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CHAPTER 1

IMPLICATION OF OXYGEN IN HEART DISEASE

Oxygen is the essence for sustainment of aerobic metabolism. It therefore keeps a
central position in many physiologic processes. Moreover, several pathophysiological
mechanisms are traced back to handling or availability issues of oxygen. Oxygen is being
attributed a relevant position in fueling pathologies even when not representing the
pivotal causative factor.

Such, in the heart, oxygen contributes to ischemic and septic cardiomyopathy as well
as to acutely and chronically failing of hearts [1-3].

The most obvious implication of oxygen is found in ischemic heart disease when
atheromatous plaque rupture causes thrombotic coronary occlusion. This event induces
downstream ischemia resulting in necrosis, apoptosis, stunning and hibernation. While
severe and prolonged ischemia leads to necrosis (uncontrolled cell death), a less severe
oxygen debt followed by reperfusion may cause stunning (impaired and slowly recovering
function) and eventually apoptosis (programmed cell death). In chronic coronary artery
disease, in myocardial regions with severely reduced blood flow, oxygen supply may be
limited to an amount just enough to sustain viability but not function. As an adaptive
reaction cardiomyocytes reduce their cellular metabolism similar to hibernation [4].

In septic cardiomyopathy, too, hibernation is being debated as a possible mechanism
to explain myocardial dysfunction in severe infection [3]. In addition dysfunctional
oxygen handling and hypoxia are discussed as causative mechanisms [5-9]. These two
concepts involve altered cellular oxygen handling despite lack of shortage of oxygen and
insufficient cellular oxygen availability per se. Itis still matter of debate which one of these
hypotheses represents the main mechanism behind septic organ dysfunction. Some
studies point towards an oxygen deficit [6,7] while a larger body of evidence supports
altered oxygen handling as a consequence of mitochondrial dysfunction. Evidence of
mitochondrial dysfunction has been gathered in several studies at multiple levels of
mitochondrial function [10]. Structural damage and compromised biogenesis have been
described. Respiratory enzyme inhibition and degree of uncoupling of mitochondrial
have been reported at varying extent, however fostering the impression of seemingly
inconsistent results, which may be attributed to methodological differences (sepsis
model, animal, timing) [8,9,11]. Levels of high energy phosphates have been mainly
reported to be in the range of normal [12] but also reduced in patients found to be
dying of sepsis [13]. Central to the hypothesis of altered cellular oxygen handling is
the assumption of adequate oxygen supply. However only few, indirect and old data
support this supposition and none of these studies has measured oxygen directly in the
myocardial tissue let say in myocardial mitochondria.

In the failing heart due to either ischemic heart disease or pressure overload,
induction of hypoxia-inducible factor 1 and 2 (HIF-1/2) triggered by reduced oxygen
availability leads to vascular remodeling. Moreover, some studies suggest the metabolic
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reprogramming with switch from beta oxidation of fatty acids to carbohydrate fueled
energy generation is also influenced by this pathway [14].

Itis thus evident that oxygen represents a relevant diagnostic and therapeutic target.
Consequently, much interest has been awoken to measure oxygen. This resulted in a
wide variety of methods for measuring tissue and microcirculatory oxygenation.

MEASURING OXYGEN

Direct measurement of oxygen partial pressures (pO,) have been described with
polarographic [15] and mass spectrometric electrodes [16], electron paramagnetic
resonance (EPR)[17], and oxygen-dependent quenching of phosphorescence [18-20]
and fluorescence [21] as well as chemiluminescence [22] and spin label oximetry [23].
These methods markedly differ in accuracy, spatio-temporal resolution and invasiveness.

The largest body of evidence on oxygen levels in the heart originates form studies
using polarographic electrodes[15] and mass spectrometry [24].

The polarographic electrodes were used either as surface electrodes or invasively
inserted needle electrodes. Soon criticism arose due to tissue disruption, formation
of hematoma and vasoconstriction found after needle electrode insertion [25,26].
Mapping tissue oxygenation would require inserting multiple electrodes given the
fact that only a confined tissue volume is accessible with one electrode. Moreover,
inherent to the measurement technique some of the measured oxygen is consumed
by the electrode. This instance can alter very small and/or oxygen-deficient samples
in a relevant manner. Although thinner needle electrodes and more cautious insertion
technigues were developed pO, measurements using invasive electrodes yielded lower
values than surface electrodes [27-29].

Mass spectrometric electrodes, basically share the draw-backs of polarographic
electrodes. With regard to the above-mentioned issues these methods are limited in
their applicability.

Electron paramagnetic resonance, contrary to polarographic electrodes, requires
insertion of paramagnetic particles, mostly lithium phthalocyanine or lithium octa-n-
butoxynaphthalocyanine (LiPc resp. LiNc-BuO the oxygen-sensitive probe)[30] but not
of large electrodes. Their application is thus less invasive however at a tradeoff of longer
measurement acquisition times and the need to place the target object inside the EPR
spectrometer.

Finally, phosphorimetry uses oxygen-dependent quenching of phosphorescence
of fluorophores [20]. Our group has chosen this method for its minimal invasiveness,
versatile applicability and real-time measurement.

13
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MEASURING OXYGENATION WITH PHOSPHORIMETRY

For measuring PO, different heavy metal-porphyrin compounds, in particular palladium,
have been used. Photoexcitation of porphyrins leads to absorption of energy that causes
transition of an electron from ground singlet state (S to excited singlet state (S,) by
elevating one spin to a higher energy level. This absorbed energy can then directly be
returned by emission of photons in form of fluorescence (Fig. 1a) or by radiationless
transition to the ground state. However, some electrons may relax and switch orientation
losing only some of the absorbed energy and thus change to a triplet state (T,), a process
called intersystem crossing. From the triplet state the absorbed energy can either be
emitted directly, which is called phosphorescence (Fig. 1b), or by prior bidirectional
intersystem crossing, which is called delayed fluorescence (Fig. 1c). All emission of the
absorbed photons causes a return to the ground state (S,).

Excitation Excitation Excitation
+ bt
T l "* T T l —}*T T T l '-.*T T
So 5 S0 5 Ty So 5 T
Fluorescence Phosphorescence Delayed Fluorescence
a b c

FIGURE 1 Schematic of Fluorescence, Phosphorescence and delayed Fluorescence

The energy of the excited porphyrin (T,) may however be transferred to the surrounding
oxygen (0O,). The most common allotrope of oxygen is *0,, a diradical triplet state of a
dioxygen molecule, which avidly accepts this energy. Doing so, *0, is elevated to a singlet
state '0,. Thus, emission of a photon from the porphyrin (T,) via phosphorescence or
delayed fluorescence is quenched. This process is depending on the collision frequency
of porphyrin and *0, in function of their concentration (equation 1).

(1) [T = [Ty]pe”%s7*aPO2)t;  [T,],: Ticoncentration just after excitation
kg: probability of spontaneous relaxation
kq: quenching probability
PO,: surrounding oxygen tension
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This decay formula can also be expressed in function of a lifetime (t) (equation 2).

@) [T = [T]ee™ @

A high concentration of oxygen will therefore lower the number of excited porphyrins
(T,) quickly. As a consequence, the emission probability of photons over time is reduced
which can be measured as a shorter T, lifetime. This association has been determined in
the Stern-Volmer relationship (equation 3).

(3) % = Ti + kqPO; To: time constant of decay in absence of oxygen
0

which is indirectly proportional to kg

This shows, that the oxygen concentration (expressed as partial pressure) surrounding
the excited fluorophore is inverse proportional to the duration of the measured T,
lifetime. This fact also explains the independence of the measured signal from its
intensity, provided a sufficient signal-to-noise ratio allows for its detection.

In our group, we have developed a dual-wavelength phosphorimeter allowing near-
simultaneous excitation of a phosphorescent dye at two wavelengths thus allowing
measurements of microcirculatory pO, at two different depths [31]. This technology was
then applied to study oxygenation, in particular of the kidney, in different conditions [32-
35]. In 2006 we described the application of this technique for measuring mitochondrial
oxygenation [36]. This now opened up new opportunities, namely the measurement of
microcirculatory and mitochondrial oxygenation in vivo.

Few data exist on the transmyocardial distribution of microcirculatory oxygen
partial pressures (UPO2) and none of parallel measurements of both compartments
(microcirculation and mitochondria) in vivo.

AIM OF THE THESIS

Inthisthesis we developed and characterized amethod to measure (near-) simultaneously
microcirculatory and mitochondrial oxygenation in heart in vivo. Further we investigated
the myocardial microcirculatory and mitochondrial oxygenation in two clinically relevant
animal models, namely in endotoxemia and right ventricular pressure overload.

The questionsaddressed are (1) theinvivo subcellularand anatomic provenance of the
measured signal and (2) the oxygenation level in the microcirculation and mitochondria
in physiologic and the above-mentioned pathologic states and their modification due
to therapeutic interventions. We hypothesized that in sepsis hypoxia would be found
in non-resuscitated animals but no oxygen shortage would be found with supportive
therapy indicating oxygen management issues arising from mitochondrial dysfunction or

15



CHAPTER 1

otherwise termed cytopathic hypoxia. In pressure overload induced right heart failure
we expected the substrate switch to be occurring without evidence of hypoxia.

OVERVIEW OF THE CHAPTERS

In the second chapter an overview of microcirculatory involvement and adaptive
processes in sepsis is given. The alteration of the microcirculation and mitochondria
appear to contribute to the development of sepsis-induced organ failure, although their
mutual interplay and contribution to the disease leaves remains to be elucidated. While
some clinically available diagnostic tools are available for evaluating the microcirculation,
tough not being routinely used, there are none for assessing the mitochondria clinically
in vivo. Only a limited amount of treatment strategies address the microcirculation,
none the mitochondria. Some experimental approaches are being studied [37].

The third chapter describes the simultaneous measurement of microcirculatory
and mitochondrial oxygenation using phosphorimetry. We analyze the crosstalk of the
two retrieved measuring signals and influence of noise on measurement. Further the
feasibility of this method is tested with measurements of hepatic microcirculatory and
mitochondrial oxygenation in vivo. And finally, we compare two analysis algorithms for
the retrieved phosphorescence signals using either a rectangular distribution method or
mono-exponential function [38].

In the fourth chapter we characterize the optical properties of the myocardial
microcirculatory and mitochondrial oxygenation measurements using oxygen-
dependent quenching of the phosphorescence with Oxyphor G2 and protoporphyrin
IX as fluorophore, respectively by means of Monte Carlo simulations and ex vivo
experiments. Further we test the feasibility of measuring changes in microcirculatory
and mitochondrial oxygen partial pressures in in vivo experiments lasting up to 5 hours
[39].

Chapter five we point out the importance of taking into consideration cellular
function, which still represents a missing piece in the puzzle in the evaluation and therapy
of organ dysfunction. The basic principle of the technique to measure mitochondrial
oxygenation is outlined as well as its application in experimental studies in animals and
some human studies [40].

The sixth chapter reports the first measurements of mitochondrial oxygen partial
pressure using oxygen-dependent quenching of the phosphorescence in the heart,
namely in isolated cardiomyocytes, Langendorff-perfused hearts and in vivo hearts.
Moreover, the origin of the phosphorescence signal, the correlation with oxygen supply
and distribution of mitochondrial oxygen partial pressures retrieved by deconvolution of
the phosphorescence signal are presented [41].

In the seventh chapter we study the mitochondrial oxygen partial pressures in a rat
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model of pulmonary arterial hypertension leading to right ventricular pressure overload
and cor pulmonale. It had long been hypothesized that one mechanism of heart failure
and the observed metabolic shift was associated with shortage of oxygen at the level of
cardiomyocytes [42].

Chapter eight investigates how the oxygenation of the microcirculation and
mitochondria is affected by endotoxemia and usual clinical supportive therapies in rat
hearts in vivo. Rats in endotoxemic shock were assigned not to be treated or receive
protocol-based treatment with fluid, fluid plus dobutamine, fluid plus levosimendan,
fluid plus norepinephrine, fluid plus norepinephrine and dobutamine or levosimendan.
Further hemodynamic parameters were collected and troponin levels were used as
measure of myocardial damage (Balestra et al. submitted).
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CHAPTER 2

STRUCTURED ABSTRACT

Purpose of review

To present the recent findings obtained in clinical and experimental studies examining
microcirculatory alterations in sepsis, their link to mitochondrial dysfunction, and current
knowledge regarding the impact of these alterations on the outcome of septic patients.

Recent findings

Interlinked by a mutual cascade effect and driven by the host-pathogen interaction,
microcirculatory and mitochondrial functions are impaired during sepsis. Mitochondrial
respiration seems to evolve during the course of sepsis, demonstrating a change
from reversible to irreversible inhibition. The spatio-temporal heterogeneity of
microcirculatory and mitochondrial dysfunction suggests that these processes may
be compartmentalized. While a causal relationship between mitochondrial and
microcirculatory dysfunction and organ failure in sepsis is supported by an increasing
number of studies, adaptive processes have also emerged as part of microcirculatory
and mitochondrial alterations. Treatments for improving or preserving microcirculatory
and/or mitochondrial function seem to yield a better outcome in patients.

Summary

Even though there is evidence that microcirculatory and mitochondrial dysfunction
plays a role in the development of sepsis-induced organ failure, their interaction and
respective contribution to the disease remains poorly understood. Future research is
necessary to better define such relationships in order to identify therapeutic targets and
refine treatment strategies.

24
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INTRODUCTION

Sepsis is the main cause of multiple organ dysfunction (MOF) and remains a concern
due to its associated high morbidity and mortality [1]. The outcome of patients has
only slightly improved during recent decades due to minimal therapeutic advancement.
Outcome improvement requires understanding the pathophysiology, recognizing the
process early and, finally, finding an effective therapy. The hypothesis of a causative
connection between microcirculation and organ dysfunction is not new [2], but only
recently have techniques become available that allow for facilitated investigation of the
microcirculation also in a clinical setting. Finally, translation of experimental results into
clinical trials is complicated; this is mainly due to the observation that the multi-system
conditions characterizing sepsis in humans are much more complex than in standardized
animal models.

Sepsis arises from an infection that escapes local boundaries and triggers intricate
conditions with temporal and compartmental interactions of a multitude of protective
or damaging processes. These processes are interlinked and determined by the host-
pathogen interaction and lead to a condition termed Microcirculatory and Mitochondrial
Distress Syndrome (MMDS) [3]. The purpose of this review is to provide an overview
of the current knowledge on how microcirculatory and mitochondrial dysfunction can
interact and affect the outcome of sepsis.

