-induced thrombi the latter. A prolonged HCA and
manipulation of the large arteries of the heart increase the risk of ischemia.

26



However, the hypothermic component of the HCA method mitigates some of the
most harmful effects as it lowers the energy metabolism rate of the brain
significantly (Erecinska ef al. 2003). The porcine model is very suitable for
studying the effects of cerebral ischemia during hypothermia, because the
metabolic suppression rate of the brain of the animal is very similar to that of
humans (Ehrlich et al. 2002).

Selective vulnerability

Although a depletion of oxygen or glucose is detrimental to all cells in the brain
the dose response ratio varies greatly with different cell types. The most
vulnerable cells of the brain are located in the hippocampus and are called CA1
type pyramidal neurons (Johansen et al. 1984, Kirino & Sano 1984). In a focal
ischemic insult the totally ischemic core is surrounded by an area that has lowered
CBF values. This area, termed penumbra, can functionally recover if adequate
CBF values are restored (Olsen et al. 1983).

Pathogenesis

Ischemic brain damage is always a result of an imbalance between the metabolic
needs of the brain cells and the capability of the circulatory system to provide the
required metabolic substrates. This can be a consequence of a decreased cerebral
perfusion or a decreased oxygen and glucose content in an otherwise normal CBF.
The neurons and the glial cells of the brain rely on a constant supply of O, and
glucose to function properly. The determinant of ensuing cellular dysfunction and
brain damage is directly related to the severity and duration of the ischemia. It has
been established that a CBF of 20 mL/min/100g is the critical threshold after
which the levels of intracellular ATP drop rapidly (Obrenovitch ef al. 1988). Once
the critical threshold of CBF has been reached neurons no longer can maintain
cellular function and homeostasis. This causes breakdown of ionic membrane
potentials, and depolarization occurs.

2.3.1 Ischemic cascade

A metabolic imbalance launches a series of events that in general can be called
ischemic cascade. The first step of the ischemic cascade is a loss of the
electrochemical membrane potential. This depolarization of the neuronal cell
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membrane leads to glutamate spillage into synaptic clefts, and simultaneously the
reuptake of glutamate and other excitatory amino acids is hindered. This in effect
leads to even greater concentration of excitotoxic glutamate in the synaptic cleft
(Figure 2) (Wroge et al. 2012).

Glutamate

Glutamate-specific receptors, such as N-methyl-D-aspartate (NMDA), are then
constantly activated and contribute to a rise in intracellular Ca**, which quickly
translates into a marked increase in O, consumption (Gleichmann et al. 2009). In
vitro experiments have implicated a dose-dependent death of cultured neuronal
cells when exposed to glutamate (Voulgari-Kokota et al. 2012). The dose
dependency in vivo is likely to be more complicated however. The activated
NMDA receptors then cause Ca*" influx through them and simultaneously Ca®"
flows into the cytosol via other routes such as the Na"/Ca®" exchanger due to the
depolarization of the cell membrane (Brittain et al. 2012). This is a possible
reason why the NMDA receptor antagonist proved ineffective in attenuating
ischemic damage in humans (Davis et al. 1997, Davis et al. 2000). The route
through which Ca*" is deposited into the cytosol is unconnected to its subsequent
harmful effects (Stanika et al. 2012), and a moderate rise in cytoplasmic Ca*
paradoxically increases the metabolic needs of neurons when there is already a
depletion of O, and glucose, which further deteriorates homeostasis (Wang et al.
1994).

Calpains

Calpains is a proteinase family that is calcium activated. The function of
proteases is to regulate cell functions and cleave produced proteins into their
mediatory or final structure. They also have a role in disintegrating unwanted
proteins. Although calpains were discovered over 30 years ago their exact role is
yet unknown. What makes calpains interesting in this case is that the required
Ca”" concentrations to activate some of them are not achievable in any known
normal physiological conditions (Zadran et al. 2010). The calcium ion has a
major role in the ischemic cascade. A simplified depiction of the interplay
between effectors is shown in Figure 2. Solid in vitro evidence has emerged that
some calpains are the final effectors in programmed cell death resulting from
glutamate excitoxicity (D'Orsi et al. 2012).
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Fig. 2. A simplified overview of ischemic cascade; PLC = phospholipase C, PLA =
phospholipase A, ROS = reactive oxygen species, AIF = apoptosis inducing factor,
MPTP = mitochondrial permeability transition pore.

Calcium

The rise in cytosolic Ca®" caused by synaptic glutamate instigates additional
harmful effects. Phospholipase-C (PLC), which is an integral part of G-protein-
coupled-receptor-mediated calcium signalling in cells, is calcium activated. The
activated PLC then causes the Ca®" stores of cellular endoplasmic reticulum (ER)
to be released into the cytosol further deteriorating the homeostasis of the cell
(Kim et al. 2011). Additionally the rise in intracellular Ca®" is rapidly mirrored in
the mitochondria of neurons; (Rizzuto et al. 1992) inhibiting ATP-production of
neurons completely by disrupting the electrochemical gradient of the
mitochondria that is vital for the process. Furthermore a rise of intramitochondrial
Ca”" causes a marked increase in reactive oxygen species (ROS) production
which in turn can lead to neuronal programmed cell death called apoptosis or
direct cell death termed necrosis (Maciel ef al. 2001). This multi-layered ischemic
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process is simultancously exacerbated by pro-apoptotic factors leaked from the
mitochondria due to mitochondrial permeability transition (MPT) (Zoratti &
Szabo 1995).

Mitochondrial permeability transition

The MPT is a process where the permeability of the mitochondrial membrane
through a mitochondrial permeability transition pore (MPTP) increases. Pro-
apoptotic factors, such as cytochrome-c and apoptosis inducing factor (AIF), and
Ca”" are leaked into the cytosol en masse (Kroemer & Reed 2000). This leakage
and the loss of intramitochondrial antioxidants such as glutathione (Schild &
Reiser 2005, Starkov et al. 2004) further aggravate the harm that the already
heightened ROS production of mitochondria causes intracellularly. When a single
mitochondrion has had its electrochemical gradient sufficiently disrupted it can
undergo MPT. At some point in the ischemic process the cell will start a
programmed cell death via mitochondria going through MPT, or it will
spontaneously die due to massive cellular structure damage caused by lipid
peroxidation from ROS and phospholipase A (PLA) (Kroemer & Reed 2000).

Phospholipase A

Phospholipase A’s are a group of enzymes that hydrolyse glycerophospholipids
and seem to have a role in the production of eicosanoids in cell signalling. Their
function is closely related to another enzyme called cyclooxygenase-2 (COX-2)
(Kishimoto et al. 2010). An overexpression of COX-2 enzyme has been shown to
worsen cerebral infarction (Dore ef al. 2003). Moreover, the activation of PLA is
Ca”" dependent which causes it to translocate from the cell cytosol to the nuclear
envelope where it causes localized lipid hydrolysis and thereby additional cell
damage (Peters-Golden et al. 1996).

Reactive oxygen species

Oxygen is a key ingredient in sustaining normal neuronal function. It is used by
the mitochondria in the electron transfer chain to produce ATP via oxidative
phosphorylation. Unfortunately, an impartial reduction of the O, can lead to the
production of some highly oxidizing molecules, such as hydrogen peroxide,
superoxide anion, and nitric oxide (NO) (Boveris & Chance 1973), known as
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ROS. Because these highly oxidising molecules also occur under physiological,
i.e. non-ischemic, conditions, cells have adapted to various ROS-scavenging
methods with which to mitigate ROS induced peroxidation of lipids and proteins
(Niizuma et al. 2009).

Although ischemia causes several simultancous deleterious effects, the
sensitivity of various cells to these effects varies. Hippocampal cells and glial
cells have shown to be specifically more vulnerable to ROS than neurons (Feeney
et al. 2008).