MICROCIRCULATORY ALTERATION IS A HALLMARK OF
SEPSIS

The microcirculation, a network of vessels <150 um in diameter comprising arterioles,
capillaries and venules, is critical for supplying tissues with substrates and removing
metabolites. The functional capillary density, which dictates perfusion and O, diffusion
distance, is the determinant for this function.

In sepsis, both convective and diffusive impairment have been shown to cause
significant heterogeneity in oxygen supply [4;5]. Stiff leucocytes and red blood cells,
platelet/fibrin clots, and endothelial cell swelling are proposed to be responsible for
capillary occlusion. Capillary leakage is a common feature in sepsis and leads to interstitial
edema and a positive fluid balance [6]. In addition to being markers of the severity
of sepsis, fluid overload and interstitial edema can increase the diffusion distance of
oxygen to target cells [7]. Recently, fluid overload has been found to be an independent
factor for mortality among septic patients with acute renal failure [8*]. In fact, the
impaired ability of endothelial cells to control permeability by dynamic opening and
closing of cell-cell adherence junctions (largely composed of vascular endothelial (VE-)
cadherin) is recognized as a potential treatment target [9]. Increased levels of vascular
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endothelial growth factor (VEGF), which plays a key role in this mechanism, are found
in sepsis. Atrial natriuretic peptide (ANP) has recently been identified as an endogenous
factor that counteracts leakage by inhibiting changes in (VE)-cadherin, B-catenin, and
p120" levels [10]. ANP has been shown to inhibit NF-kB activation, reduce TNF-a levels,
and improve survival in ANP-pretreated, LPS-challenged mice [11]. On the other hand,
high levels of pro-ANP are associated with increased mortality [12;13]. An elevated
expression of pro-ANP may not only reflect cardiac strain but also the body’s effort to
limit fluid extravasation.

LPS

ROS
Cytokines
Drugs

y | Apoptosis
| (Necrosis)
Hibernation?

@\?% = | : |
T T

Figure 1: Perfusion heterogeneity and mitochondrial dysfunction:

A Early sepsis: Reversible inhibition of mitochondrial respiration by nitric oxide (NO) augments
diffusion distance and thus availability of oxygen (O,) for more distant cells in an otherwise
hypoxic area, while a hypoxic core might still persist near not flowing capillaries. Established
resuscitation strategies are available (e.g. EGDT, APC).

B Later sepsis: To an increasing degree presence of irreversible inhibition of mitochondrial
respiration (NO, reactive oxygen and nitrogen species in particular peroxynitrite, LPS,
cytokines). Multiple damaging factors and persistence of insults trigger apoptosis, to a lesser
extent necrosis and eventually hibernation-like state. There are no established therapies for
later stage sepsis.

EGDT = Early Goal Directed Therapy; APC = Activated Protein C, LPS = Lipopolysaccharide
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The spatio-temporal heterogeneity of dysfunction has not only been found within
an organ itself, but also between different microvascular beds, as recently described
for the sublingual and intestinal microcirculation in patients with abdominal sepsis
[14]. In apparent opposition to the above-mentioned concepts, dysfunction of the
microcirculation might not only be viewed as a damaging process, but also as an adaptive
and even protective mechanism against systemic spread of the infection. In an elegant
study evaluating ascending lower urinary tract infection, prevention of microcirculatory
flow disturbance with heparin led to fatal urosepsis [**15]. The compartmentalization
of microcirculatory dysfunction might be analogous to the compartmentalization of
inducible Nitric Oxide Synthase, TNFa, and IL-1B expression in patients with septic shock
caused by cellulitis [16], and may occur during specific septic conditions in an attempt to
“seal off” the infection, thus avoiding spreading of the infection.

MICROCIRCULATORY AND MITOCHONDRIAL
DYSFUNCTION IN SEPSIS GO HAND IN HAND

The mitochondria are not only the energy suppliers of the cells, but they are also involved
in oxygen sensing and cell death signaling pathways (apoptosis and necrosis). In sepsis,
they represent a prominent target and source for sepsis-induced organ dysfunction. The
predictive importance of mitochondrial dysfunction was demonstrated by Brealey and
coworkers, who demonstrated an association of inhibition of complex | and lower ATP
levels with worse outcome of septic patients [17]. This finding has been corroborated by
a small series of studies performed by Fredriksson et al., who found a two-fold reduction
in mitochondria, a lower concentration of energy-rich phosphates, and an increase in
anaerobic energy production in the leg, but not in the intercostal muscle, of patients
with sepsis-induced multiple organ failure [18]. As microvascular substrate delivery (e.g.
oxygen, glucose) decreases, mitochondrial respiration cannot sustain ATP generation.
However, unlike in typical ischemia-reperfusion, in sepsis, this process is allowed some
time for adaptation. In vitro experiments suggest that nitric oxide synthase-derived
nitric oxide, produced by neighboring endothelial cells, can diffuse into tissue cells
where it inhibits oxygen utilization by cytochrome c oxidases. This results in an increase
in oxygen availability to more remote cells via augmentation of its diffusion distance
(Fig. 1) [19;20**]. To what extent the acquired defect in oxidative phosphorylation is
the result of direct damage to the mitochondria, or adaptive changes due to a failure
in substrate supply, is still a matter of debate. The temporary span and scale of the
decreased oxygen supply are certainly of fundamental importance to this sequence.
In a murine experimental cecal ligation and puncture (CLP) model, competitive
inhibition of myocardial cytochrome c oxidase is present during early sepsis, followed
by non-competitive inhibition by 48 hours post-CLP [20**; 21]. Downregulated energy
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expenditure to a hibernation-like state could be an adaptive mechanism in response
to decreases of O, and substrate supply. This is suggested by the fact that widespread
necrosis is not a feature of sepsis [22*]. Clarification of whether this previously described
disparity in mitochondrial dysfunction [23] is accompanied by microcirculatory
alterations would certainly add to our understanding of sepsis-induced organ failure.
In summary, increasing evidence links MMDS to septic organ dysfunction and patient
outcome. A schematic of how the protagonists may interact and their contribution to
organ failure is depicted in Figure 2. Because a better understanding of the sequence
of such interactions is required for determining therapeutic windows of opportunity,
tools to assess the microcirculation as well as, ideally, mitochondrial function during the
course of sepsis are required.
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Boundaries © 8

/ 6 1
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(e.g. cardio-vascular)

Cell

Figure 2: Concept of the relationship between the microcirculation, mitochondria and organ systems in
causing organ failure in sepsis.

(1) Initial impairment of the microcirculation and to a lesser extent of the mitochondria by host-pathogen
interaction. (2) Perfusion heterogeneity of the microcirculation leads to areas with limited substrate
supply. (3) Production of reactive oxygen species and mitochondrial dysfunction (diminished ATP
production) further impair the microcirculation. (4) Organ/ organ system dysfunction leads to additional
decrease of microcirculatory flow. (5) Persistent /worsen perfusion heterogeneity negatively affects the
mitochondria and organs. (6) Mitochondria trigger apoptosis, necrosis or turn to a hibernation-like state
with decreased substrate requirement (O,, energy sources). (7) Organ/ organ system failure occurs
further impairing the microcirculation.
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AVAILABLE DIAGNOSTIC TOOLS

Whereas the macroscopic dimension determines most clinician’s perception of sepsis,
the microscopic one remains under-recognized and the mitochondrial dimension mostly
elusive. There are several clinically applicable tools available for investigation of the
microcirculation, but currently none for the mitochondria.

Sidestream dark field (SDF) and Orthogonal Polarization Spectral (OPS) imaging allow
direct visualization and semi-quantitative analysis of perfusion heterogeneity [24; 25%].
They do not, however, provide information on the metabolic state of the imaged tissue.
Near-infrared spectroscopy (NIRS) provides information on muscle oxygenation (StO,).
While resting StO, has been found to be inconclusive in differentiating between septic
and non-septic patients, altered recovery in StO, after an ischemic challenge has proven
to be indicative of sepsis-induced regional microvascular and mitochondrial dysfunction
and correlates with organ failure and poor outcome [26-28]. A prospective study is
currently being performed to evaluate the changes in StO, during Early Goal Directed
Therapy (EGDT) and its suitability for guiding early therapy [Annane D, Nardy O. Near
Infrared Spectroscopy (NIRS) in Severe Sepsis (OTO-STS), in preparation]. Several other
methods, such as laser Doppler flowmetry, tonometry, and sublingual capnography have
been used to assess the microcirculation.

THERAPEUTIC TRIALS

Recognition of the microcirculation and the mitochondria as important players in sepsis
raises the question of how they are affected by treatment. In the following portion of
this review, we will briefly discuss some aspects of selected therapeutic options and their
relative impact on mitochondrial and microcirculatory function and patient outcome.

Resuscitation goals

The concept behind EGDT is to alleviate the oxygen debt and secondary inflammatory
insult inflicted by tissue hypoxia, and this is accomplished by timely and aggressive
cardiovascular support [29;30], as corroborated by Rivers’s recent study. EGDT appears
toreduce the early increase in cytokines and decrease markers of cellular apoptosis [31].
Microcirculatory flow is improved by fluid resuscitation. A finding also observed during
passive leg raise testing used to assess fluid responsiveness [32-34]. Applying EGDT,
Trzeciak observed an association between the increased microcirculatory flow during
resuscitation in the first 6 to 9 hours and reduced organ failure [35*]. In an endotoxic
shock model, the early use of norepinephrine plus volume expansion was associated with
a higher proportion of the blood flow being redistributed to the mesenteric area, lower
lactate levels, and less infused volume. With respect to the aforementioned associated
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harm incurred by fluid overload, the decreased need for volume resuscitation may be
of importance [36*].

Vasoactive Drugs

Albeit needed to maintain perfusion pressure, use of vasopressors raises concern with
respect to their impairment of the microcirculatory system, in particular the intestinal
flow [37]. However, mesenteric flow has also been reported as unchanged, while renal
and coronary flow, as well as urinary output, were increased by norepinephrine [38].
In fact, norepinephrine was shown to increase global and medullary renal blood flow
and restore renal vascular tone to normal levels [39]. In comparison to epinephrine,
norepinephrine increased gastric mucosal perfusion less when administrated alone, but
equally when infused with dobutamine. This result was attributed to the vasodilating
effect of dobutamine on the gastric mucosal microcirculation [40]. An analogous
effect was observed for intestinal microcirculatory flow, which was improved with
norepinephrine plus L-Arginine, but not with either of the drugs alone [41]. In addition,
norepinephrine has been found to not only affect the microcirculation, but also to
improve hepatic mitochondrial respiration in a porcine endotoxinemia model [42]. Yet,
when it comes to testing the effect of a different vasopressor on outcome, a recent
trial comparing epinephrine with norepinephrine and dobutamine found no significant
difference in mortality [43].

Recently, much interest has centered on levosimendan, especially because of
its Ca**-sensitizing and K_, channel-opening effects, which directly influence the
microcirculation and mitochondria. In several studies, levosimendan has proved superior
to dobutamine or milrinone in augmenting cardiac performance, as well as improving
renal, pulmonary, or mesenteric perfusion [44]. In addition, Fries et al. demonstrated
improved buccal microcirculatory pO, with levosimendan, but not with norepinephrine.
In their CLP model, cardiac output was equally improved by both drugs, thus suggesting
a mechanism related to their influence on microhemodynamics [45]. However, only one
experimental study examined the superiority of levosimendan in reducing mortality, but
only versus vehicle [46]. Further studies are therefore required.

Vasodilators, such as nitroglycerine, have been shown to improve microcirculatory
perfusion [47]. A recent review concluded that NO donors usually show improvements
in the outcomes measured (e.g., mortality, pulmonary hypertension, tissue/organ
perfusion), but also lead to lower systemic blood pressure [48]. However, to maximize
clinical relevance, further animal experimentation is necessary.

APC

Activated protein C (APC) administration has generated an animated debate regarding
its usefulness. Contrary to the current guidelines [30], a recent Cochrane analysis does
not recommend the use of APC [49]. However, APC exhibits multiple beneficial effects
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(particularly on the microcirculation and cells), for which it has been dealt as a potentially

|N

“ideal” adjunctive drug for sepsis treatment. In fact, APC exhibits anticoagulant, anti-
apoptotic, and anti-inflammatory properties, while also providing the protection of
an endothelial barrier [50*]. Decreased damage to the glycocalyx [51], improved
functional capillary density of several organs [51-53], sustained tissue oxygenation
[54], and preserved or improved organ function [53; 55**] were observed following
APC administration in several experimental sepsis models. Furthermore, improved
microcirculation has been shown in human sepsis [56]. However, administration of APC
before or concomitantly with septic challenge represents a critical limitation of a large
number of the experimental studies because such timing is not realistic in the clinic.

Studies assessing post-injury treatment are needed to address this issue [57].

PERSPECTIVES

Currently, several innovative therapeutic strategies for the treatment of sepsis, which
also influence microcirculatory and mitochondrial function, are being explored:

Erythropoietin

Erythropoietin (EPO) has been shown to protect several organs against injury due to
ischemia-reperfusion, hemorrhagic shock, and systemic inflammation [58]. A recent
study has shown, for the first time, a protective effect of EPO against renal dysfunction
when administered contemporaneously with LPS. Maintenance of superoxide dismutase
levels and decreased TNF-a levels were observed in response to EPO [59]. Furthermore,
in a remarkable murine study, EPO reversed the sepsis-induced decrement of muscle
functional capillary density and impaired mitochondrial respiration (measured by NADH
fluorescence) within 10 minutes, even when administered 18 hours after CLP [60%*].
Notably, EPO impressively reduced the high mortality (from 70% to 30%) caused by
administration of zymosan (a toll-like 2 receptor agonist) in a systemic inflammation
model [61]. Outcome studies of EPO in sepsis models remain to be conducted.

PARP inhibitors

Oxidative and nitrosative stress-induced DNA strand breaks are the primary trigger of
poly ADP-ribose polymerase (PARP) activation. PARP is also involved in the upregulation
of multiple pro-inflammatory factors. Because it is an energy consuming process, PARP
activation can deplete NAD*, thus slowing ATP formation and, therefore, leading to cell
dysfunction or death. PARP inhibitors, by maintaining cellular ATP levels, either protect
cells against necrosis or divert cell necrosis toward apoptosis [62]. PARP inhibition has
been shown to improve microcirculatory flow and to prevent mitochondrial hypoxia
in a hepatic ischemia-reperfusion model [63;64] and also to reduce LPS-induced

31



CHAPTER 2

hyperpermeability in the lung and gut [65]. In several sepsis models, organ dysfunction
and outcome could be improved. Several PARP inhibitors have been identified, some
of which possess anti-aggregant activity (via competitive antagonism of ADP receptors
on thrombocytes). Recently, insulin has been shown to not only reduce hyperglycemia-
related ROS generation and DNA damage, but also to act as a direct inhibitor of PARP [66],
a fact shedding some light on the mechanism of action of intensive insulin treatment.

Cytochrome C

Two elegant studies highlight the possibility of mitochondrial resuscitation. In a murine
CLP model, infusion of exogenous cytochrome c was shown to result in improved cardiac
function [67] and prolonged survival [68**]. These findings cannot be simply translated
into a human therapeutic strategy, as safety concerns regarding induction of apoptosis
and stimulation of reactive oxygen species formation by cytochrome c must first be
assessed.

TLR4 antagonists

Toll-like receptor 4 (TLR-4) is involved in LPS recognition and triggers a vigorous
inflammatory response [69]. The TLR-4 inhibitors Eritoran, taurolidine, and TAK242 are
currently being investigated in clinical trials for their capacity to improve microcirculation
and cellular dysfunction, as well as outcome in sepsis models [70-72].

Microcirculation and Mitochondria-targeted resuscitation

The microcirculatory and mitochondrial dysfunction is usually neither assessed in
patients norintegrated into the indication for treatment choices. Insights into the adverse
effects of therapeutic strategies on the microcirculation and mitochondria as well as
their dependence on the phase of disease need to be gained. Future sepsis treatment
should account for and focus on microcirculatory and mitochondrial (dys-)function. An
integrative multi-marker approach and diagnostic tools comprising new technologies, as
well as functional tests for time-gated therapy, must be developed. Dynamic assessment
of the recovery of microcirculatory and mitochondrial function during resuscitation could
be used to tailor therapy. The components of the microcirculation and mitochondria that
should be targeted in order to improve outcome need to be identified. The same applies
to the therapeutics used to achieve this goal. Due to the complexity of the process,
a well-timed combination of drugs with pleiotropic mechanisms will be most likely to
provide beneficial effects.
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CONCLUSION

A growing amount of evidence suggests a causal association of microcirculatory and
mitochondrial dysfunction with organ failure and outcome in sepsis. Timely resuscitation
has been proven to limitinflammation and organ failure and to improve outcome. Insights
into the spatio-temporal association of microcirculatory and mitochondrial dysfunction
would add decisive knowledge to the design of effective treatment strategies. Future
research should aim at elucidating the interaction between therapy and microcirculatory
and mitochondrial function before large clinical trials can be performed. Therapeutic
targets to guide such therapies remain to be defined.
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ABSTRACT

Measurement of tissue oxygenation is a complex task and various techniques have led to
a wide range of tissue PO, values and contradictory results. Tissue is compartmentalized
in microcirculation, interstiium and intracellular space and current techniques are
biased towards a certain compartment. Simultaneous oxygen measurements in various
compartments might be of great benefit for our understanding of determinants of
tissue oxygenation. Here we report simultaneous measurement of microvascular PO,
(UPO,) and mitochondrial PO, (mitoPO,) in rats. ThepPO, measurements are based
on oxygen-dependent quenching of phosphorescence of the near-infrared phosphor
Oxyphor G2. The mitoPO, measurements are based on oxygen-dependent quenching of
delayed fluorescence of protoporphyrin IX (PpIX). Favorable spectral properties of these
porphyrins allow simultaneous measurement of the delayed luminescence lifetimes. A
dedicated fiber-based time-domain setup consisting of a tunable pulsed laser, 2 red-
sensitive gated photomultiplier tubes and a simultaneous sampling data-acquisition
system is described in detail. The absence of cross talk between the channels is shown
and the feasibility of simultaneous pPO, and mitoPO, measurements is demonstrated
in rat liver in vivo. It is anticipated that this novel approach will greatly contribute to our
understanding of tissue oxygenation in physiological and pathological circumstances.
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1. INTRODUCTION

The study into the determinants of tissue oxygenation in physiological and pathological
circumstances is a complex field of ongoing research. Tissue oxygen tension (tPO,) is a
key parameter for physiological function. Because of its importance many techniques
have been developed to measure tPO, in vivo [1]. Concerning oxygenation, tissue
can be regarded to consist of three main compartments, the microcirculation, the
interstitial space and the intracellular space. Due to the technological and physical-
chemical background of the available techniques to measure tPO,, each is biased
towards a certain compartment. Oxygen electrodes [2] tend to measure interstitial
PO, while e.g. phosphorescence quenching [3] and electron paramagnetic resonance
oxime- try [4] are biased towards the microcirculation. Since oxygen gradients exist
between the compartments this results in a bias towards a specific PO, range. This
bias, together with technical differences like response time and sample volume, have
made the interpretation and comparison of in vivo oxygen measurements difficult [5].
Therefore, the simultaneous measurement of PO, in different tissue compartments is
needed to further our understanding of oxygen delivery and utilization under various
pathophysiological circumstances.

Oxygen-dependent quenching of phosphorescence is a powerful method for
quantitative measurement of PO, in biological samples [6]. Pd-meso- tetra-(4-
carboxyphenyl)-tetrabenzoporphyrin (Oxyphor G2) is a relatively new phosphor which
is excellently suited for oxygen measurements in vivo [7 — 9]. It is highly soluble in
blood plasma, where it binds to albumin and confines to the circulation [10]. Upon
intravascular injection oxygen-dependent phosphorescence lifetimes can be measured
at the surface of tissues and organs using e.g. fiber-based phosphorimeters [11, 12]. In
this way, Oxyphor G2 has been successfully used for measurement of the distribution
of microvascular oxygen pressure (mPO,) in e.g. solid tumors [13] and kidney [14, 15].
Oxyphor G2 has its absorption maxima at 440 and 632 nm and its emission near 800 nm.

Recently we reported that the delayed fluorescence lifetime of endogenous PplIX
can be used to measure mitochondrial PO, (mitoPO,) in cultured cells [16] and in
vivo [17 — 19]. Administration of the precursor 5-aminolevulinic acid (ALA) increases
the intramitochondrial levels of PplX, and mitoPO, can subsequently be measured by
its oxygen-dependent delayed fluorescence lifetime. Delayed fluorescence has much
in common with phosphorescence and it shares the useful possibility to determine
heterogeneity in PO, within a volume of tissue with high temporal resolution [20, 21].
Moreover, the basic setup for delayed fluorescence lifetime measurements resembles
the equipment for phosphorescence quenching experiments. Therefore, simultaneous
measurement of phosphorescence and delayed fluorescence should be possible. The
spectral properties of Oxyphor G2 and PplX are very favorable in this respect with having
a common excitation band (632 nm) and widely separated emission bands (~800 nm for
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Oxyphor G2 and ~690 nm for PplIX). The successful combination of the two techniques
would provide a powerful means to measure simultaneously mPO, and mitoPO, in vivo.

Accordingly, we have developed a delayed luminescence lifetime technique that
quantitatively and simultaneously measures mPO, using the oxygen- dependent optical
properties of injectable Oxyphor G2 and mitoPO, using the oxygen-dependent optical
properties of ALA-enhanced PplX. In this paper we describe in detail the setup and the
applicability of this technique for simultaneous measurements of mPO, and mitoPQO, in
intact tissue. The lack of cross- over in the detection channels is demonstrated in vivo
in the rat. Ultimately, we provide the first simultaneous measurements of mPO, and
mitoPO, in the rat liver in vivo.

2. MATERIALS AND METHODS

2.1 The measurement concept

Both Oxyphor G2 and PplX possess a first excited triplet state (T,) that reacts strongly
with oxygen. Population of T, occurs upon photo excitation with light at one of the
porphyrin-specific absorption bands. Energy transfer between the excited porphyrin
and oxygen results in an oxygen-dependent T lifetime. Spontaneous relaxation of the T,
state to the ground state (S,) produces delayed luminescence (i.e. phosphorescence or
delayed fluorescence) that can be used to measure the T, lifetime (figure 1). The lifetime
of the delayed luminescence is quantitatively related to the oxygen tension by the Stern-
Volmer relationship:

T (1)

where PO, is the oxygen tension (in mmHg), T is the measured decay time, kq is the
guenching constant (in mmHg™s™) and T is the lifetime at an oxygen pressure of zero.
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Figure 1 Jablonski diagram of states and state transitions of PpIX and its interaction with oxygen (upper
panel) and the principle of measuring oxygen tension (PO,) by oxygen dependent quenching of delayed
luminescence (lower panel). S, S, S, and S, represent the ground state and first, second and third
excited singlet states, respectively. T, represent the first excited triplet states of PpIX and °0, and 'O,
are the triplet ground state and excited singlet state of oxygen. Absorption (i), fluorescence and delayed
fluorescence (ii), radiationless transitions (iii and v), phosphorescence (iv), energy transfer (vi), internal
conversion (vii) and bi-directional intersystem crossing (viii). The inserted equation in the lower panel
is the Stern-Volmer relationship in which PO, is the oxygen tension, T is the measured lifetime, kq is the
quenching constant and t is the lifetime in the absence of oxygen.

Oxyphor G2 is a water-soluble synthetic porphyrin especially developed as oxygen-
sensitive phosphorescent dye. Absorption maxima of Oxyphor G2 are 440 and 632
nm and emission peaks around 800 nm. The calibration constants of Oxyphor G2 for
in vivo conditions are kq =270 mmHg's™ and t = 250ps and the quantum efficiency
of phosphorescence is approximately 12% [9]. The oxygen-dependent quenching of
phosphorescence of Oxyphor G2 has been successfully used for microvascular (LPO,)
measurements [11, 13-15] and PO, measurements in macrovessels [22]. To this end,
Oxyphor G2 is injected into the blood stream of experimental animals where the probe
binds to albumin and is confined to the circulation [10]. Typical in vivo concentrations of
Oxyphor G2 for microvascular oxygen measurements are around 1 nmol/g (tissue wet
weight).

Protoporphyrin IX (PplX) is the final precursor of heme in the heme biosynthetic
pathway. PpIX is synthesized in the mitochondria [23] and administration of its
precursor 5-aminolevulinic acid (ALA) to cells and organisms substantially enhances
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PplIX concentration [24]. Since the conversion of PplX to heme is a rate-limiting step,
administration of ALA causes accumulation of PplXin the mitochondria [19]. Besides the
absorption maximum around 420 nm the absorption spectrum of PpIX contains several
smaller peaks including one around 634 nm (figure 2).
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Figure 2 Absorption spectra (upper panel) and emission spectra (lower panel) of Oxyphor G2 and PplX.

The fluorescence spectrum is typically two-peaked. Because of the spectral overlap
with the excitation pulse only the peak around 690 nm is used for delayed fluorescence
detection. The oxygen-dependent delayed fluorescence of PpIX has been successfully
introduced as a technique for mitochondrial oxygen measurements [16, 18, 19]. The
calibration constants of PplX for in vivo conditions are kq =830 mmHg's*and r = 0.8
ms. ALA-induced PplX levels have been reported to be in the order of 20 nmol/g (tissue
wet weight) in liver [25].

Both Oxyphor G2 and PplX can be effectively excited with red light at a wavelength
around 632 nm. This allows simultaneous excitation within a single measurement
volume. The emission peaks are well separated without spectral overlap. Therefore, in
principle, these spectral properties are excellently suited for simultaneous excitation
and separate detection of the two phosphors. The intravascular localization of Oxyphor
G2 combined with the mitochondrial localization of PpIX therefore enables simultaneous
measurement of uPO, and mitoPO, (figure 3).
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Figure 3 Schematic representation of the measuring concept. Oxyphor G2 is directly injected into the
bloodstream and is used as microvascular oxygen probe by means of oxygen-dependent quenching of
phosphorescence. PpIXis induced in the mitochondria by administration of its precursor ALA and is used
as mitochondrial oxygen probe by means of oxygen-dependent quenching of delayed fluorescence.

2.2 Delayed luminescence setup

A schematic drawing of the experimental setup is shown in figure 4. Acompact computer-
controlled tunable laser (Opolette 355-1, Opotek, Carlsbad, CA, USA), providing pulses
with a specified duration of 4-10 ns and typically 2-4 mJ/pulse over the tunable range
of 410 to 670 nm, was used as excitation source. The laser was coupled into a Fiber
Delivery System (Opotek, Carlsbad, CA, USA) consisting of 50 mm planoconvex lens, X-Y
fibermount and a 2-meter fiber with a core diameter of 1000um. This fiber was coupled
to the excitation branch of a bifurcated reflection probe (FCR-7IR400-2-ME, Avantes b.v.,
Eerbeek, The Netherlands) by an In-Line Fiber Optic Attenuator (FOA-Inline, Avantes b.v.,
Eerbeek, The Netherlands). The light output of the excitation branch was set at 200uJ/
pulse as measured by a FieldMate laser power meter with PowerMax PS19 measuring
head (Coherent Inc., Santa Clara, CA, USA). The emission branch of the reflection probe
was coupled to a bifurcated fiber assembly (Model 77533, Newport, Irvine, CA, USA),
which acted as splitter for the two detection channels.
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Figure 4 Schematic drawing of the experimental setup. OPO-355: Opolette 355-I, FDS: Fiber Delivery
System, FOA: Fiber Optic Attenuator, BFP: Bifurcated Reflection Probe, FFC: Fiber to Fiber Coupling, BFA:
Bifurcated Fiber Assembly, PCL: Plano Convex Lens, FS1 & FS2: Filter Sets, PES: Protective Electronic
Shutter, MCP-PMT: Micro Channel Plate Photomultiplier Tube, TEC: Thermo Electric Cooling, PMT-MOD:
Photomultiplier Module, AMP: Amplifier, DAQ: Data Acquisition.