Nitric Oxide

Nitric oxide (NO) is produced mainly by three routes: the endothelial nitric oxide
synthase (eNOS), inducible nitric oxide synthase (iNOS), and neuronal nitric
oxide synthase (nNOS) (Bredt 1999). It functions as a physiological
neurotransmitter as well as a regulator of perfusion in the brain (Iadecola 1997).
Specifically the nNOS is capable of producing either neuroprotective or
neurodestructive NO species (Iadecola 1997). Moreover, the synthase in question
is Ca®" activated and, as previously discussed, represents a hallmark event in
ischemic damage. Following the rise in cytosolic Ca*" nNOS produces excessive
amounts of NO which then reacts with superoxide anions to form a highly toxic
compound called peroxynitrite (ONOQO") (Lipton et al. 1993). Although the rate
response between NO production and ONOO- formation is not linear, it has been
shown in an in vivo animal study that ONOQO™ concentrations increase with NO
concentrations (Yang et al. 2008).

Apoptosis and Necrosis

Cell death can be divided into two different and distinct pathways: apoptosis and
necrosis. Apoptosis is a vital part of normal tissue development where
unnecessary cells are removed in a controlled manner. Apoptosis is an extremely
complex cascade of events, which culminates in strong protein and lipid
oxidation, DNA fragmentation, and the formation of apoptotic bodies that are
subsequently removed via phagocytosis (Kerr et al. 1972). Although apoptosis
and necrosis have been considered to be two separate and distinct pathways, there
is some emerging evidence to suggest that they share some common elements.
The actual severity of the ischemic insult, the degree of Ca*" elevation, and the
subsequent mitochondrial dysfunction with ATP loss determine whether the cell
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undergoes apoptosis or necrosis. Some researchers are referring to it as an
apoptosis-necrosis continuum as cell death can occur in multiple variants with
similar pathways coexisting (Formigli et al. 2000, Yakovlev & Faden 2004,
Yamashima & Oikawa 2009). However, apoptosis elicits only a slight
immunologic response because the cellular structure is broken down in a
controlled fashion (Savill 1997), whereas necrosis elicits a stronger inflammatory
response (Stoll et al. 1998) leading to neutrophil activation and pro-inflammatory
cytokine release. This exacerbates ischemic damage by causing accumulation of
leukocytes in the capillary bed of the cerebrum and aggravates tissue oedema,
which further deteriorates perfusion (Waldner et al. 2012).

2.3.2 Inflammatory response

During ischemia a complex and intricate ischemic cascade is activated, and it has
several detrimental effects. Unfortunately the restoration of blood flow triggers
additional harmful processes.

Postischemic inflammation is triggered via activated neuroglial cells called
microglial cells. These function as leukocyte-macrophages of the brain. In
response to noxious stimuli they can secrete chemokines and transform into
phagocytic cells, and as such, play a major part in the brains immunological
response. The exact mechanisms of microglial activation are not yet known, but
evidence suggests that microglial cells have the capability to be both detrimental
and neuroprotective in the injured brain (Ekdahl et al. 2009). The protective
effects are suspected to be mediated via anti-inflammatory mediators such as
brain-derived neurotropic factor (BDNF) and insulin-like growth factor I (IGF-I)
(Arroba et al. 2011, Mizoguchi et al. 2009). More recently it was also discovered
that microglial cells had a marked neuroprotective role in alleviating NMDA
receptor-mediated exitotoxicity (Vinet et al. 2012). However, at the same time the
microglial cells are able to secrete various proinflammatory chemokines and
generate harmful ROS (Hur et al. 2010). Chemokines cause neutrophil activation
and expression of endothelial and intercellular adhesion molecules. They also
activate the immunological system, which in some situations, such as bacterial
infection, may be desired but in postischemic tissue is unwanted (Kielian et al.
2001).

In addition to microglial cells, astrocytic cells also have a role in the
inflammatory process. In physiological homeostasis they have several functions
such as glutamate uptake, working as NO sink, and maintaining the blood-brain
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barrier intact. They do, however, also contribute to delayed cell death after
ischemia by producing themselves ROS, releasing pro-inflammatory chemokines,
and causing oedema through overexpression of water-specific channels called
aquaporins (Ribeiro Mde et al. 2006, Ronaldson & Davis 2012). The chemokines
attract several types of leukocytes to the afflicted site, including T lymphocytes. T
lymphocytes have been shown to have a major role in postischemic recovery and
ischemia/reperfusion injury; the removal of a CD4+ T cells was found to improve
functional recovery, whereas the removal of another subtype, CD25 positive T
lymphocytes, degraded recovery (Saino et al. 2010).

2.4 Remote ischemic preconditioning

Local ischemic preconditioning was discovered during the 1980s in the
myocardium (Murry et al. 1986). Later it was discovered that the brain was
affected similarly (Kitagawa et al. 1990). It took some time, however, before it
was discovered that ischemic preconditioning was also a systemic phenomenon.
First, RIPC was induced by invasive methods such as arterial occlusion using an
open surgical approach. Remarkably it was then discovered that RIPC was
inducible by simply inflating a blood pressure cuff on the upper or lower limb of
the patient (Kharbanda et al. 2002). This finding greatly simplified the inducing
procedure.

Promising results have been published in the cardio- and renoprotective field
in humans but so far clinical trials have been limited and small (Alreja et al. 2012,
Candilio et al. 2011, Hong et al. 2012). To date, no clinical trials have been
published concerning the possible neuroprotective effects of RIPC in humans. A
simplified summary of the possible mediators and mechanisms of RIPC is shown
in Figure 3.

2.4.1 Mechanism

The exact mechanism of RIPC is not entirely clear at the moment, but an
increasing amount of research is being conducted on the matter. Short non-lethal
ischemia seems to activate several kinases that act in conjunction to mitigate
subsequent more severe ischemia (Burley ef al. 2007, Hausenloy & Yellon 2004).

The cardioprotective effects, the most researched at the moment, have shown
to be partly induced by a potassium-dependent ATP (Karp) channel
(Loukogeorgakis et al. 2007). The activated Karp channels, especially the
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mitochondrial ones, have the ability to limit the opening of MPTPs, thus causing
a marked improvement in cell survival (Ma et al. 2011, Robin et al. 2011). This
neuroprotective effect also applies to cerebral tissue (Wang ef al. 2011).

Although not yet verified the current dogma is that the effects of RIPC are
transferred systemically in three separate modalities.

Neuronal pathway

The hypothesis for the neuronal pathway is based on the fact that using autonomic
ganglion blockades abolishes the cardioprotective effects of RIPC when the
preconditioning ischemic insult is performed via mesenteric artery occlusion
(MAO) (Gho et al. 1996). A more recent study confirmed that this is also an
important transit mechanism for the neuroprotective effect (Malhotra et al. 2011)
Interestingly enough the same ganglion blockade did not abolish RIPC when the
preconditioning was performed with coronary artery occlusion instead of MAO,
which only goes to show that the exact mechanisms can vary depending as much
on the “target” organ to be protected as on the preconditioned tissue.

Additionally, adenosine receptors, particularly the subtype Al, have been
implicated as the mediators of neuroprotection in RIPC (Nayak et al. 2011). It has
been shown to increase specific antioxidants and nitric oxide production (Hu et
al. 2012). Nitric oxide has a dual role as it can function as a neuroprotective agent
in homeostatic conditions (Calabrese et al. 2007) and to a certain extent in
ischemic events but can also induce highly oxidising molecules such as
peroxynitrite in severe anoxic conditions (Iadecola 1997).

Humoral pathway

Before the turn of the millennium it was discovered that cardioprotective effects
of RIPC might be transferrable to a recipient via whole blood transfusion
(Dickson et al. 1999a, Dickson et al. 1999b). Newer studies done with
transplanted hearts corroborate this finding, although to date there has not been
certainty of what exactly the humoral agents are or what their exact role is in the
process (Konstantinov et al. 2005, Redington ef al. 2012).
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Fig. 3. Suggested mediators of remote ischemic preconditioning; CGRP = calcitonin
gene-related peptide.