The PplX signal was detected by a gated microchannel plate photomultiplier tube
(MCP-PMT R5916U series, Hamamatsu Photonics, Hamamatsu, Japan). The MCP-PMT
was custom adapted with an enhanced red-sensitive photocathode having a quantum
efficiency of 24% at 650 nm. The MCP-PMT was mounted on a gated socket assembly
(E3059-501, Hamamatsu Photonics, Hamamatsu, Japan) and cooled to —30 °C by a
thermoelectric cooler (C10373, Hamamatsu Photonics, Hamamatsu, Japan). The MCP-
PMT was operated at a voltage in the range of 2300V-3000V by a regulated high-voltage
DC power supply (C4848-02, Hamamatsu Photonics, Hamamatsu, Japan). One branch of
the bifurcated fiber (splitter) was fit into an Oriel Fiber Bundle Focusing Assembly (Model
77799, Newport, Irvine, CA, USA) which was coupled to the MCP-PMT by an in-house
built optics consisting of a filter-holder, a plano convex lens (BK-7, OptoSigma, Santa
Ana, CA, USA) with focal length of 90 mm and an electronic shutter (04 UTS 203, Melles
Griot, Albuguerque, NM, USA). The shutter was controlled by an OEM Shutter Controller
Board (59 OSC 205, Melles Griot, Alouguerque, NM, USA) and served as protection for
the PMT, which was configured for the “normally on” mode. The PplX emission light was
filtered by a combination of a 590 nm longpass filter (0G590, Newport, Irvine, CA, USA)

48

SIMULTANEOUS MEASUREMENT MICROVASCULAR AND MITOCHONDRIAL PO2

and a broadband (675 + 25 nm) bandpassfilter (Omega Optical, Brattleboro, VT, USA).

The Oxyphor G2 signal was detected by a photomultiplier module with gate function
(H10304-20-NN, Hamamatsu Photonics, Hamamatsu, Japan). The second branch of the
bifurcated fiber (splitter) was fit into an Oriel Fiber Bundle Focusing Assembly (Model
77799, Newport, Irvine, CA, USA) which was coupled to the PMT-module by an in-house
built optics consisting of a filter-holder, a plano convex lens (BK-7, OptoSigma, Santa
Ana, CA, USA) with focal length of 90 mm. The Oxyphor G2 emission light was filtered by
a combination of a 715 nm longpass filter (RG715, Newport, Irvine, CA, USA) and a 790
+ 20 nm bandpassfilter (Omega Optical, Brattleboro, VT, USA).

The output currents of the photomultipliers were voltage-converted by in-house
built amplifiers with an input impedance of 440 ohm, 400 times voltage amplification
and a bandwidth around 20 Mhz. Data-acquisition was performed by a PC-based data-
acquisition system containing a 10 MS/s simultaneous sampling data-acquisition board
(NI-PCI-6115, National Instruments, Austin, TX). The amplifiers were coupled to the
DAQ-board by a BNC interface (BNC-2090A, National Instruments, Austin, TX). The data-
acquisition ran at a rate of 10 mega samples per second and 64 laser pulses (repetition
rate 20 Hz) were averaged prior to analysis. Control of the setup and analysis of the data
was performed with software written in LabView (Version 8.6, National Instruments,
Austin, TX, USA).

2.3 Analysis of delayed luminescence
In case of non-homogeneous oxygen tension, the delayed luminescence signal can in
general be described by an integral over an exponential kernel:

Y1) = [exp(-An)f(AR)dA (2)

where f(A) denotes the spectrum of reciprocal lifetimes within the finite data set y(t).
Mono-Exponential Analysis (MEA) in generally overestimates the average lifetime and
consequently underestimates the PO, within the sample volume [11]. A much better
estimation of the average PO, and an indication of its heterogeneity can be obtained by
the approach described by Golub et al. [20]. They demonstrated that the heterogeneity
in oxygen pressure could be analyzed by fitting distributions of quencher concentration
to the delayed luminescence data. Corresponding to their work, the fitting function for
a simple rectangular distribution with a mean PO, Q_and a PO, range from Q - & till
Q, +dis:

.sinh(kq(St)

Y, =exp(-(k, +£,0,)t) s 3)

where Y(t) is the normalized delayed fluorescence data, k is the first-order rate constant
for delayed fluorescence decay in the absence of oxygen, kq is the quenching constant
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and & is half the width of the rectangular distribution. In terms of quenching constants
and the Stern-Volmer relationship, equation 3 can be rewritten as:

Y, = exp(—(i +k, <P02>)t

Ty

. sinh(k 61)

4
kqéit @)

where <PO_> is the mean PO, within the sample volume and t the lifetime in the
absence of oxygen. The standard deviation (o) can be retrieved from & by:

o= NG (5)
This approach was successfully used by our group in phosphorescence lifetime
measurements [11]. Recently we demonstrated that the approach is also useful for
delayed fluorescence lifetime measurements in the case of complex underlying lifetime
distributions [17]. Analysis of the delayed luminescence signals by means of equations
3-4 is referred to as the Rectangular Distribution Method (RDM).

Analysis of the photometric signals, by means of MEA and RDM, was performed with
software written in LabView (Version 8.6, National Instruments, Austin, TX, USA), using
the Marquart-Levenberg non-linear fit procedure.

2.4 Analysis of influence of noise

Signal-to-noise ratio (SNR) in time domain lifetime measurements is commonly defined
as the ratio of maximal signal amplitude (at the start of the decay) to the maximum
signal of the noise (peak-to-peak). The negative effects of noise on the accuracy of the
measurement are inversely related to the lifetime. Therefore, the presence of noise
especially degrades measurement accuracy at higher PO, levels.

Because the quenching constants of PpIX and Oxyphor G2 are not the same, the
effect of noise on the accuracy of uPO, and mitoPO, measurements differs. We analyzed
the relationship between measurement accuracy, PO, and SNR of the two channels by
means of computer simulations. In steps of 10 mmHg, over a PO, range of 0-300 mmHg,
we simulated delayed fluorescence and phosphorescence traces. SNR was varied by
adding different amounts of Poisson distributed noise to the simulated decays (SNR 5,
10, 20 and 50). The PO, was calculated back from the noisy signal by lifetime analysis.
The noise-induced error was calculated as the absolute difference between simulated
PO, and recovered PO,. We performed 500 simulation runs per PO, step and defined the
potential noise-induced error as the maximum error occurring during these 500 runs.

2.5 Measurement of spectral properties

Absorption spectra were recorded using a Hitachi U-3000 Spectrophotometer (Hitachi
High-Technologies Corporation, Tokyo, Japan). Emission spectra were recorded
using a Hitachi F-4500 Fluorescence Spectrophotometer (Hitachi High-Technologies
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Corporation, Tokyo, Japan). Both Oxyphor G2 and PpIX were dissolved in phosphate
buffered saline containing 4% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA)
to a final concentration of 10 uM. Emission spectra were recorded after deoxygenating
the sample by flushing with nitrogen.

2.6 Animal preparation

The experimental protocol was approved by the Animal Research Committee of the
Erasmus MC - University Medical Center Rotterdam. Animal care and handling were
performed in accordance with the guidelines for Institutional and Animal Care and Use
Committees (IACUC) and done by trained staff of the Erasmus Experimental Animal Facility.

A total of 15 male Wistar rats (Charles River, Wilmington, MA) with a bodyweight
of 275-325 gram were used. Rats received either a combination of 200 mg/kg
5-aminolevulinic acid (ALA, Sigma-Aldrich, St. Louis, MO, USA) and 0.4 mg/kg Oxyphor
G2 (Oxygen Enterprises, Philadelphia, PA, USA) (n = 10) or only Oxyphor G2 (n = 5). In
order to ensure an optimal mitochondrial PpIX concentration, ALA was administered
by intraperitoneal injection 2.5 hours before start of experimental procedures. Animals
were anesthetized by an intraperitoneal injection of a mixture of Ketamine (90 mg/kg,
Alfasan, Woerden, The Netherlands), Medetomidine (0.5 mg/kg, Sedator Eurovet Animal
Health BV, Bladel, The Netherlands) and Atropine (0.05 mg/kg, Centrofarm Services BV,
Etten-Leur, The Netherlands). A continuous intravenous infusion of Ketamine (50 mg/
kg/hr) was used for maintaining anesthesia. A tracheotomy was performed prior to
starting mechanical ventilation. Mechanical ventilation, using a Babylog 8000 ventilator
(Drager, Drager Medical Netherlands BV, Zoetermeer, The Netherlands), was controlled
and adjusted on end-tidal PCO, (~ 35 mmHg).

A catheter (sterilized 0.9 mm diameter polyethylene catheter) was inserted in the
right jugular vein for intravenous administration of anesthetics, Oxyphor G2 and fluids
(0.9% NaCl, 5 mL kg* h). A similar catheter was placed in the right carotid artery to
monitor arterial blood pressure (MAP) using a Powerlab 8/30 data-acquisition system
with LabChart Pro (ADInstruments, Bella Vista NSW, Australia). This catheter was also
used for taking arterial blood gases. The animal was placed onto a heating pad and body
temperature was rectally measured and kept around 37 °C.

A midline laparotomy was performed to gain access to the liver for measuring uPO,
and mitoPO, Before infusion of Oxyphor G2, 20 minutes prior to the start of the actual
oxygen measurements, signals were recorded for examination of cross talk between the
channels. This was repeated after administration of Oxyphor G2. Measurements were
performed in dimmed light, after assuring proper positioning of the reflection probe.
ALA was dissolved in phosphate buffered saline (PBS) and adjusted to pH 7.4 prior to
injection. Oxyphor G2 was dissolved in PBS (1.25 mg/ml) as stock solution.

Variations in inspired oxygen fraction (FiO,) were made during the protocol at set time
points by mixtures of oxygen and nitrogen. Instrumentation and Oxyphor G2 administration
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were performed while breathing 40% oxygen (0.4 FiO,). After first measurements at 0.4
FiO,, FiO, was set to 1.0 and after a stabilization period of 20 min the second measurements
were performed. Then FiO, was set to 0.2 and again after a stabilization period of 20 min
the third measurements were performed. In the time control group (n = 5) FiO, was set at
0.4 during the entire experiment. At the end of the experimental protocol animals were
euthanized by an overdose of Euthasol (ST Farma, Raamsdonksveer, The Netherlands).

2.7 Statistical analysis

Data are expressed as mean * standard deviation (s.d.) unless stated otherwise.
Repeated-measures analysis of variance, one-way ANOVA with Bonferroni posttest,
was used to analyze the effect of changes in FiO, on physiological parameters. Two-
way ANOVA for repeated measurements with Bonferroni posttest was used to analyze
differences between pPO, and mitoPO, at the various FiO, settings. P < 0.05 was
considered significant.

3. RESULTS

In order to measure signals of different porphyrins simultaneously, it is mandatory that
the readings do not mutually interfere. The wide spectral separation of the emissions of
PpIX and Oxyphor G2, 690 nm and 790 nm respectively, indicate this should be possible
to achieve. Indeed, as is shown in figure 5, there was no interference of the two signals.
Injection of ALA induced a clear delayed fluorescence signal in the 690 nm channel,
indicating buildup of mitochondrial PpIX within the liver. In contrast, ALA administration
did not induce any signal in the 790 nm channel. While injection of Oxyphor G2 induced
a readily measurable phosphorescence signal at 790 nm, it was not detectable in the
690 nm channel. In both channels a faint decaying signal was observed in the absence
of porphyrins. This background was not oxygen-sensitive and most probably originated
from the glass in the fiber optic. Overall this background accounted to less than 5% of
the total signal and no background corrections were made in the signal analysis.

Noise is inevitably present in real signals and generally has a negative effect on the
accuracy of measurements. Because the quenching constants for uPO, and mitoPO, differ,
the dynamic range of measure lifetimes differs between the channels. Interpretation of
simultaneous measurements could be hampered by inter channel differences in noise
sensitivity. Therefore, we analyzed the relationship between accuracy, PO, and SNR
by means of computer simulations (figure 6). It is evident that both channels behave
differently, with the delayed fluorescence measurement being more sensitive to the
deleterious effects of noise. However, in practice, SNR > 20 is readily achieved for both
PpIX and Oxyphor G2. In that case, the noise-induced potential error in both channels is
below 2% over a large PO, range.

52

SIMULTANEOUS MEASUREMENT MICROVASCULAR AND MITOCHONDRIAL PO2

Delayed fluorescence Phosphorescence
2.07 2.07
g 1.5 ALA g 1.5 “ALA
T 40 - Oxyphor 3 10 - Oxyphor
5 S
@ 0.5 @ 0.5
0.0 , r r . ) 0.0+ = , " T |
0 100 200 300 400 500 0 100 200 300 400 500
Time (us) Time (us)
2.0 2.07
S 15 -ALA SIS -ALA
T 10 + Oxyphor T 10 + Oxyphor
iy i)
? 05 D 054
0.0 Py 0.0 e ——
0 100 200 300 400 500 100 200 300 400 500
Time (us) Time (us)
2.0 2.09
S 1.5 +ALA S 1.54 +ALA
T 10 - Oxyphor 3 10 - Oxyphor
S &
@ 0.5 @ 0.54
0.0 ey e P e, s ]
0 100 200 300 400 500 0 100 200 300 400 500
Time (us) Time (us)
2.0 2.0
S +ALA s 18 +ALA
3 10 + Oxyphor T 40 + Oxyphor
2 k=
@ 0.5 @ 0.5
0.0t et 00—y
0 100 200 300 400 500 0 100 200 300 400 500
Time (us) Time (us)

Figure 5 Signals obtained from both channels with and without various combinations of probes. Delayed
fluorescence at 690 nm and phosphorescence at 790 nm simultaneously measured after excitation at
632 nm. ALA: 200 mg/kg 5-aminolevulinic acid, Oxyphor: 0.4 mg/kg Oxyphor G2
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Figure 6 Noise-induced potential error in PO, retrieval as result of the presence of noise in delayed
fluorescence (upper panel) and phosphorescence (lower panel) signals. SNR: signal-to-noise ratio.
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In general, the oxygen tension in tissue is non-homogeneous because of the existence
of oxygen gradients as a result of oxygen consumption and diffusion. Delayed
luminescence of oxygen-sensitive probes is therefore not decaying mono-exponentially
but the photometric signals contain lifetime distributions. Figure 7 shows an example
of a phosphorescence trace from Oxyphor G2 measured in rat liver at 0.4 FiO, (= 40%
oxygen). Mono-exponential analysis (MEA) resulted in a poor fit and, compared to the
rectangular distribution method (RDM), resulted in a relatively long phosphorescence
lifetime. In the case of MEA the lifetime was 96.8 us, corresponding to a pPO, of 23.4
mmHg. The RDM resulted in a lifetime of 69.8 us, corresponding to an average uPO, of
38.2 mmHg. The remaining small difference between data and RDM curve fit at early
times reflects the fact that a rectangular distribution is only an estimation of the real
oxygen distribution.
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Figure 7 Example of two different fit procedures on a phosphorescence signal measured in in vivo rat

liver at 0.4 FiO,. Raw phosphorescence decay data and the corresponding curves of two fit procedures

(upper panel). Residue of fit (difference between data and fit) for both fit procedures and the obtained
phosphorescence lifetimes. MEA, mono-exponential analysis; RDM, rectangular distribution method.
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An example of a simultaneous measurement of PplX delayed fluorescence and Oxyphor
G2 phosphorescence is shown in Figure 8. Both signals showed clear oxygen-sensitivity,
with the lifetime becoming visually longer at a lower inspired oxygen fraction. The
lifetimes of PpIX delayed fluorescence were 17.9 us at 1.0 FiO, and 39.4us at 0.2 FiO,,
corresponding to an average mitoPO, of 65.8 mmHg and 29.1 mmHg respectively. The
lifetimes of Oxyphor G2 phosphorescence were 44.1 ps at 1.0 FiO, and 59.9 ps at 0.2
Fio,, corresponding to an average uPO, of 69.2 mmHg and 47.0 mmHg respectively.

1.0
0.94
0.84
0.71
0.64
0.51
0.44
0.31
0.2
0.14

Delayed fluorescence (normalized)

0.0 T . 7
100 200 300 400 500
Time (us)
1.01
0.9

0.84
0.7
0.64
0.5
0.44
0.31
0.2

Phosphorescence (normalized)

0.14
0.0

100 200 300 400 500
Time (us)

Figure 8 Examples of delayed luminescence data measured at two different inspired oxygen fractions
(FiO,). Delayed fluorescence from PpIX (upper panel) and phosphorescence from Oxyphor G2 (lower
panel). Lifetimes were obtained by RDM analysis.

Simultaneous measurements of liver mitoPO, anduPO, at three FiO, steps were
performed in a series of 5 rats. An overview of physiological variables is given in Table 1.
Arterial PO,, as measured by bloodgas analysis, significantly differed between the FiO,
steps, being approximately 5 times higher at 1.0 FiO, compared to 0.2 FiO,. From the
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other variables only the MAP at 0.2 FiO, is significantly lower than MAP at 0.4 and 1.0
FiO,. End-tidal CO, and temperature were actively controlled by ventilation and external
heating. Heart rate and hemoglobin concentration were stable during the FiO, steps.

Table 1 Physiological values measured during in vivo experiments at FiO, of 0.2, 0.4 and 1.0. A significant
difference (") was noted in the arterial PO, between the FiO, steps and in the MAP between FiO, of 0.2
and the other steps. No significant difference was measured between conditions for the remaining
physiological variables.

Physiological variables Fi0,=0.2 Fi0,=0.4 Fi0,=1.0
PO, (mmHg)’ 93412 191+ 15 481 + 35
EtCO, (mmHg) 36+2 34+4 33+3

Hb (mmol/L) 8.0+0.4 82+0.7 8.1+09
MAP (mmHg)* 87+ 15 109+ 10 105+ 10
Temp (°C) 37.1+0.6 36.9+0.5 37.0+0.7
HR (beats/min) 248 +9 256 £18 251+16

Figure 9 shows the results of the simultaneous measurements of mitoPO, anduPO, at
various FiO, settings. Both mitoPO, and uPO, increased at higher FiO,, and there were
significant differences between 0.2 FiO, and 1.0 FiO, and between 0.4 FiO, and 1.0
FiO,. Furthermore, at all FiO, settings the average mitoPO, was a little lower than the
averageuPO, but only at 1.0 FiO, this difference was statistically significant. The standard
deviation, as a measure of heterogeneity obtained from the RDM, was significantly
higher foruPO, compared to mitoPO, at all FiO, settings. At 1.0 FiO, the heterogeneity
inuPO, was significantly higher compared to the heterogeneity in uPO, at 0.2 FiO,. In
the time control group at 0.4 FiO, uPO, and mitoPO, and their heterogeneity were stable
over time and similar to the experimental group at 0.4 FiO,.

100+ ) HOH& 1001
] mitoPO, [ mitoPO,

go{ M vPO, go{ [ vwPO,
a _ *
T 604 T 60 & & &
£ £
N 404 = 404
Q o)

204 204

o<
0.2 0.4 1.0 0.2 0.4 1.0
FiO, FiO,

Figure 9 Microvascular and mitochondrial PO, in rat liver at different FiO, values. Average PO, as obtained
by RDM analysis (upper panel) and corresponding standard deviation (lower panel). Significantly
different compared to (*) 0.2 FiO,, (#) 0.4 FiO, and (&) mitoPO,.
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4. DISCUSSION AND CONCLUSION

In this work, we present a method to simultaneously measure oxygen tension in the
mitochondria and microcirculation within intact living tissue. The method is based
on a combination of oxygen-dependent quenching of delayed fluorescence of ALA-
enhanced mitochondrial PpIX and oxygen-dependent quenching of phosphorescence
of the exogenous dye Oxyphor G2. We comprehensively describe a time-domain based
measurement system consisting of a tunable pulsed laser and two gated red-sensitive
photomultipliers. The measurement equipment is fiber-based and can be easily used in
(patho)physiological studies in small and large experimental animals. We demonstrate
that the in vivo measured signals of PpIX and Oxyphor G2 do not interfere and that SNR
> 20 reduces noise-induced inaccuracy of both channels below 2%. Furthermore, we
provide data of the first simultaneous measurements of mitoPO, and uPO,, measured
in rat liver in vivo during ventilation with various inspired oxygen fractions. To analyze
the complex photometric signals we used RDM analysis, which provides the mean and
standard deviation of the PO, in the measurement volume.

Our view on tissue oxygenation has gradually changed over years with the advent
of novel technology to measure oxygen in tissues. Oxygen is supplied from blood to the
tissues by passive diffusion and the site for oxygen exchange is the microcirculation.
Although classically the capillary network was identified as the most likely site for
oxygen to leave the bloodstream, a more modern view is that oxygen has the ability to
diffuse from any microvessel along a large enough oxygen gradient [26]. Surrounding
the microcirculation and in between the tissue cells is the interstitial space. Recent
studies in resting skeletal muscle have indicated the existence of only a small gradient
between microvessels and interstitium [27, 28]. The intracellular PO, and its influence on
metabolism in vivo remains the most difficult to measure. Measurements of intracellular
PO, have mostly been indirect, e.g. via measurement of myoglobin saturation [29]. Only
recently it has become possible to measure directly PO, in mitochondria of living intact
tissue [18, 19].

Since mitochondria are the oxygen consuming and energy producing organelles of
cells, the development of a technique to measure mitoPO, removes the last hurdle in
our ability to comprehensively measure tissue oxygenation. Especially in combination
with microvascular PO, measurements it might be possible to gain direct insight in
oxygen gradients and oxygen consumption. We previously used a combination of
endogenously enhanced PplX and Oxyphor G2 to measure, in cell suspensions, mitoPO,
and extracellular PO, in culture medium [16]. These measurements were performed in
cuvettes with separate devices that, unfortunately, could not be integrated into a useful
in vivo measurement system. Therefore, we developed a dedicated fiber-based setup
that allows simultaneous measurement of mitoPO, and PO, in intact tissue using PplX
and Oxyphor G2.
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In the current study we focused on the rat liver, since we have extensively evaluated
the mitoPO, measurements in this type of tissue [19]. The measured mitoPO, values
in the current study are very similar to our previously reported results. In light of the
fact that intracellular PO, is generally expected to be low (several mmHg) as a result
of mitochondrial oxygen consumption, we were surprised to find such high mitoPO..
However, mitoPO, values were well in the range of reported tissue PO, values measured
by microoxygen electrodes [30]. In our current study we can directly compare our mitoPO,
measurements with the well-established phosphorescence lifetime technique. This
direct comparison learns that only a small difference between mitoPO, and pPO, exists
in liver. This latter is not surprising due to the anatomical structure of the liver, with very
close proximity of tissue cells to blood and overall high blood supply. Furthermore, our
findings fit well in the current view that tissue PO, might be much higher than classically
reported with invasive techniques [31]. Indeed, a recent study using minimally invasive
19F MRIin a rat model found tissue PO, levels well above 50 mmHg in several organs
including liver [32]. The standard deviation in uPO, obtained from the RDM analysis
is larger than that for the mitoPO.. This is most likely due to the size of the reflection
probe. The measurement volume likely contains multiple microvessels that represent
heterogenous PO,.

Overall, our study shows that implementation of the technique to measure
simultaneously pPO, and mitoPO, by oxygen-dependent delayed luminescence is
feasible, based on a combination of exogenous Oxyphor G2 and endogenous PpIX. With
ongoing evaluation of the use of the mitoPO, technique in other organs and tissues it
is expected that this approach will greatly contribute to further our understanding of
oxygen transport and oxygen metabolism in health and disease.
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CHAPTER 4

ABSTRACT

Oxygen delivery and metabolism represent key factors for organ function in health and
disease. We describe the optical key characteristics of a technique to comprehensively
measure oxygen tension (PO,) in myocardium, using oxygen-dependent quenching of
phosphorescence and delayed fluorescence of porphyrins, by means of Monte Carlo
simulations and ex vivo experiments. Oxyphor G2 (microvascular PO,) was excited at
442 nm and 632 nm and protoporphyrin IX (mitochondrial PO,) at 510 nm. This resulted
in catchment depths of 161 (86) um, 350 (307) um and 262 (255) um respectively,
as estimated by Monte Carlo simulations and ex vivo experiments (brackets). The
feasibility to detect changes in oxygenation within separate anatomical compartments
is demonstrated in rat heart in vivo.

iy
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Schematic of ex vivo measurements.
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1. INTRODUCTION

Insight in oxygen delivery and utilization are key factors for understanding organ function.
Inadequate oxygen availability plays a role in physiological as well as pathophysiological
conditions, like sepsis [1-6] and ischemia-reperfusion [7-12]. A variety of methods for
measuring tissue and microcirculatory oxygenation are available [13-17]. They all differ
significantly in accuracy, spatio-temporal resolution and invasiveness. Oxygen-dependent
guenching of phosphorescence, as described by Wilson et al. in 1987 [18], is one of
the methods to quantitatively determine oxygen partial pressures (PO,) within living
tissues in a non-destructive way. Our group has been using this method for its minimal
invasiveness, versatile applicability and real-time measurement. The method relies
on injection of a phosphorescent dye in the circulation which enables measurement
of microvascular oxygen tension (UPO,) using the phosphorescence lifetime approach
[18]. The practical implementations range from in vivo microscopy [15,19,20] and two-
photon laser scanning [21,22] to fiber-based measurement in thick tissue [23,24] and
large blood vessels [25].

Oxygenation in tissue is heterogeneous, with heterogeneity arising e.g. from local
oxygen gradients in microcirculation and interstitium [16,26]. Heterogeneity also arises
from differences in anatomical compartments within tissues and organs, e.g. renal
cortex and medulla [24] and intestinal serosa and mucosa [27-31]. Oxygen-dependent
qguenching of phosphorescence has been proven to be a valuable tool to study this
heterogeneity. For example, two-photon microscopy[21,22] and optical tomography[32]
allow visualization of oxygen levels in tissue. However, these approaches find their
limitations in acquisition time and the need to immobilize the tissue. Dual-wavelength
phosphorimetry uses near-simultaneous excitation of a phosphorescent dye at two
wavelengths. Based on wavelength-dependent penetration depth of light in tissue
this method enables measurement ofpPO, at two different depths in tissue using the
phosphorescent dye Oxyphor G2 [24]. While providing less spatial resolution than
microscopy and tomography, the temporal resolution is unmatched. Moreover, its
use is not restricted to immobilized tissues and the technique can in principle even
be applied on beating heart. Dual-wavelength phosphorimetry has been used to study
microvascular oxygenation in the kidney under different pathophysiological conditions
[2,33-35].

Recently, we have developed a break-through method for non-invasive
measurement of mitochondrial oxygenation using oxygen-dependent quenching of
delayed fluorescence of the endogenous molecule protoporphyrin IX (PpIX) [36-38].
It is based on enhancement of mitochondrial PplX levels by administration of the
precursor 5-aminolevulinic acid. Administration of 5-aminolevulinic acid is in itself
non-toxic and delayed fluorescence lifetime measurements are applicable in man
[39]. Phosphorescence and delayed fluorescence have much in common and are

65



CHAPTER 4

both a type of oxygen-dependent luminescence. The technical feasibility to combine
phosphorescence-baseduPO, measurements with delayed fluorescence-based mitoPO,
measurements, by means of a dual-dye technique, has been demonstrated[40]. A next
logical step in the evolution of the technology would be the exploration of the usefulness
of multi-wavelength excitation in combination with this dual-dye approach.

The present work was designed to characterize multi-wavelength excitation of
phosphorescence of Oxyphor G2 and delayed fluorescence of PplIX for the measurement
ofuPO, and mitoPO, inintact in vivo rat heart. To this end, Monte Carlo Simulations (MCS)
were performed to estimate the wavelength-dependent catchment depths in myocardial
tissue, based on absorption of excitation light and emission of phosphorescence
and delayed fluorescence. As verification of the MCS, the catchment depths of
phosphorescence and delayed fluorescence measurements in rat myocardium were also
assessed by ex vivo experiments. Furthermore, we tested the practical feasibility of the
multi-wavelength approach in an in vivo experiment of non-resuscitated endotoxemia
in rat.

2. MATERIAL AND METHODS

2.1 Monte Carlo simulations

The Monte Carlo Simulations (MCS) for excitation light propagation were run on a
standard program for Monte Carlo modeling of light transport in multi-layered turbid
media as are biologic tissues. A Monte Carlo program, MCML, was used, which was
extensively described in the articles of the designers [41].

Inshort, photons, each with a certain “photon weight”, are launched from an infinitely
narrow photon beam into a layered medium with user-defined optical properties of
absorption, scattering, and anisotropy, the probability function for the cosine of the
deflection angle. For a short description of the optical parameters see figure 1. In the
MCL program, the Henyey-Greenstein function is used. The photon takes steps between
scattering and absorption interactions with the tissue. The steps are based on the
probability of photon movement before interaction by absorption and scattering. During
each step as the photon propagates, the photon deposits a fraction of its weight into
the local bin at its position. Each bin in the array of bins accumulates the photon weight
deposited due to absorption by all N photons in that bin. After all N photons have been
propagated each bin contains an accumulated weight of absorbed photons. Dividing
each weight by the total number of photons (N) and by the volume of that particular bin
yields the concentration of absorbed energy.