Adenosine is released from tissues in response to infection and ischemia (Barletta
et al. 2012), and it affects cellular function through its receptors. Adenosine
receptors are responsible for relaying opioid-induced remote cardioprotective
effects in animals (Yao ef al. 2011) and some results indicate that adenosine and
adenosine receptors also have a role in relaying some parts of the ischemic
preconditioning stimuli to the brain (Hu ef al. 2012). Endogenous cannabinoids
have likewise been implicated as neuroprotective agents. Endocannabinoid
receptor blockers abolish RIPC and it has been suggested that they also play an
integral part in the process (Su et al. 2009). In addition to the factors mentioned
above, calcitonin gene-related peptide (CGRP) is also involved in mediating
RIPC (Rehni et al. 2007). Other possible humoral mediators include even
erythropoietin (Ruscher et al. 2002).

Bradykinins are a group of proinflammatory peptides that are released into
the blood stream in response to various noxious stimuli. Their receptors B1R and
B2R are numerous in the CNS. Animal studies have shown that supressing B1R is
neuroprotective (Austinat ef al. 2009), but the role of B2R is more contradictory.
Neuroprotective effects have been induced with both B2R receptor activation (Su
et al. 2012) and B2R receptor suppression (Lumenta ef al. 2006). The immense
complexity of the interplay between peptides and their receptors in the brain is
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further evident in a study were bradykinin inhibitor did not abolish the effects of
limb RIPC in healthy human volunteers (Pedersen et al. 2011).

Although knowledge about neuroprotective mediators and mechanics of
RIPC is slowly accumulating, it is apparent that the process is extremely complex.

Systemic response

There is somewhat strong evidence that RIPC modifies several different
modalities of the immunological system. It has been shown to alter neutrophil
adhesion and phagocytosis and to modify their cytokine expression R1 (Shimizu
et al. 2010). Interestingly the changes include the suppression of the
proinflammatory tumour necrosis factor (TNF) production but not the suppression
of its receptor, TNF-R. This would directly translate to less circulating free TNF.
The activated TNF-R1 promotes the production of manganese superoxide
dismutase (MnSOD), which is a strong antioxidant and provides protection
against ROS. The suppression of anti-inflammatory genes extend to proapoptotic,
chemotactic, and cell adhesion molecules that promote cellular extravasation
(Konstantinov et al. 2004). Other immunological changes include the suppression
of proinflammatory cytokines that promote chemotaxis and leukocyte activation
(Liang et al. 2011).

Effectors and summary

RIPC is a highly researched method. However, most of the studies do date have
been performed on the cardioprotective effects. This is evident because the use of
RIPC in cardioprotection has reached clinical human trials. Conversely, as the
neuroprotective possibilities of RIPC are a somewhat newer discovery, research
on this area has not reached the same phase yet. The neuroprotective mediators
and effectors are continuously but slowly emerging through in vitro and animal
studies. Local in vitro neuron cultures have shown that protein kinase C (PKC)
(Zhang et al. 2011) and lymphocyte kinase (Bae et al. 2012) are some of the
possible end-effectors in ischemic preconditioning of the brain. In addition to the
ones already mentioned there are a few other pathways and molecules (Lee et al.
2008) that are suspected to have a role in causing ischemic preconditioning of the
brain. The PI3K/Akt pathway has been shown to cause ischemic tolerance (Gao et
al. 2010) apparently through reducing release of proapoptotic factors from
mitochondria (Miyawaki et al. 2008). Not surprisingly, a key transcriptional
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factor, nuclear factor kappa B, is activated in neuronal cultures of preconditioning
and seems to facilitate some parts of the ischemic preconditioning process via
COX-2 expression (Kim et al. 2010).

All these effectors and mediators form a complex mesh of peptides, receptors,
cytokines, cell interactions and transcription factors. It is therefore extremely
difficult to distinguish the exact role and the interactions of a single factor until all
of the mediators and effectors have been identified. However, as the method of
inducing RIPC by intermittent limb ischemia is known to be quite safe, we can
study its efficacy and safety at macroscopic level even before we understand the
full complexity of its mechanisms.

2.5 Limitations of this study

Animal models are used routinely in almost all aspects of scientific research.
Although they provide a significant amount of data, it is important to
acknowledge the limitations of these models.

Ultimately, the animal models in use involve relatively small study groups;
even in the largest of experiments the animals usually number in the tens rather
than in the hundreds. This might cause false positives because even a few animals
that display altered behaviour or results in a specific group can bias the difference
between the control and intervention animals. Alternatively, small study groups
are also prone to false negatives because small or minute differences are difficult
to distinguish.

Additionally one must consider that animal models are almost always
homogenous experiments as the animals involved are usually healthy individuals
with almost no differences. This can cause difficulties in trying to extend the
results to human patients who are an extremely heterogeneous population even
within one specific disease group.

Finally there is the fact that animal experiments cannot provide us with all the
answers because they are just that, experiments done with animals. Nevertheless,
they can provide us with vital information about the preliminary efficacy and
safety of a proposed intervention. One can also study the intervention and try to
understand it at cellular and biochemical levels. Once all means of ascertaining
the efficacy and safety of a method or hypothesis have been exhausted in animal
models, only clinical human trials can provide further information on these topics.
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3 Aims of the present study

This thesis was completed to ascertain whether RIPC is a viable method for
producing neuroprotection in an HCA setting. The present thesis comprises the
following studies:

Study 1 To examine if RIPC is a viable method for inducing enhanced
ischemia tolerance in the central nervous system of a porcine.

Study II To ascertain whether RIPC has neuroprotective effects after HCA in
a surviving experimental set-up.

Study III To examine whether RIPC alters the oxygen usage profile or
consumption during HCA.

Study IV To assess whether RIPC has effects on leukocyte adherence and
rolling, redox state of the brain, or vessel diameter on the cortex of
the brain; and also, to evaluate possible neuronal and neuroglial
ultrastructural changes by using transmission electron microscopy.
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4 Materials and methods

4.1 The porcine model

The studies were completed at the Department of Experimental Surgery at Oulu
University using a porcine model. The porcine model was developed by Professor
Randall Griepp and his group at the Mount Sinai School of Medicine. Later on
Professor Tatu Juvonen established a similar experimental porcine model at the
Department of Experimental Surgery at Oulu University. The model has been
further developed and altered to study different hypotheses. The basic layout of
all our studies is shown in Figure 4. The actual weaning from respirator and
anesthesia was performed only in chronic surviving experiments. In acute
experiments the animals were terminated by pentobarbital injection after the
follow-up period. Study I and Study IV were acute studies where the experiment
was terminated at the end of the eighth hour of the postoperative follow-up
period. Study IIl was a hyperacute study that was terminated at the end of the
rewarming period. Study II had a seven-day follow-up period after weaning.
Study IV was also an acute study in which we performed a large decompressive
hemicraniectomy to directly visualize the cerebral cortex using an intravital
microscope.

4.2 Test animals and preoperative management

Pigs from a native stock and provided by a piggery in Oulu, Finland, were used as
test animals in all the four studies presented in this thesis. No cloned or
genetically manipulated animals were used. All animals received humane care in
accordance with the “Principles of Laboratory Animal Care” formulated by the
National Society for Medical Research and the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of Laboratory Animal Resources,
National Research Council (published by National Academy Press, revised 1996).
The study was approved by the Research Animal Care and Use Committee of the
University of Oulu. The animals were cared for by a professional staff of trained
nurses and their wellbeing was monitored daily before and after the operations.
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Fig. 4. Simplified depiction of the experimental protocol; HCA = hypothermic
circulatory arrest, RIPC = remote ischemic preconditioning.

4.3 Remote ischemic preconditioning

The actual ischemic preconditioning was performed by an experienced nurse.
Preconditioning was induced with a children's blood pressure cuff by applying a
static pressure of 230 mm Hg to the right hind leg. Systemic arterial pressure
readings were recorded simultaneously to confirm the reactive hypertension and
hypotension after the occlusion and reperfusion of the femoral artery. Four cycles
of 5-minute ischemia intermittent with three 5-minute reperfusion periods were
completed. Cardiopulmonary bypass was initiated 60 minutes after the RIPC, and
HCA was achieved in 90 minutes from the RIPC. The ischemic preconditioning
protocol was identical in all of the four studies. The term transient remote
ischemia (TRI) was used in Study I as an interchangeable term with RIPC.

42



4.4 Anesthesia

Although this thesis contains four separate publications, the preoperative
anesthesia and preparation were similar in all four studies.

The animals were sedated with ketamine (350 mg intramuscularly) and
midazolam (40-50 mg intramuscularly). After endotracheal intubation, a balanced
anesthesia was maintained by inhaled isoflurane (0.5%) and continuous infusion
of fentanyl (25 pg/kg/h) midazolam (0.25 mg/kg/h), and pancuronium (0.2
mg/kg/h) in both study groups throughout the experiment. The animals were
maintained on positive-pressure ventilation with 50% oxygen. Studies I, 11, and
III were conducted using isoflurane inhalation anesthetic. In study IV, sevoflurane
was used instead. End-tidal carbon dioxide (EtCO,) content was kept at 5%. A
catheter was inserted into the bladder of the animals. Also a rectal thermometer
was used to monitor the body temperature of the animals.

4.5 Hemodynamic monitoring

A 7F Schwann-Ganz catheter (CritiCath; Ohmeda GmbH, Erlangen, Germany)
was inserted through the left femoral vein into the pulmonary artery, allowing
blood sampling and invasive hemodynamic monitoring of central venous and
pulmonary artery pressure in addition to various other parameters. Invasive
arterial pressure measurements were recorded through an arterial needle inserted
into the left femoral artery.

4.6 Blood transfusion

We used donor pigs to compensate for the effects of hemodilution during
extracorporeal bypass. Preoperatively, a membrane oxygenator (D905 Eos;
Dideco SpA, Mirandola, Italy) was primed using 500 mL of Ringer's acetate
solution, 3 to 4 units of donor blood, and heparin ( 5000 IU).

The donor pigs were sedated, intubated, and kept under anesthesia as
previously described and 3 to 4 units (1200 mL) of blood was collected. Equal
amounts of donor and receiver blood were mixed in a separate test tube and tested
for any cross reactions. If hemolysis or coagulation was detected, the priming was
done again. After the collection, donor animals were euthanized using
pentobarbital (60 mg/kg).
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4.7 Intracranial monitoring

The cranial procedures varied slightly in the performed studies. In studies I and 11
we performed a 7-cm midline longitudinal incision on top of the scalp, and a total
of four electroencephalography (EEG) leads were placed directly on the
periostium over the frontal cortex. In the first study (Study I) we used a separate
temperature  probe (Thermocouple Temperature Catheter-Micro-Probe;
Experimental Setting GMS GmbH, Mielkendorf, Germany), whereas in Study III
we used a combined temperature/oxygen tension probe that was inserted through
a burr hole into the right parietal cerebral cortex (Licox CCI1.P1; Integra
LifeSciences, Plainsboro, NJ). In study IV we performed a decompressive
hemicraniectomy on the right side of the skull.

4.7.1 Electroencephalographic analysis

In studies I and II we registered EEG data. These data were recorded using 5-
minute intervals at baseline and every full hour after HCA. Recovery was
measured using dedicated software that evaluated the EEG data and calculated the
proportion of bursts to burst suppression periods. The anesthetic protocol was
kept constant during and between the time points to maintain good comparability
between experiments. The EEG hardware and software were operated by an
experienced biophysicist who was blinded to the experimental setup.

4.8 Microdialysis

Microdialysis refers to a sample collecting technology wherein a sample is
collected through a semipermeable membrane from the interstitial fluid of an
organ. With this method one can collect extracellular fluid and analyze its content
for various markers. In studies I, II, and IV we inserted a cerebral microdialysis
catheter (CMA Brain MD 70 Catheter;CMA/Microdialysis AB, Solna, Sweden)
into the right parietal parenchyma of the animals. The catheter was connected to a
microdialysis pump (CMA 107 Microdialysis Pump;CMA/Microdialysis AB),
and the microdialysis samples were collected using a flow setting of 2.0 pL/min
and analyzed with a CMA 600 microdialysis analyzer (CMA/Microdialysis AB).
The analyzer was used to measure extracellular glutamate, glucose, pyruvate,
glycerol and lactate concentrations. The first samples were collected for 30 to 60
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minutes and always discarded to mitigate the influence of unavoidable insertion
trauma.

4.9 Intravital microscopy

In study IV we used an intravital microscope (Leica Model MZFL III; Leica,
Heerbrugg, Switzerland) placed over the cranial window to analyze vascular
diameter changes, leukocyte amount and adhesion and also to obtain real-time
measurements about the redox state of NADH in the cortex. The cranial window
was created using a neurosurgical drill. We used the three sets of filters: a violet
filter (450490 nm excitation, > 515 nm emission wavelength) to visualize
microvascular perfusion, a green filter (536-556 nm excitation, > 590 nm
emission wavelength) for visualization of rhodamine-labeled leukocytes, and
ultraviolet filter for NADH analysis. A sample image that was used to calculate
leukocytes is shown in Figure 5.

The image was captured using a charge-coupled device video camera (CCD
300-ETRCX; Dage-MTI, Michigan City, Ind), transferred to a monitor (LCD
SyncMaster 710 mp; Samsung Elec- tronics Co, Ltd, Seoul, South Korea), and
videotaped. A frame grabber (Kudo Interactive Frame Grabber; Kudo Interactive,
Westminster, Colo) and a computer-assisted image analysis system (Scion
Corporation, Frederick, Md) were used for offline analysis. The final
magnification on the monitor was x400. At baseline the piglet received a 2-mL (4
mg/mL) loading dose of rhodamine 6G chloride MW 479 (Sigma Chemical Co,
St Louis, Mo) 5 minutes before the initial recording.

Video recordings were taken at 11 time points: at baseline; at 5 minutes
before CPB cannulation; at 10 and 20 minutes of cooling; at 50 minutes after
institution of HCA; at 5, 15, and 45 minutes of rewarming; and finally at 90, 120,
and 180 minutes after HCA. The epi-illumination was restricted to 1 minute to
avoid thermal injury.
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Fig. 5. A sample image used for leukocyte counting.

Violet filter

Once proper magnification and resolution were acquired, a 1-mL (50 mg/mL)
intravenous bolus of fluorescein isothiocyanate-labeled dextran (150 kd; Fluka
Chemicals, St Louis, Mo) was administered to label the plasma of the cerebral
vessels. Subsequently we recorded video image using the violet filter of the
microscope. The diameters of 20- to 50-um arterial and venous cerebrocortical
micro vessels were measured from still images by using an image analysis
program. Three arterioles and three venules were measured from each animal.
Each measurement was referred to baseline, so that the baseline diameter of the
vessel was 100%.

46



Green filter

A 1-mL (4 mg/mL) intravenous bolus of rhodamine was used to stain the
activated leukocytes in circulation. A postcapillary venule was used to calculate
the adherent and rolling leukocytes. The exact number of adherent leukocytes was
calculated from an easily determined portion of the vessel, and the number of
cells was then related to the surface area rendered. The actual counting was done
manually by an analyst who was blinded to the setup. To assess and count rolling
leukocytes, a specific point of the vessel was chosen, and the number of
leukocytes rolling past that point was observed during approximately 10 to 15
seconds in each recording.

Ultraviolet filter

The ultraviolet filter was used to capture video image for the analysis of NADH.
The monitoring of NADH is based on the absorption difference of NADH and the
oxidized form of nicotinamide adenine dinucleotide (NAD+). The NAD+ does
not absorb light at 320 to 380 nm, but NADH does, whereas the fluorescence
emission of NADH is peaked at 450 nm (Chance et al. 1973).