After the pencil beam simulation, a convolution program (CONV) which uses the
MCML output file to convolve for photon beams of any size in a Gaussian or flat field
shape is wused to obtain the deposited energy for our geometry [42].

66

CATCHMENT DEPTH AND APPLICATION IN INTACT HEART

C: Wl vorameter | Deinition | pimension [Y collimated transmission
Probability of photon 3 f - :‘, — >
M, absorption per unit cm! scattering (g’ n )
path length L
.
Probability of photon absorption (1) -+
: . ) —— ’ 3 i . .
My scattering per unit cmt g * | diffuse transmission

path length scattering (g, 1)«

;1
g Scattering anisotropy none " KL

diffuse reflection

Mean cosine of the scattering angle (anisotropy factor g)

- ¢ =
0
|
|

scattering angle 8

photon trajectory

scattering cos(6)

event

-1

I backward scattering

1
. forward scattering |
anisotropy factor g = <cos(6)>

isotropic scattering (g = 0)

Figure 1 Tissue optical parameters

a) W : absorption coefficient, p: scattering coefficient and g: anisotropy factor. b) Types of tissue-light
interactions and the corresponding relevant parameters. c) Definition of the anisotropy factor as the
average cosine of the deflection angle in scattering events. d) Graphical explanation of the impact of the
anisotropy factor g on the scattering pattern in tissue.

Asecond Monte Carlo program (MCMLconsole), writtenin Labview (National Instruments,
TX, USA), based on the MCML program, was used to calculate the propagation of the
porphyrin fluorescence through the tissue. Again, the tissue slab is defined with optical
properties. The deposited energy is used as a source file for the phosphorescence and
delayed fluorescence Monte-Carlo. Each bin (volume element in the tissue) is used as an
isotropic source; the deposited weight is used as weighting factor. The remaining weight
and exit angle of the photons which escape at the surface are recorded.

For the MCS a model with a myocardial tissue slab with air above and a semi-infinite
layer of blood below was designed. The dimensions of the rat tissue slab were retrieved
from in vivo echocardiographic measurements of the left anterior wall of rat hearts.
Diastolic left anterior wall thickness was found to amount to 1200-2000 pum and right
ventricular free wall to 600 um [6,43-48]. Using the maximal retrieved thickness, namely
a myocardial layer of 2000 um, was chosen for the model.

The present model of oxygen-dependent quenching of phosphorescence and
delayed fluorescence for non-invasive measurement of oxygen partial pressures in the
microcirculation (UPO,) and mitochondria (mitoPO,) involved two oxygen-sensitive
porphyrins (see below). Corresponding to the excitation wavelengths of the porphyrins
three excitation wavelengths were used for the MCS: 440 nm, 510 nm and 632 nm.
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Table 1 Optical properties from the literature Tabel 2 Index of Refraction for Monte Carlo Simulations
Organ Species Remark Wavelength  Absorption Scattering Anisotropy Ref. Organ Remark Species Wavelength Index of Ref.
(A) [nm] Coefficient Coefficient Factor (A) [nm] Refraction (n)
-1 -1
(w)lem™  (W)lem’]  (9) Myocardium LV (postmortemn) human 1300 1.38240.007  [57]
Liver porcine homogenized 440 20 110 0.8 [49] .
Lv canine 632 1.40 [57]
porcine  homogenized 510 7.3 90 088 (49] Striated Muscle bovine 440 1.4240.005 (58]
porcine homogenized 630 5 80 0.9 [49] bovine 510 1.412+0.005 (58]
porcine homogenized 700 1.5 70 0.92 [49] bovine 592 1.382+0.004 [59]
porcine homogenized 800 0.8 60 0.92 [49] human 632 1.40 [58]
Myocardium porcine - 440 (15)* - - [50] bovine 632 1.412+0.006 58]
porcine blood-free 450 14.7 (110-120)* (0.9)¢ [51] porcine 6378 1.3840.007 (75]
porcine - 510 6 (140)" (0.9)° (50] porcine 632.8 1.4620.008 (75]
porcine blood-free 510 7.5 - - [51] bovine 700 1395 (58]
porcine - 514 10 ) B (52] Blood Unspecified human 632.8 1.426+0.007 [75]
human - 515 10 - - (53] Whole blood (n=1) human 820 1.485 (61]
porcine - 544 9.5 119 (0.9)° (51] Whole blood (n=1) human 820 1397 161]
canine - 630 2 160 0.93 (54] Lysed porcine 440 13975 [56]
porcine - 630 2 - - (501 Lysed porcine 510 1.393 [56]
porcine - 700 1 110 0.91 (50] Lysed porcine 632 1.393 [56]
canine - 790 0.95 164 0:94 [73] Lysed porcine 700 1.393 [56]
porcine - 800 0.6 110 0.93 (50] Lysed porcine 800 1.393 [56]
Blood human Hct 0.84% 440 20 33 0.9 [55]
human Hct 0.84% 510 2 40 0.98 [55]
porcine  Lysed 510 12 40 0.996 [5€] Table 3 Selected input ranges for Monte Carlo simulations
human Het 0.84% 630 0.2 61 0.99 [55] Wavelength (A)  Absorption Scattering Coefficient Anisotropy Index of Index of
porcine Lysed 630 0.3 34 0.995 [56] [nm] Coefficient (u) (1) [cm™] Factor Refraction (n) Refraction (n)
[em™] (g) myocardium blood
human Hct 0.84% 700 0.03 65 0.99 [55]
440 10-20 110-220 0.9 1.42 1.397
human Hct 0.84% 800 0.06 56 0.99 [55]
510 6-10 80-100 0.9 1.41 1.393
canine Whole blood 800 - - 0.98 [74]
632 2-5 80-160 0.93 1.40 1.393

* extrapolated from Fig.3 of Ref.[50]; # corrected scattering coefficient; §estimated

4 distinct sets of MCS were run for each excitation wavelength (table 4, 5). Using the

According to these excitation wavelengths optical properties of myocardial tissue and output of the convolution program phosphorescence and delayed fluorescence were
blood were retrieved from the literature [49-61]. Due to the scarce primary data for computed in layers of 100 um for better resolution. Thus 20 MCML console runs were
myocardial tissue, striated muscle and liver data were also gathered for comparison due needed per wavelength and input set to cover the complete tissue slab thickness.

to their similar absorption and scattering properties (table 1, 2). This approach allowed
an estimation of the optical properties of myocardium within a confidence interval.
Thus, the MCS input parameters were chosen by the boundaries of the ranges of the
optical properties retrieved from the literature (table 3). An approximately homogenous
distribution of the porphyrins across the myocardial wall was assumed.
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Table 4 Input values for Monte Carlo simulations

Wavelength Number of

Absorption Coefficient Scattering Coefficient ~ Anisotropy Factor

(A) [nm] Simulation (u,) [em™] (u) [em™] (9)
440 1 10 110 0.9
2 10 220 0.9
3 20 110 0.9
4 20 220 0.9
510 1 6 80 0.9
2 6 100 0.9
3 10 80 0.9
4 10 100 0.9
632 1 2 80 0.93
2 2 160 0.93
3 5 80 0.93
4 5 160 0.93

Table 5 Input parameters for Monte Carlo simulations

Absorption
MCML Number of photons 107
Bin size 100 um (dz; dr)#
Number of bins 50; 30; 2 (dz; dr; da)*
Tissue slab thickness 2000 um
M, K, g n According to table 3 and 4
CONV Beam type Gaussian
Energy of the beam 200 W
Beam radius 200 um

Convolution type

Absorptioninr & z (Arz)*#

Phospohorescence and delayed fluorescence

MCML Console

Number of photons
Input data

Openings angle of detection
camera

Layer thickness
Bin size
Number of bins

Optical parameters

125*10°
Arz-file
26.1°

100 pm

dr=100 um, dz=0pum*

250

According to table 1, 2 and Arz-file

#2z,rand a stand for z-axis, radial and angle direction
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2.2 Phosphorescent and delayed fluorescent molecules
In the MCS model and subsequent ex vivo and in vivo experiments two oxygen-sensitive
porphyrins were involved:

The first, a dye used for measuring uPO,, was Pd-meso-tetra-(4-carboxyphenyl)-
tetrabenzoporphyrin  (Oxyphor G2, Oxygen Enterprises Ltd, Philadelphia, PA), a
phosphorescent polyglutamic Pd-porphyrin-dendrimer dye [62]. Oxyphor G2 is a
negatively charged, large, water-soluble molecule (2.4 kDa) that binds to albumin and
therefore stays primarily in the microcirculation [63,64]. Oxyphor G2 can be excited at
440 nm and 632 nm thus allowing measurements at two different depths. Its emission
of phosphorescence occurs around 800 nm [65].

The second, used for measuring mitoPO,, was Protoporphyrin IX. This endogenous
porphyrin is the final precursor of heme in the heme biosynthetic pathway. It is
synthesized inside the mitochondria [66] and used for the measurement of mitochondrial
oxygenation by delayed fluorescence. Its synthesis can be enhanced by administration
of PplX precursor 5-aminolevulinic acid hydrochloride. PplX is excited at 510 nm and
exhibits a two-peaked emission with maxima around 630 and 700 nm [36].

2.3 Ex vivo penetration measurements

In order to experimentally assess the capability of exciting and detecting the porphyrins
at a defined depth we used a previously described approach [24]. Slices of myocardial
tissue on a microscope slide were placed between the fiber-optic light guide (setup
described below) and an airtight sealed cuvette filled with Protoporphyrin IX (10 uM) or
Oxyphor G2 (20 uM), both dissolved in a 4% albumin solution (Bovine serum albumin,
Sigma, St. Louis, MO) (figure 2). To prevent oxygen-dependent changes in the signal,
the chambers were enzymatically oxygen-depleted by catalase (catalase from bovine
liver, Sigma, St.Louis, MO) and glucose-oxidase (glucose oxidase from aspergillus niger,
Sigma, St.Louis, MO) [67]. The myocardial slices were cut from 8 freshly harvested hearts
from male Wistar rats, which were not pre-treated with Oxyphor G2 or aminolevulinic
acid. The slices were cut by means of a custom-made razor blade cutting device. The
slice thickness was measured using a micrometer. The phosphorescence and delayed
fluorescence emission intensity returning through the myocardial slices after excitation
with 440 nm, 510 nm and 632 nm light was measured in 22 slices ranging from 200 to
2300 um. All experiments were performed at room temperature (25°C).
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Figure 2 Schematic of ex vivo measurements
a) fiber, b) tissue slice, c) microscope slide, d) cuvette, e) cuvette holder, f) excitation light

2.4 Laser setup, phosphorescence and delayed fluorescence lifetime measurements
We developed a multi-wavelength phosphorimeter allowing near-simultaneous
excitation of Oxyphor G2 at 440 nm and 632 nm (emission at 800 nm). The validation
experiments for interchannel differences and accuracy of oxygen measurement have
been published earlier [24]. In this experiment we used a modified system of the one we
published earlier which allowed, in addition to the above mentioned two wavelengths,
near-simultaneous measurements of PplX excitation at 510 nm (emission at 690 nm).
The excitation source consisted of an Opolette 355-1 (Opotek, Carlsbad, CA, USA),
a compact computer-controlled fast tunable laser which emits laser pulses with a
specified duration of 4-10 ns and typically 2-4 mJ/pulse over a tunable range of 410
to 670 nm. The laser was coupled into a Fiber Delivery System (Opotek, Carlsbad, CA,
USA) consisting of 50 mm plano-convex lens, X-Y fibermount and a 2 meter fiber with a
core diameter of 1000um. This fiber was coupled to a custom-made reflection probe by
an in-line Fiber Optic Attenuator (FOA-Inline, Avantes b.v., Eerbeek, The Netherlands).
The reflection probe consisted of a probe with 6 fibers for guiding the excitation light
to the tissue and a 7*" fiber for guiding the reflected light (FCR-7IR400-2-ME, r=0.02cm,
acceptance angle 26.1°; Avantes, Eerbeek, Netherlands) to the detector (Figure 3). The
PplX and the Oxyphor G2 emission light were filtered by a combination of a long-pass
and a bandpassfilter. For PpIX a 590 nm (0OG590, Newport, Irvine, CA, USA) and a 675
+ 25 nm (Omega Optical, Brattle- boro, VT, USA) filter were used. While for Oxyphor G2
we used a 715 nm (RG715, Newport, Irvine, CA, USA) and a 790 + 20 nm filter (Omega
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Optical, Brattleboro, VT, USA). 200 w were used per excitation pulse. The acceptance
angle resulted in an illuminated area of 0.5 to 1 mm?, assuming a fiber-tissue distance
of 1to 1.5 mm.

In both fluorophors, when excited by a light pulse, the intensity of phosphorescence and
delayed fluorescence, respectively, decrease at a rate dependent on the surrounding
oxygen pressure. The relationship between the measured decay time and the PO, is
given by the Stern-Volmer relation:

pO, = (1/t-1/ T,)/k, (1)

Where T is the measured decay time, T, is the decay time at an oxygen pressure of zero,
and kq is the quenching constant.

excitation light source

laser control

OPO-355 FDS

A 4

FOA

A 4

delayed fluorescence detector

signal

(s/S 0T) ©va paj|043u0d 193ndwo)

ITEC
< AMP €— MCP-PMT |:||:| D <
PESFS1 PCL
phosphorescence detector FOA
signal
< AMP < PMT-MOD |:||:| D <
FS2 PCL

Figure 3 Schematic design of the setup

OPO-355: Opolette 355-1, FDS: Fiber Delivery System, FOA: Fiber Optic Attenuator, BFP: Bifurcated
Reflection Probe, FFC: Fiber to Fiber Coupling, BFA: Bifurcated Fiber Assembly, PCL: Plano Convex Lens,
FS1 & FS2: Filter Sets, PES: Protective Electronic Shutter, MCP-PMT: Micro Channel Plate Photomultiplier
Tube, TEC: Thermo Electric Cooling, PMT-MOD: Photomultiplier Module, AMP: Amplifier, DAQ: Data
Acquisition. As earlier published [40].