4.10 Transmission electron microscopy

In Study IV we used both intravital and transmission electron microscopy (TEM)
to analyze intracellular morphological changes. Biopsies were taken bilaterally
from cortex of temporal lobes. We took biopsies from the same area of the cortex
that we had captured on video using the intravital microscope. After collecting the
specimens, the animals were euthanized using pentobarbital (60 mg/kg) while
anesthetized. To establish a baseline for the effects of rhodamine, fluorescein, and
lamination of the cortex we also took samples from an animal that did not
undergo HCA (zero-control). The biopsies were fixated using 1% glutaraldehyde
4% formaldehyde mixture in 0.1 M phosphate buffer. They were postfixed in 1%
osmiumtetroxide, dehydrated in acetone, and embedded in Epon LX 112 (Ladd
Research Industries, Williston, Vermont, USA). Thin sections were cut with Leica
Ultracut UCT ultramicrotome, stained in uranyl acetate and lead citrate, and
examined in Tecnai G2 Spirit transmission electron microscope (FEI Europe,
Eindhoven, The Netherlands). Images were captured by Veleta CCD camera
(Olympus Soft Imaging Solutions GMBH, Munster, Germany).
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4.10.1 Assessment

The TEM picture was analyzed by a blinded experienced analyst. Changes in
mitochondria and rough endoplasmic reticulum (RER) of neuroglial cells and
neurons, and structural changes in astrocytic perivascular endfeet were assessed
and scored. The observed mitochondrial changes included swelling, disrupted
cristal integrity, and loss of matrix density; the observed changes in RER
consisted of dilation and presence of vacuoles; and the observed changes in the
ultrastructural features of astrocytes included swelling of astrocytic soma and
perivascular endfeet, ruptured cytoplasmic and mitochondrial membranes, and
electron-lucent cytoplasm. Structural alterations were scored as follows: normal =
0, mild = 1, moderate = 2, severe = 3. If a sample contained both cells with
normal features and cells with mildly affected features, a mitochondria score of
0,5 was given. The total score was summed of these ultrastructural scores,
maximum being 18.

4.11 Additional measurements

In all of our experiments we measured blood gas values, pH, electrolytes, plasma
ionized calcium, plasma lactate levels, glucose, hemoglobin, and hematocrit
levels at baseline, at end of cooling, and at 30 minutes from the end of the HCA
period using a portable blood gas analyzer (i-STAT Analyzer;, i-STAT
Corporation, East Windsor, NJ, USA). We also recorded several other important
data such as central temperature readings (pulmonary artery, intracerebral, rectal),
cardiac output, urine amount, amount of fluids infused, and amount of donor
blood.

4.12 Behavioural score

In the chronic surviving animal study (Study II) the mental status of the animals
was assessed daily by a nurse that was blinded to the experimental setup. The
assessment was done using a quantifying scale in which three basic categories are
scored as follws: behavior (coma = 0, lethargy = 1, depression = 2, normal = 3);
appetite (does not drink or eat = 0, does not eat = 1, decreased appetite = 2,
normal appetite = 3); and motor function (unable to stand = 0, unable to walk = 1,
unsteady gait = 2, normal = 3). The category scores were summed with a
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maximum score of 9. A high score indicates normal neurological function and
lower values signify neurological injury.

413 Cardiopulmonary bypass

The CBP protocol was kept similar in all of our studies to maintain a good degree
of comparability. The CPB was performed through right lateral thoracotomy. The
right atrial appendage was cannulated using a 24F venous cannula. A 16F arterial
straight tip arterial cannula was used for the aortic cannulation. Flow was adjusted
to maintain a mean arterial pressure of 55 to 60 mm Hg.

Cooling was initiated using pH stat acid-base management (pH-stat) strategy,
and the core temperature was lowered to 18°C using a heat exchanger. After a 30-
minute cooling phase, perfusion flow was stopped and HCA was initiated. The
intracerebral and rectal temperatures were monitored continuously and
maintained at 18°C with ice packs. At the beginning of rewarming, furosemide
(40 mg), mannitol (15 g), lidocaine (40 mg), methylprednisolone (40 mg), and
calcium glubionate (90 mg) were administered into the CPB circulation.

The pH-stat strategy was used for the 45 minutes of rewarming, and the
piglets were warmed to 37°C while attempting to maintain a mean arterial
pressure of 60 mm Hg. With pH-stat strategy we attempted to maintain the pH
value of blood constant despite the decrease in temperature. This is achieved by
increasing the CO, content in the blood.

The heart was defibrillated if necessary at 25°C to 30°C. Ventilation was
started 10 minutes before weaning from CPB, which was performed 45 minutes
after the start of rewarming. During cooling and rewarming perfusion line
temperature, rectal temperature, brain temperature, venous blood saturation, pump
flow, and central venous pressure (CVP) were measured and recorded.
Furthermore, arterial pH and CO, values were measured at regular intervals.

4.14 Histopathology

Studies I and II include a histopathological analysis. Studies III and IV were
hyperacute and thus histopathological analysis was not used. We collected the
brains from these studies and kept them in formalin for two weeks after which an
experienced neuropathologist scored five regions: the cerebral cortex and
thalamus, cerebellum, pons, and medulla. The scoring was based on the presence
of oedema (0-3), hemorrhages (0, 2-3), neuron degeneration (0, 2-3) and the
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presence of infarcted tissue (0, 3). The sum of these five regions comprises the
total histopathological score.

4.15 Biochemical assay

In study II we collected serum samples that were analyzed by our colleagues at
the Great Ormond Street Hospital, London. The samples were assessed for serum
concentrations of neuronal damage-specific markers at each time point. Serum
neurofilament heavy chain (NfH) levels were measured using an enzyme-linked
immunosorbent assay (ELISA) method. The soluble fraction of NfH measured is
indicated with the capture of antibody in the superscript (NfHSMI35). The
analysis focused on NfHSMI35 instead of the neurofilament light chain due to the
fact that NfHSMI35 is relatively resistant to proteolysis (Petzold et al. 2003).
Serum glial-specific S100 calcium binding protein (S100-B) levels were
measured using a modified ELISA method perfected in Great Ormond Street
Hospital (Green et al. 1997).

4.16 Statistical analysis

Statistical analysis was performed by an experienced biostatistician using SPSS
(version 18.0; SPSS, Chicago, IL, USA) and SAS (version 9.2; SAS Institute,
Cary, NC, USA) statistical software packages. Continuous and ordinal variables
are expressed as mean values with standard deviation (SD) in parenthesis or
median values with 25th—75th percentile. Simple between group comparisons
were performed using Mann-Whitney U test for continuous variables. The
repeatedly measured data were analyzed using a linear mixed model with patients
fitted as random, and the best covariance pattern was chosen according to
Akaike's information criteria. Two-tailed significance levels are reported. In
Study II, analysis of variance (ANOVA) was used instead. Reported p values are
as follows: p between groups (p*g) indicates a level of difference between the
groups; p for time (p*t) indicating difference between time; p for time by group
(pt*g) that indicates behaviour difference between the groups with time.
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5 Results

5.1 Studyl

5.1.1 Comparability of study groups

Study I included 12 animals that were randomized to a control group or a RIPC
group. The weight of the animals between the groups was comparable.
Additionally there were no differences in baseline hematocrit. Likewise, blood,
rectal, and intracerebral temperatures had no statistically significant differences at
baseline, during HCA, or at any time point postoperatively.

5.1.2 Electroencephalographic analysis

The EEG burst recovery can be used as an easily achievable mathematically
derived variable to measure neurological recovery. Furthermore, we have shown
in our previous study that it is predictive of neurological infarction in an
experimental setting that uses HCA (Pokela ef al. 2003). The EEG burst recovery
ratio was recorded at 5-minute intervals by dedicated software as described
previously. A simplified depiction of the EEG data shows that the RIPC group had
a better EEG burst recovery ratio than the control group (Figure 6).

5.1.3 Cerebral microdialysis

Microdialysis collected directly from the brain tissue showed higher
concentrations of measured metabolites in the control group implying an altered
cerebral metabolism. Glucose concentration had a tendency to be higher in the
control group with statistically significant differences right after HCA. Glycerol
content rose sharply at the end of HCA (p < 0.05) and remained at a higher level
during follow-up at time points 90 minutes through 4 hours reaching a statistically
significant level of difference at 4 hours. Pyruvate and lactate quantities rose
slowly and steadily during the follow-up period after HCA reaching statistically
significant levels at several time points.
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Fig. 6. EEG burst recovery ratio; TRI = transient remote ischemia (Yannopoulos et al
2010, published with permission from Elsevier).

5.2 Histopathology

The histopathological samples were left to fixate in formalin for two weeks, after
which they were processed and dyed by experienced laboratory technicians. After
the hematoxylin-eosin (HE) staining was complete a qualified neuropathologist
assessed the samples. Samples were taken from the cerebral cortex, thalamus,
cerebellum, pons, and medulla. The median total histopathological score of the
control group was 8 (3—11), and that of the transient remote ischemia (TRI) group
was 5 (3-9); the corresponding total oedema scores were 3 (2-5) and 4 (1-5),
with no statistically significant differences.
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5.3 Additional measurements

In addition to the above-mentioned data we collected copious amounts of
hemodynamic data. There were no major differences between groups. In other
CPB and hemodynamic parameters we measured statistically significant
differences between the groups at few isolated time points. During the follow-up
period the control group was more acidic at 2 hours. Additionally, CVP and
calculated O, consumption seemed to be higher at one time point. Furthermore,
similarly to several previous animal studies, we also saw a cardioprotective effect
of RIPC, as a statistically significant release of cardiac-specific enzymes occurred
in the control group (Figure 7). For more detailed information we kindly ask the
reader to consult the reprint of the article.
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Fig. 7. Cardiac troponin concentrations (Yannopoulos et al 2010, published with
permission from Elsevier)
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5.4 Studyll

In Study II, we examined whether RIPC had neuroprotective effects in a chronic
surviving animal model. This study was a joint study with our colleagues at Great
Ormond Street Hospital and had a follow-up period of seven days. It showed that
RIPC group had a better although not statistically significant recovery of EEG
burst suppression ratio compared with the control group. Neuronal damage-
specific S-100B and NfH concentrations were measured and showed that the
animals in the RIPC group had significantly smaller quantities of these agents in
their serum samples. Histopathology strongly corroborated these biochemical
findings, as the RIPC group has a statistically significant better histopathological
score (Table 1). In addition, this study further corroborated the cardioprotective
effect of RIPC, apparent in lowered troponin I (Tnl) concentrations in the RIPC

group.

5.4.1 Comparability of study groups

The study groups included twelve piglets from a native stock. The piglets were
preoperatively randomized to a RIPC group and a control group using sealed
envelopes. The study groups did not have any statistically significant baseline
differences. Baseline temperatures, weight and venous glucose were similar in
both groups at baseline.

5.4.2 Histopathology

Histological samples were fixated in formalin and embedded in formalin as
described earlier. After the samples were stained with HE, the neuropathologist
assessed the median total histopathological scores, which were 1.5 (0.5-2.5) in
the RIPC group and 5.8 (3.8-7.5) in the control group (p=0.001). Signs of
ischemic injury, such as hemorrhages and neuronal damage, were seen only in
samples collected from the control group. Additionally the samples of the control
group showed higher oedema score compared with the RIPC group (p = 0.002).
Histopathological results are shown in Table 1.
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Table 1. Histopathological scores in Study II.

Protocol Oedema score Total score
RIPC

Mean 1.0 (0.0-2.0) 1.5 (0.5-2.5)
Control

Mean 3.5 (2.8-5.0) 5.8 (3.8-7.5)
P Value 0.002 0.001

Modified from Jensen et al. Circulation. 2011;123:714-721

5.4.3 Cerebral measurements

In Study II we used microdialysis, EEG monitoring, intracerebral pressure
recording, and biochemical marker analysis to evaluate the efficacy of RIPC.
Additionally a behavioral score was assigned to each animal at each postoperative

day.
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Fig. 8. Serum S-100B concentrations (Jensen et al 2011, published with permission
from Lippincott Williams & Wilkins).
Microdialysis

The microdialysis samples were collected after a stabilization period to avoid the
effect of placement trauma. There were no observable differences in
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concentrations of cerebral glucose, glutamate, pyruvate or glycerol between the
groups. Cerebral lactate concentration was higher in the RIPC group right after
HCA and towards the end of the follow-up period (2-way ANOVA p < 0.001).

EEG

The EEG recovery ratio returned to preoperative values during the follow-up
period in both groups; however, the rate of recovery was faster in the RIPC group
(2-way ANOVA p < 0.01). For a more detailed view of the EEG results the reader
is kindly asked to consult the article.

Biochemical markers

There were no differences in serum NfH and S-100B baseline values between the
groups. Both biochemical markers showed similar behavior during the
experiments. Highest concentrations were measured at approximately 2 hours
after HCA. This was followed by a slow decline in measured concentrations that
reached nearly baseline levels at the end of the 8-hour follow-up. NfH levels were
statistically significantly higher in the control group. Serum S-100B
concentrations are shown in Figure 8.

5.4.4 Behavioural score

Study II used a surviving animal model in which all 12 animals survived the
experiments and were assessed daily for the entire duration of the follow-up. The
animals of the RIPC group recovered faster (p=0.0001, 2-way ANOVA), a
difference most notable during the first 2 postoperative days. The daily scores
were added together to obtain a cumulative behavioral recovery score that was 54
(52-56) in the RIPC group and 50 (44—52) in the control group (p = 0.078).

5.5 Study Il

Study III was performed to assess whether there were any discernible differences
between the groups in their cerebral oxygen profile before, during, and right after
HCA. In Study I and Study II we saw a faster EEG recovery and better
biochemical profile, including lower lactate concentrations, in RIPC animals.
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These findings lead to our hypothesis that RIPC might affect the oxygen usage
profile of the cerebrum during HCA.

5.5.1 Comparability of study groups

The mean weight of the piglets was 21.4 kg in the control group and 22.0 kg in
RIPC group. The median baseline hematocrit and amount of transfusion blood
received were similar. Additionally haematocrit, cardiac index, and CVP levels
remained comparable throughout the experiments and did not have any
statistically significant differences at any time points. Measured core temperatures
were similar preoperatively and during cooling and rewarming.

Although nearly all measured variables between the groups were comparable,
two statistically significant differences were seen. Partial pressure of carbon
dioxide (pCO,) in venous blood was higher in the control group (6.69 kPa [6.36—
7.66 kPa]) than in the RIPC group (6.08 kPa [5.66-6.28 kPa]) (p = 0.041).
Another statistically significant difference appeared in the blood potassium levels;
in the control group the potassium level was 3.8 mmol/L (3.8—4.0 mmol/L) and in
the RIPC group it was 3.6 mmol/L (3.4-3.6 mmol/L) (p = 0.026). Arterial blood
O, content was similar in both groups with no statistically significant differences
at any time point.

5.5.2 Cardiopulmonary bypass results

Because testing our hypothesis in this study was based on direct measurement of
cerebral tissue oxygen tension (PbrO,), it was imperative that CPB parameters
and hemodynamic parameters be kept stable and similar in both groups.

All of the measured CPB parameters, including hematocrit, venous/arterial
CO,, and arterial/venous pH, were similar throughout the cooling phase of CPB
as well as the rewarming period, with no statistically significant differences
between the groups. Line temperature, rectal temperature, brain temperature,
venous blood saturation, pump flow, and CVP values showed no statistically
significant differences at any time point. There were no statistically significant
differences in arterial O,, pH, and CO,, and mean arterial pressure during CPB.
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5.5.3 Cerebral oxygen tension

Absolute pressure values (mmHg) were recorded using a dedicated probe that
measures both temperature and oxygen tension (Licox CC1.P1; Integra
LifeSciences, Plainsboro, NJ, USA). The measured PbrO, during HCA is shown
in Figure 9. Oxygen tension values rapidly began to drop in the control group
after the initiation of HCA. No statistically significant differences were measured
in the PbrO, during cooling and rewarming perfusion.
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Fig. 9. Cerebral oxygen tension during HCA (Yannopoulos et al 2012, published with
permission from Informa Healthcare)

5.6 StudylVv

Study IV was a hyperacute study that was conducted using an intravital
microscope. The basic protocol was similar to the three other studies; however,
we performed a large decompressive hemicraniectomy to observe the cerebral
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cortex directly. The method is explained in more detail in the “Materials and
methods” section of this thesis.