2.5 In vivo experiment

This study was approved and reviewed by the Animal Research Committees of the
Academic Medical Center at the University of Amsterdam and Erasmus Medical Center
at the University of Rotterdam. Care and handling of the animals are in accordance with

73



CHAPTER 4

the guidelines for Institutional and Animal Care and Use Committees.

90 minutes before starting instrumentation of the rat (n=1), buffered PpIX-precursor
5-aminolevulinic acid hydrochloride (200 mg/kg) was administered intraperitoneally.
The rat was anesthetized with an intraperitoneal injection of pentobarbital (60 mg/
kg; Apotheek Faculteit Dierengeneeskunde Rotterdam, NL) and sufentanil (20 pg/
kg; Janssen-Cilag BV, Tilburg, NL). Propofol (10 mg/kg/h; Fresenius Kabi, Nederland
BV, Schelle, Belgium) and sufentanil (7.5 um/kg/h) were used for maintenance of the
anesthesia. After tracheotomy the animal was mechanically ventilated with the inspired
oxygen fraction titrated to an arterial PO, of 100 mmHg. A catheter was inserted in the
right carotid artery and used for continuous measurement of arterial blood pressure and
heart rate. The right jugular vein was then cannulated and the catheter tip inserted to
a depth close to the right atrium, allowing continuous monitoring of the central venous
pressure. Pressures were measured by use of a disposable transducer (Combitrans
disposable transducer; BBraun Medical B.V., Oss, NL) connected to a HEMO POD of a
standard intensive care patient monitor (Siemens SC9000, Siemens Medical Systems).
A tail vein was cannulated and used for administration of maintenance fluid (10 ml/
kg/h Ringer’s solution). Lateral thoracotomy and pericardiotomy was performed and the
optical fiber for phosphorescence and delayed fluorescence measurements was placed
1 mm above surface of the antero-lateral wall of the left ventricle. The operation field
was then covered with aluminum foil throughout the entire experiment to prevent the
phosphorescence and delayed fluorescence signals being influenced by room light. To
detect changes in microcirculatory PO, Oxyphor G2 (1mg/kg; dissolved in normal saline)
was infused. Baseline measurements were taken after a 15-minute stabilization time.
Then lipopolysaccharide (LPS from E.coli; 0127:B8, Sigma, St.Louis, MO; 2.5 mg/kg)
was infused over 15 minutes. After accomplishment of the LPS-infusion, oxygenation
measurements were performed in triple readings (30 s apart), and repeated at intervals
of 30 minutes up to a total time of 5 hours from the baseline. After the protocol was
finished the animal was euthanatized by pentobarbital overdose.

3.6 Statistics

Statistical analysis was performed using GraphPad Prism (5.0, GraphPad Software, San
Diego, CA, USA). To test the differences of means of penetration depths by 2-tailed
Mann Whitney tests was applied. Differences of absorbed dose of phosphorescence and
delayed fluorescence according to wavelength and depth in the tissue were compared
using a two-way ANOVA for repeated measures. Differences with a p-value of < 0.05
were considered statistically significant. Results are reported as mean + SEM.
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3. RESULTS

3.1 Monte Carlo simulations

Figure 4 shows the results of the MC simulation of light absorption in the myocardial tissue
in the laser beam center. Blue light (440 nm) displayed a steep exponential decrease of
absorbed dose as a function of tissue depth. The predominant part of the absorption took
place within the first 500 um. For red light (632 nm) the absorption had a flatter course
and was more evenly distributed in the calculated tissue, while excitation with green (510
nm) displayed an intermediate course between the former two. The comparison of the
absorption curves of 440 nm, 510 nm and 632 nm showed a significant difference (*p <
0.05) of absorbed dose between these wavelengths from 0 to 400 um. At a depth of 500
um the absorbed dose of 632 nm was significantly different from 440 nm or 510 nm (# p <
0.01). Below 500 um the absorbed dose was similar for the three wavelengths.

247 * * * % #

= A A
2. Q2.

Absorbed dose [J cm™]
> »

L )

0 02 04 06 08 10 12 14 16 1.8 20
Depth [mm]

Figure 4 Monte Carlo simulation of absorption
Results of the MC simulation of light absorption [J cm-1] of 440 nm (circles), 510 nm (squares) and 632
nm (triangles) in the myocardial tissue.

The next step was to model detection of phosphorescence and delayed fluorescence
as result of the absorbed light. Figure 5 shows the plot of the MCS-derived intensity of
phosphorescence and delayed fluorescence in the beam center of a simulated excitation
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pulse. 3 areas from which the signals originate can be identified. While excitation with blue
(440 nm) and red light (632 nm) led to superficial and deeper signal origin respectively,
green (510 nm) again took an intermediate position. Two-way ANOVA for repeated
measures yielded a significant difference for the comparison of the slopes of the simulated
and measured data for 440 nm at a depth of 100 um (*p<0.05). This fact is mainly due to
technical issues of the ex vivo experiment, which is discussed below. Comparison of the
510 nm and 632 nm slopes showed there was no significant difference.

-
o

Phosphorescence (normalized)
o
&Q

0.0 1.0 1.5 2.0 25
Depth [mm] resp. slice thickness [mm)]
Figure 5 Comparison of Monte Carlo simulations and ex vivo measurements
The MCS of phosphorescence after excitation with 440 nm (circles), 510 nm (squares) and 632 nm

(triangles) matched well with the non-linear fit (NLF) of the ex vivo measurements with 440 nm
(hyphen), 510 nm (dash) and 632 nm (hyphen-dash).

In order to grasp a sense of the dimension of overlay of the measured phosphorescence
and delayed fluorescence signals the area under the curve (AUC) of the slopes of the
MCS were calculated using GraphPad Prism. Computation of the AUC resulted in 0.15
+ 0.02 mm, 0.24 + 0.02 mm, and 0.32 + 0.04 mm for 440 nm, 510 nm and 632 nm
respectively. Very similar AUC values resulted from the ex vivo derived slopes (only one
slope per excitation wavelength): 0.11 mm, 0.26 mm, 0.31 mm. From these calculations
it can be seen that 45.6% (33.7%) of the signal originating from excitation with 632 nm
overlaps with the signal from excitation with 440 nm (ex vivo). Therefore, more than half
of this signal arises from deeper strata than when exciting with 440 nm, thus providing
additional information of another biological compartment. For (patho-)physiological
experiments it is interesting to compare pPO, and mitoPO,. Therefore, it is important to
know the origin and overlap of the signals gathered after excitation with 440 nm, 632 nm
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and 510 nm respectively. The myocardial volume excited with 440 nm, providing
information about superficial uPO,, is small compared to the one excited with 510 nm,
measuring mitoPO,. The signal originating from an excitation with 440 nm represents
61.1% (40.9%) of the mitoPO, signal, thus 38.9% (59.1%) of the signal is derived from
mitochondria in deeper tissue layers. On the other hand, the mitoPO, signal covers
74.6% (82.6%) of the myocardial volume excited with 632nm, the deep uPO.,.

3.2 Ex vivo experiment

Due to difficulties in cutting slices of equal thickness from fresh tissue the data in figure
6 are presented as individual data points instead of repeated measurements. Similar to
the MCS-derived results, phosphorescence and delayed fluorescence measured with the
multi-wavelength setup showed an exponential decrease of intensity as a function of
myocardial slice thickness. A good match was found between the intensities of emission of
phosphorescence measured with the phosphorimeter and the MCS-derived results (figure
5). The determined catchment depths (defined as 1/e of the intensity drop) with MCS
were 161 +2 um, 262 + 1 um and 350 + 4 um for 440 nm, 510 nm and 632 nm respectively.
These values were very similar to the depths estimated from the ex vivo experiments.
In these experiments catchment depths of approximately 86 pm, 255 um and 307 um
for 440 nm, 510 nm and 632 nm were found (figure 7). While the MCS with 510 nm and
632 nm showed no significant difference in catchment depth as compared to the ex vivo
measurements (p=0.87 and p=0.41 resp.), a small but significant difference of the mean
catchment depth of the MCS and ex vivo measurements was found for 440 nm (# p=0.03).

0.5

Phosphorescence (normalized)

~ - - A
P B STV el U VU
0.0 0.5 1.0 1.5 2.0 25
slice thickness [mm]

Figure 6 £x vivo measurements of phosphorescence and delayed fluorescence

Circles, squares and triangles represent normalized phosphorescence averaged from 3 consecutive
measurements after excitation with 440 nm, 510 nm and 632 nm, respectively, measured through fresh
myocardial tissue slices of different thicknesses. A non-linear regression by least square method (NLF)

of the ex vivo measurements with 440 nm (hyphen), 510 nm (dash) and 632 nm (hyphen-dash) was
used for curve fitting.
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500
4501

Figure 7 Comparison of the catchment depths

Mean and SEM of the catchment depths are shown of MCS (filled squares) and ex vivo experiments
(empty squares). The catchment depth of the ex vivo experiments was calculated from the NLF-fitted
curve. The catchment depth of the MCS with 440 nm differed significantly from the catchment depth of
MCS with 510 nm as well as with 632 nm (* p=0.0286 each). The catchment depth of the 440 nm ex vivo
experiments was significantly lower than the other catchment depths (# p<0.05 versus MCS 440 nm; §
p<0.01 versus MCS 510nm and 632 nm).

3.3 In vivo experiment

In this experiment we investigated the applicability of the multi-wavelength
phosphorimeter in a model of non-resuscitated endotoxinemia in rat. Distinct
microcirculatory and mitochondrial phosphorescence and delayed fluorescence signals
were measurable throughout the whole experiment lasting for 5 hours. Infusion of LPS
induced a substantial drop of mean arterial pressure (MAP). While MAP remained low,
cardiac output raised over time, thus characterizing the distributive shock. Heart rate
remained stable for 4 hours only to drop in the last hour, herewith reflecting the severity
of the chosen model and imminent death of the animal (figure 8).

In figure 9 the microcirculatory and mitochondrial oxygenation measured on the
antero-lateral wall of the left ventricle as well as the arterial PO, and central-venous
saturation (ScvO,) are depicted. Because of an arterial oxygen saturation of 86% at the
2.5 h blood gas analysis (T150; data not shown) we increased the inspired oxygen fraction
from 30% to 40%. This explains the increase of arterial PO,. The mitoPO, and both uPO,
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slopes showed a decline over time, a stabilization of the oxygenation drop after increase
of the FiO, and a limited rise at the very end of the experiment. The mitoPO, fell before a
reduction of the deep and later also superficial uPO, could be measured. This sequence
reflects the difference of the compartments measured, the subepicardial being more
sensitive to hypoperfusion than the superficial epimyocardial compartment [68]. The
increase of mitoPO, and ScvO, at T210 suggest a lower O,-consumption compatible with
endotoxemia. The final drop of the ScvO, at T300 probably reflects a “pre-terminal”
hypoperfusion state compatible with a prolonged hyperdynamic shock leading to an
insufficient O, delivery.
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Figure 8 Macrohemodynamics

a) heart rate [bpm], b) mean arterial pressure [mmHg], c) cardiac output [ml/min.], triple measurements
per time point.

BSL = baseline measurement
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Figure 9 Oxygenation measurements in endotoxemic rat

a) Microcirculatory and mitochondrial oxygenation measured by phosphorescence: superficial
myocardial microcirculatory PO, (blue circles), subepicardial microcirculatory PO, (red triangles),
mitochondrial PO, (green squares). b) Systemic oxygenation parameters: arterial PO, (open circles),
central venous saturation (open squares). BSL = baseline measurement; resp. = respectively

4. DISCUSSION

In the present study we evaluated and validated a system of multi-wavelength
phosphorimetry for the measurement of microcirculatory and mitochondrial oxygenation
in rat heart. We can summarize the main findings as follows:

1) Three separate phosphorescence signals could be identified in Monte Carlo
simulations and ex vivo experiments. Excitation with 440, 632 and 510 nm
respectively resulted in a superficial microcirculatory, a deep microcirculatory
and a mitochondrial signal.

2) We found an excellent correlation of the calculated MCS- and measured ex
vivo-results.

3) The respective signals originated from depths of up to 161, 350 and 262 um
(MCS) and 86, 307 and 255 um (ex vivo experiments).

4) Excitation with 440 nm led to the emission of a phosphorescence signal from a
myocardial volume comprised in the volume excited with 510 nm and 632 nm.
Approximately 39% and 50% of the signal after excitation with 510 nm and 632
nm respectively arose from deeper strata compared to excitation with 440 nm.

5) Using multi-wavelength phosphorimetry we were able to detect changes in
microcirculatory and mitochondrial PO, in in vivo experiments lasting up to 5
hours.

6) The measured signals reflected biologically distinct compartments.

By the use of two methods, MCS and ex vivo experiments, we could characterize the
presented system of multi-wavelength phosphorimetry. The two method’s results were
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well matching. These findings allow grasping a sense of the origin of the measured signal
of in vivo experiments. For this purpose not only the wavelength-dependent catchment
depthsin myocardial tissue but also the signal overlay of the measured phosphorescence
and delayed fluorescence are essential.

There was an excellent correlation of the calculated and measured phosphorescence
and delayed fluorescence intensity profiles. Only for the excitation with 440 nm thereis a
notable lower penetration depth in the ex vivo experiments in comparison to the Monte
Carlo simulation. This difference most probably originates from a technical limitation.
Due to the large amount of absorption of the 440 nm excitation signal in the first 400 um
the measured phosphorescence signal and derived penetration depth highly depends
on measurements with very thin slices. The fabrication of very thin slices (< 200 pm)
from fresh myocardial tissue was affected by the limits of accuracy of how these could
be cut and measured with the micrometer. Considering the near-perfect match of the
measurements after excitation with 510 and 632 nm, we think the ex vivo-measured
catchment depth for excitation with 440 nm is somewhat underestimated.

Previously, our laboratory calculated light penetration into gut tissue using Monte-
Carlo simulations. The aim was to model the catchment depth and thus estimate the
measured depth of microcirculatory PO, measurements using Pd-porphyrin, a tracer
which is excited at 520nm. In these experiments a catchment depth of 500 um was
found [28]. For Oxyphor G2, earlier experiments measuring PO, in murine tumors
have claimed a general penetration depth for excitation light of more than a centimeter
through the skin of a mouse [62]. Johannes, on the other hand, using an ex vivo
approach of stacked tissue slices determined in rat kidneys catchment depths of 700
um for excitation with 440nm and as much as 4000 um for 632 nm [24]. Our calculated
and measured penetration depths differ from the above-mentioned experiments. This
difference can be attributed to the diverseness of the tissues studied. The myocardium
has, compared to gut, skin, mammary tumors and kidney a high density of myoglobin and
cytochromes, which have a significant impact on absorption and scattering properties
of myocardial tissue.