5.6.1 Comparability of study groups

The median weight was comparable between study groups with no statistically
significant differences between groups. The baseline hematocrit slightly differed
between groups, as the median hematocrit was 25% (23-27) in the RIPC group
and 22% (21-23) in the control group. After baseline measurements the pigs were
given 61.9 mlL/kg (54.9-70.1 mL/kg) of donor blood with no statistically
significant difference between groups. Blood gas analysis and electrolyte
concentrations were comparable at baseline, with a significant difference only in
pCO,, which was slightly higher in the control group than in the RIPC group:
5.53 kPa (5.46-5.60 kPa) and 5.33 kPa (4.86-5.36 kPa), respectively (p < 0.05).
There were no statistically significant differences in mean arterial pressure, CVP,
and pulmonary capillary wedge pressure between the groups at baseline.

5.6.2 Leukocyte count

Whole leukocyte count was 24.4 x 10%/L (16.1 x 10°/L to 25.7 x 10°/L) in the
RIPC group and 18.0 x 10°/L (16.9 x 10°/L to 21.4 x 10/L) in the control group
at baseline, with no statistically significant difference between groups.
Correspondingly, the lymphocyte and neutrophil counts were similar in the study
groups. After HCA, the whole white blood cell count, and the neutrophil count
tended to be higher in the RIPC group, but the difference did not reach statistical
significance.

5.6.3 Intravital microscopy

Median baseline venous vessel diameter in the RIPC group was 57 um (46—66
pm), and in the control group 77 um (72—78 pm). The difference between the
groups was not significant (p = 0.117). The diameters of selected venous vessels
did not differ significantly at any time point during the experiment.

59



*

800% (p=0.041) —0O0—  Control

(=0.177)
0% —a— RIPC
p=<0-12%¢
pg=0.-O°f
""""" P g=0.-1*
« - *k
¢ * (p=0.004)
& (p=0.041) T
74
[ =0.093 ]
3 (P ) - .
g (p=0.18) [ (0=0.004) .
LV | =0.017
=S & 300% (6=0240) / | ®0.017 1
o ] 0 T J] e \pZO.OSG)
200% - / I 4 ~ Ll 1 EI]
I e
o s s S S
£ 58 S
NN
] & & =

Fig. 10. Leukocyte count.

Leukocytes

The number of leukocytes per area unit in cerebral microvasculature was higher
in the control group, and several statistically significant differences were seen
(Figure 10). The total systemic leukocyte counts did not differ between groups.
During the rewarming period, cerebral leukocyte count did not fluctuate in the
RIPC group, whereas in the control group a clear peak in leukocyte count was
seen.

The total and rolling leukocytes were counted from still images obtained by
the intravital microscope. The rolling leukocytes were calculated using the same
vein that was used for calculating adherent leukocytes. There were no statistically
significant differences between groups. In both groups, the largest numbers of
rolling leukocytes were observed during perfusion phase.
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NADH

The NADH autofluorescense showed statistically significant differences between
the study groups at 2 and 3 hours postoperatively. At these time points the control
group exhibited higher autofluorescense values indicating a higher concentration
of the NADH molecule. During the cooling phase, values increased in both
groups with no statistically significant differences.

5.6.4 Transmission electron microscopy

The score for ultrastructural changes of cerebrum in the control group was 4.66
(SD 1.44), and in the RIPC group the score was 4.58 (SD 1.36) (p =0.97). The
score for cerebellum in the control group was 4.41 (SD 0.89), and in the RIPC
group 3.08 (SD 0.27) (p =0.31). The total combined score of both cerebral and
cerebellar changes was 9.66 in the control group (SD 1.71) and 7.66 in the RIPC
group (SD 1.40) (p = 0.054). Statistically significant differences were seen only in
the RER analysis of the cerebellar samples. Interestingly, all animals in the RIPC
group had ultrastructurally normal RERs in their cerebellar tissue, whereas the
control group animals had a mean score of 1.06 (SD 0.41) (p= 0.026). For
comparative purposes a porcine was operated that underwent similar anesthesia
with similar surgical procedures without HCA. The cerebral score of the sham-
control animal was 3, and the cerebellar score was 0.5, summing up the total
score to 3.5.

5.7 Summary of results

In our experimental model RIPC mitigated inflammatory response and cerebral
injury after prolonged HCA. In general the collected data showed homogeneity;
for example, similar biochemical results were seen in studies I and II.
Interestingly, studies III and IV may also have shed some light on the
mechanisms of the neuroprotective effect seen in Study II. These results seem to
corroborate each other in a logical way, although this is not the same as
scientifically proving a correlation between these results. A summary of the
results is presented in Table 2.
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Table 2. Summary of results.

Study Main result of preoperative RIPC

| Faster EEG recovery, beneficial intracerebral biochemical changes

1l Cerebral protection against injury after HCA

1 Better preservation of intracerebral oxygen tension during HCA

\% Reduced microcirculatory leukocyte accumulation in cerebrocortical vessels
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6 Discussion

6.1 Study design

Cardiac surgery and particularly aortic arch surgery always includes a certain risk
for neurological sequelae. Open aortic arch surgery almost always requires a
bloodless operating field, which necessitates the use of HCA in operations. The
risk of neurological impairment is in some cases quite high, especially when
corrective aortic surgery has to be performed in emergency and when the patients
are very elderly (Biancari et al. 2011). This highlights the need for additional
neuroprotective methods.

Our research group has used a porcine model described in this thesis for
about 12 years in various setups to study many neuroprotective hypotheses. We
have tested and researched surgical and CPB strategies that could be useful in a
HCA and aortic arch reconstruction setting. In this thesis we have combined
chronic surviving animal data with acute experiments aiming to shed light on the
mechanisms and efficacy of RIPC as a neuroprotective method.

6.2 Hemodynamic data

Remote ischemic preconditioning was first noted to have cardioprotective effects
(Przyklenk et al. 1993), and data about such effects are abundant. Our results
substantiate this concept. Although not our primary end point, we found larger
Tnl quantities in control animals both in Study I and Study II supporting the
earlier studies that indicated cardioprotective effects of RIPC.

6.3 Neurological data

In Study II we saw a marked improvement in the neuropathological score of the
RIPC group compared to controls. In Study I we did not find a similar
improvement in histopathological scores. We hypothesized that this could have
been a consequence of the acute nature of the study. We did however find in
Study I that the RIPC group had a better EEG recovery rate when compared with
control animals, and this finding is substantiated in Study II. This could partially
be explained by a better respiratory chain function we found in Study IV,
although this correlation has to be studied further to be confirmed. Mitochondrial
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respiratory function is critical in maintaining neuronal aerobic metabolism.
Several studies have shown that mitochondrial ATP-sensitive potassium channel
(mitoKrp) is affected by ischemic preconditioning (Konstantinov et al. 2005,
Watanabe et al. 2008). The effects of ischemic preconditioning can be nullified by
blocking this mitoK srp channel, which suggests that mitoK Arp activation is crucial
in propagating neuroprotection (Sack 2006). A better EEG recovery and reduced
NADH autofluorescence after RIPC could to some extent both be consequences
of the mitochondrial inner membrane depolarization.

In our chronic surviving study (Study II) we gave a daily neurological
recovery score for each animal. We found that the RIPC group had a faster
recovery of behavioural score postoperatively. Although no similar results have
yet been discovered in large animals, some studies carried out with smaller
animals, such as rodents, have produced comparable results (Ren et al. 2009). The
behavioural score is a good secondary end point in assessing neurological
recovery, even though its actual clinical correlation to human patients is minimal.

6.4 Intracerebral measurements

6.4.1 EEG

Electroencephalographic monitoring was used in studies I and II. The EEG is an
uninvasive method and can be used with comparative ease to assess neurological
impairment after trauma and ischemia in humans (Abend et al. 2009, Diedler et
al. 2009). It can also be used with ease to measure burst suppression ratio. Higher
burst suppression (low EEG recovery) is indicative of neurological impairment
after ischemic events (Myles ef al. 2009, Pokela et al. 2003).

In Study I we found a statistically significant difference in EEG burst
suppression between the study groups (Figure 6). The collected data showed
higher burst suppression in the control group during the follow-up period. To
mitigate disparities caused by the inhalation anesthetic to the EEG burst
suppression the isoflurane quantity was kept steady in both groups. In study II we
saw similar results in the EEG burst recovery ratio; RIPC produced a faster EEG
recovery (i.e. low burst suppression) in both Study I and Study II. Study II also
corroborates some of our earlier findings that linked low EEG recovery to brain
infarction.
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6.4.2 Microdialysis

We collected microdialysis data in studies I and II. Cerebral microdialysis is a
method that enables obtaining direct information about the metabolic state of
tissue. The data we collected imply that cerebral metabolism is altered by RIPC
after HCA.

We found higher glucose levels in the control group after HCA in Study I, but
this coincided with a reduced EEG recovery. In our earlier studies we found that
low cerebral glucose content was a predictive factor of postoperative death
(Pokela 2001). Judging from the EEG data from the same time points in studies I
and II, the function and recovery of the cortical neurons were suppressed. We
detected a simultaneous glycerol release in the control groups, which could also
indicate cellular membrane breakdown (Merenda et al. 2008), although it is
possible that higher glucose, lactate, and glycerol contents are just an indication
of an altered, more anaerobic glucose metabolism (Clausen et al. 2011). This
thought is supported by Study IV where we found weaker mitochondrial
respiratory chain function in the control group indicating some level of anaerobic
metabolism.

These findings are further corroborated in studies I and II where we saw that
lactate concentrations increased after HCA and towards the end of the follow-up
period. In study I, the heightened lactate content coincided with a heightened
pyruvate concentration, possibly indicating some level of lactate-based
metabolism. Recent research has highlighted lactate as a possible alternative
source of energy during high-energy-demand situations in the brain (Overgaard et
al. 2012).

The microdialysis data of Study I and Study II show that RIPC alters cerebral
metabolism with a yet undetermined mechanism. Microdialysis is a valuable
additional tool for assessing neurological impairment when combined with other
end points. Combined with our EEG data and histopathological data, the
microdialysis data support the hypothesis of RIPC as a neuroprotective method.

6.5 Intravital microscopy

In Study IV we used an intravital microscope to directly measure capillary
diameter changes and to directly assess leukocyte concentrations and adherence in
vivo. There were no statistically significant vascular diameter changes at any
time. The observed arterioles were located in the cortical capillary bed on the
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surface of the brain and as such they do not play a major role in the
autoregulatory vessel diameter changes that occur in deeper cerebral vessels
(Yoshino et al. 2009).

6.5.1 Leukocytes

Leukocytes are known to become activated via several mechanisms; contact with
the extracorporeal circulation tubing, mechanical shear stress, ischemia and
inflammatory signals cause activation of leukocytes. We examined leukocyte
behaviour directly in vivo using an intravital microscope.

From the start of rewarming to 3 hours postoperatively, RIPC group
demonstrated significantly lower number of leukocytes in cerebral
microvasculature compared to baseline (Figure 10). Due to the in-vivo intravital
microscopy method it was difficult to find identical cerebrocortical vessels
between different experiments. There were considerable variations in vessel form,
length and width. Therefore we felt it was more prudent to compare the measured
leukocytes to the baseline values. The same vessels were used for measurements
in one experiment at all the subsequent time points. Difference between groups in
cerebral leukocytes equalized at 3 hours. Our findings are limited to the number
of leukocytes in the superficial cerebral venules; their function and reactivity
were not assessed.

In fact, total white blood cell counts were even higher in RIPC group 1 hour
postoperatively to 3 hours postoperatively. This observation might imply that
systemic leukocyte count does not reflect the leukocyte amount in the
cerebrocortical vessels.

6.5.2 NADH

Regulation of NAD/NADH redox state is of utmost importance in maintaining
vital cell processes and integrity. NADH crucially partakes in the production of
ATP, another vital molecule (Wilhelm & Hirrlinger 2012). Interestingly, cytosolic
NADH concentrations affect also Ca®" signalling (Requardt et al. 2012) which is
crucial mediator in cellular signalling. A higher NADH concentration causes
increased Ca”" signalling which in turn can instigate several detrimental effects if
the energy metabolism of the cell is disrupted.

The increase in NADH implicates worse tissue oxygenation; thus, the highest
NADH autofluorescence levels are measured in anoxic conditions (Chance ef al.
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1973). Our finding in Study IV implies that after weaning from CPB, RIPC
contributes to improved preservation of cerebral tissue oxygenation. This coexists
with our previous study, in which we showed that RIPC preserves oxygen tension
during HCA and may produce better outcome after CPB.

We succeeded in demonstrating the correlation between RIPC and lesser
NADH autofluorescence, implicating better tissue oxygenation in the cerebrum.
Further studies are needed to explain the linkage between TRI preconditioning
and adhesion of the leukocytes and tissue oxygenation.

6.6 Cerebral oxygen tension

In Study III we saw a statistically significant difference in the PbrO, during HCA
between the two study groups. We measured a rapid decrease in PbrO, after the
start of HCA in the control group. The RIPC group did not show a similar pattern;
the group maintained higher oxygen tension throughout the circulatory arrest. It is
notable that there was no difference in arterial pO,. This was probably due to the
fact that arterial oxygen content was measured from femoral artery samples. Any
correlation between pO, of the femoral artery and PbrO, would have been
difficult to rationalize.

6.7 Transmission Electron Microscopy

Several cellular organelles were identified and their ultrastructural change
quantified. These included the analysis of neuronal mitochondria and RER in both
cerebrum and cerebellum. Changes in perivascular endfeet of astrocytes were also
assessed and scored. There was only one statistically significant difference in
TEM score for ischemia-related ultrastructural changes between the RIPC and
control groups. The control group had a statistically significantly higher
cerebellar RER score than RIPC group. The clinical relevance of this finding
remains unclear, however, as it is an isolated result in our TEM data. It is
noteworthy, though, that all animals in the RIPC group in Study IV had
ultrastructurally normal RERs. We feel that it would be worthwhile to examine
TEM samples from chronic surviving animals.
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6.8 Summary

In this thesis we present primary end points such as histopathological and
neurological recovery data that support the hypothesis that RIPC has
neuroprotective effects. We also have several secondary end points that
individually would be too weak to be convincing indicators of any
neuroprotective effects of RIPC but in conjunction with other secondary and
primary end points present a convincing case that RIPC could have substantial
neuroprotective effects.

There are of course some limitations in this thesis that have to be kept in
mind. Firstly, the results of this thesis are only based on a small number of
animals, 60 animals in total. Secondly, the data are purely from animal
experiments. Although results from animal experiments cannot be directly
extended to humans they still in some cases give indications about the safety,
efficacy and applicability of a proposed intervention. Our large animal model uses
the same techniques and instruments that are used in human patients undergoing
HCA or aortic arch surgery. Therefore, our results could be used in planning
human studies with RIPC.
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Conclusions

RIPC provides enhanced cerebral recovery and quicker EEG recovery and
seems to alter cerebral metabolism after prolonged HCA.

RIPC confers significant neuroprotective effects after HCA in an
experimental animal model.

RIPC seems to alter the oxygen usage profile of the brain during HCA
maintaining a better cerebral oxygen tension during HCA.

RIPC modifies the leukocyte response in the cerebral vessels and leads to a
decreased amount of adherent leukocytes in cerebral circulation after HCA.
Additionally it seems to provide a better mitochondrial respiratory chain
function during late recovery phase.
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