One might argue that the catchment depths have been overestimated as we did
not account for additional absorption by other fluorophores and hemoglobin. However,
for the ex vivo-experiments the hearts were not washed free of erythrocytes. It may
be assumed that a beating heart has higher tissue blood content during diastole, than
the tissue slices used, while in systole the blood content might even be lower. Thus, the
post-mortem tissue blood content is considered an in between value.

We can assume that a rat weighting 300g has a circulating blood volume of 18ml.
Its heart weighs approximately 1g and contains between 50 and 130 pl of blood in the
microcirculation [69-71]. Due to technical improvement of the excitation/detection
system used for these experiments we could reduce the Oxyphor G2 dose from 1.8 mg/
kg to 1 mg/kg leading to a 45% reduction of fluorophore concentration with respect to
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our earlier published work [24]. Thus, infusion of 1 mg/kg of Oxyphor G2 will result in a
17mM whole blood concentration. Earlier, we had calculated the attenuation of tissue
penetration of excitation light due to Oxyphor in kidneys [24]. Applying Beer’s law and
assuming different photon path lengths from 3 to 10-times longer than measured we
estimated the attenuation due to the phosphor less than 30%. Because of the lower
tissue concentration in the present study in combination with the much higher intrinsic
absorption of heart tissue, the influence of the presence of Oxyphor G2 can be neglected.

Moreover, the lower fluorophore concentration and higher sensitivity of the
phosphorimeter prevented any (visually assessed) macroscopic phototoxicity to occur.
This dose- and time-dependent phenomenon has been described earlier [72]. However,
already in our previous publication by Johannes, which made use of higher Oxyphor
doses and flash intensities, no macroscopic phototoxicity was observed [24]. Also for
PplIX phototoxicity has been described. We have addressed PpIX phototoxicity earlier
[36].

Finally, in this study we present for the first time the data of an in vivo experiment,
in which we measured microcirculatory and mitochondrial oxygenation in the heart
in a near-simultaneous manner. The multi-wavelength phosphorimeter resulted
to be applicable in a model of non-resuscitated endotoxinemia in rat and distinct
microcirculatory and mitochondrial oxygenation signals were measurable throughout
the whole experiment lasting for 5 hours. The mitoPO, fell before a reduction of the
deep and later also superficial PO, could be measured. This sequence reflects the
difference of the compartments measured, the subepicardial being more sensitive to
hypoperfusion than the superficial epimyocardial compartment. This individual behavior
suggests that anatomically distinct compartments can be measured by the use of multi-
wavelength phosphorimetry.

5. CONCLUSION

With this work we provide the optical basis of multi-wavelength phosphorimetry in the
heart, using of two methods, MCS and ex vivo experiments. This technique adopted
to measure microcirculatory and mitochondrial oxygenation in myocardial tissue,
using oxygen-dependent quenching of phosphorescence and delayed fluorescence of
porphyrins, gives access to the key compartments of the oxygen pathway in the body.
The knowledge of the wavelength-dependent catchment depths in myocardial tissue
and signal overlay of the measured luminescence are essential for pathophysiological
interpretation of in vivo experiments. This study further demonstrates the applicability
of optical oxygen measurements based on phosphorescence and delayed fluorescence
lifetime quenching in an in vivo experiment of non-resuscitated endotoxemia in rat.
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CHAPTER 5

ABSTRACT

Purpose of review

To fully exploit the concept of hemodynamic coherence in resuscitating critically ill one
should preferably take into account information about the state of parenchymal cells.
Monitoring of mitochondrial oxygen tension (mitoPO,) has emerged as a clinical means
to assess information of oxygen delivery and oxygen utilization at the mitochondrial
level. This review will outline the basics of the technique, summarize its development
and describe the rationale of measuring oxygen at the mitochondrial level.

Recent findings

Mitochondrial oxygen tension can be measured by means of the protoporphyrin IX-
Triplet State Lifetime Technique (PpIX-TSLT). After validation and use in preclinical
animal models the technique has recently become commercially available in the form
of a clinical measuring system. This system has now been used in a number of healthy
volunteer studies and is currently being evaluated in studies in perioperative and
intensive care patients in several European university hospitals.

Summary

PpIX-TSLT is a non-invasive and safe method to assess aspects of mitochondrial function
at the bedside. It allows doctors to look beyond the macro and microcirculation and to
take the oxygen balance at the cellular level into account in treatment strategies.

KEY POINTS

e Mitochondria are important energy producing organelles at risk in perioperative
and Intensive care medicine

e Mitochondrial oxygen tension can be non-invasively and safely measured using the
optical properties of protoporphyrin IX

e Mitochondrial oxygen monitoring is feasible at the bedside and provides unique
parameters and information

e Mitochondrial oxygen monitoring provides a new tool for research in resuscitation,
transfusion, and pathophysiology
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INTRODUCTION

Resuscitating critically ill patients from different states of shock is a key strategy in critical
care but remains a challenge. Targeting the normalization of systemic hemodynamic
parameters does not lead to improved outcomes [1-5]. Over the last two decades,
considerable attention has been given to the role of microcirculatory dysfunction
as substrate for such failure, leading to the concept of ‘hemodynamic coherence’
[6,7]. Hemodynamic coherence is the coherence between the macrocirculation,
microcirculation and ultimately the parenchymal cells, leading to an optimal balance
of supply and demand of oxygen and nutrients to the tissues. Loss of hemodynamic
coherence is associated with increased morbidity and mortality [8—10], as recently
confirmed again in cardiogenic shock patients [11]*. The treatment strategy can have
an effect on the occurrence of loss of hemodynamic coherence [12]*. As the ultimate
goal of optimizing macrocirculatory and microcirculatory hemodynamics is providing
parenchymal cells with an optimal milieu intérieur, a missing piece of the puzzle remains
information from the tissue cells. Especially information from the mitochondria, a key
cell organelle and ultimate destination of oxygen could be very helpful. Using an optical
technique, it is now possible to get quantitative information about the oxygen tension
in mitochondria and their oxygen utilization. This review will describe the rationale of
taking into account mitochondrial measurements in perioperative and intensive care
medicine and summarize the development of a clinically applicable technique for
assessing mitochondrial oxygen tension and respiration.

MITOCHONDRIAL FUNCTION

Mitochondria are double-membrane organelles that play pivotal roles in cellular
physiology. Our understanding of their functions and complex interplay with their
surrounding has been boosted in the last two decades and is still growing [13].
Mitochondria are well known as the powerhouses of the cells but they take part in
other important cellular processes as well. For example, mitochondria are involved in
programmed cell death via opening of the permeability transition pore and cytochrome c
release [14,15]. Also, mitochondria might play a role in intracellular calcium homeostasis
[16] as they possess calcium uniporters [17,18] and mitochondrially generated reactive
oxygen species (ROS) act as cell-signaling molecules involved in metabolic adaptation
[19], apoptosis [20] and autophagy [21]. Notwithstanding all other important functions,
it is the ATP production by oxidative phosphorylation that is clinically in the foreground.
Mitochondria are the primary consumers of oxygen and are responsible for approximately
98% of total body oxygen consumption. Oxygen is ultimately used at complex IV of the
electron transport chain in the inner mitochondrial membrane. Reduced nicotinamide
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adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH,), generated in the
Krebs cycle, are transferred from carrier molecules to the electron transport chain on
complex | and Il, respectively. The resulting electron transport through the chain causes
protons to be pumped to the intermembrane space. This proton pumping causes an
electrochemical potential over the inner membrane that is used to convert ADP to ATP
by ATP synthase. ATP is the energy currency of the cells and used for driving cellular
processes like maintaining membrane potentials, protein synthesis and replication.

THREATS TO MITOCHONDRIAL FUNCTION

In the perioperative and intensive care setting, many factors pose a threat to
mitochondrial integrity and function, as set out in a recent review [22]. Both internal
and external threats can be identified (Fig. 1). Such altered mitochondrial function,
for example, diminished respiration and ATP production, does not necessarily mean
dysfunction because of damage. It can be an adaptive response to threats, for example,
prolonged hypoxia because of oxygen-conformance or metabolic reprogramming
[23,24], which extends seamless to a dysfunctional state and responds to resuscitation
[25]. The functional consequences of such oxygen-dependent adaptation for cell
and organ functions remain largely unknown, as well as its effects on microvascular
perfusion. Thus, it remains unclear whether microvascular perfusion disturbances in
critical iliness are caused by dysfunction and should be a target of treatment, or merely
are an epiphenomenon caused by altered cellular metabolism and diminished oxygen
demand. Direct measurement of aspects of mitochondrial function could, therefore, be
helpful and mitochondrial oxygen is a parameter of great interest in this respect.

Figure 1. Threats to mitochondria in perioperative and intensive care medicine. *Drugs like statins,
metformin, propofol, amiodarone and many others.
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MEASURING MITOPO,

The measurement of mitoPO, has been made possible by the introduction of an
optical technique, called the Protoporphyrin IX — Triplet State Lifetime Technique (PpIX-
TSLT). Protoporphyrin IX is the final precursor in the heme biosynthetic pathway and
is synthesized in the mitochondria [26] and shows a bright red prompt fluorescence
when illuminated with blue or green light. This fluorescence is, for example, used in
photodynamic diagnosis to visualize tumor during surgical resection [27]. Key in the
development of PpIX-TSLT was the discovery of the existence of a more long-lived red
emission from protoporphyrin IX, called delayed fluorescence [28]. Although prompt
fluorescence intensity decays with a nanosecond lifetime, delayed fluorescence lasts
microseconds to milliseconds.

OXYGEN-DEPENDENT DELAYED FLUORESCENCE

The delayed fluorescence lifetime is dependent on the oxygen concentration. Higher
oxygen concentrations result in a shorter lifetimes, whereas low oxygen concentrations
leads to long lifetimes. The molecular mechanisms involved in this oxygen-dependent
quenching of delayed fluorescence have been described elsewhere [29]. In short,
photoexcitation of PpIX leads to population of an excited triplet state. Relaxation to
the ground state can be spontaneous and result in the emission of a photon (delayed
fluorescence). Alternatively, the energy can be transferred to an oxygen molecule upon
collision and relaxation occurs without emission of a photon. More oxygen leads to more
collisions and a higher collision rate, and therefore, results in a faster decaying delayed
fluorescence signal (quenching). The delayed fluorescence lifetime can be converted to
partial pressure of oxygen by the Stern—Volmer equation [30].

FROM CULTURED CELLS TO IN VIVO

In 2006, the technique for measuring mitochondrial PO, by delayed fluorescence of
protoporphyrin IX was first described [28]. In this pivotal study, 5-aminolevulinic acid (ALA)
was administered to several types of cell cultures and the mitochondrial localization of
ALA-induced PplX was demonstrated, together with the presence of oxygen-dependent
delayed fluorescence from cell suspensions. Also, direct simultaneous measurement
of mitoPO, and extracellular PO, showed that only shallow oxygen gradients exist over
the cell membrane. Some years later, it was demonstrated that the technique could be
extended to in-vivo use [31]. Intravenous administration of ALA led to detectable oxygen-
dependent delayed fluorescence in rat liver [31] and heart [32]. The technique has been
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used in several preclinical pathophysiological studies [23,33—35]. As the technique was
feasible in humans, but systemic administration of ALA was considered an obstacle, topical
administration of ALA was tested for mitoPO, measurements (Fig. 2). For practical and
clinical reasons, the skin was considered an ideal target organ for such measurements.
Indeed, topical application of ALA to skin induced sufficient oxygen-dependent delayed
fluorescence [36] and allowed local mitoPO, measurements [37] in rats. In a pig model, we
demonstrated that, unlike tissue oxygenation measured with near-infrared spectroscopy,
cutaneous mitoPO, is a sensitive parameter for detecting the physiologic limit of
hemodilution on an individual level [34]. The skin is especially interesting since, like the
gastrointestinal tract [38], it can be regarded as the canary of the body.

(a) Excitation Light ] gl Emission Light (b)

| G |
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©
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©) \..\s
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Figure 2. (a) Principle of protoporphyrin IX-Triplet State Lifetime Technique. The pathway by which
topical ALA administration enhances mitochondrial PpIX levels and the principle of delayed fluorescence
detection after an excitation pulse with green (510nm) light. Emission light is the delayed fluorescence
(red light, 630—700nm) and its lifetime is oxygendependent. (b) PpIX emits delayed fluorescence after
excitation by a pulse of green (510nm) light. The delayed fluorescence lifetime is oxygen-dependent
according to the Stern—Volmer equation (inset), in which kq is the quenching constant and t, is the
lifetime at zero oxygen. ALA, 5-aminolevulinic acid; CPIIl, coporporphyrinogen Ill; PBG, porphobilinogen;
PO,, oxygen tension; PplX, protoporphyrin IX; UPIII, urporphyrinogen Il. Reproduced with permission
from Harms et al. [60].

HUMAN USE (CELLULAR OXYGEN METABOLISM)

A clinical prototype of PpIX-TSLT was successfully tested in a healthy volunteer study [39]
and triggered the development of the COMET system. COMET is an acronym of Cellular
Oxygen METabolism and is a monitoring system developed by Photonics Healthcare in
Utrecht, The Netherlands. The system is CE-marked and allows, in combination with
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its SkinSensor, repetitive noninvasive measurements of mitoPO, in human skin [40].
To prime the skin for delayed fluorescence measurements, a ALA-containing plaster
is applied to the skin (Alacare, photonamic & Co. KG, Pinneberg, Germany). Although
sufficient induction of PplX by this plaster takes several hours, it provides a practical way
of applying ALA to the skinin a clinical setting. The COMET system has by now been tested
in several healthy volunteer studies [41,42*] and is currently being evaluated in clinical
studies, both in perioperative and intensive care setting [22,40,43]. Importantly, the use
of COMET is not limited to mitoPO, measurements in skin. The system has been used to
demonstrate the feasibility of assessing the mucosal oxygenation in the gastrointestinal
system via endoscopy [44*]. To this end, the ALA was administered systemically, via the
oral route, and oxygen-dependent delayed fluorescence was measured via an optical
fiber through the working channel of an endoscope. The authors propose to use mitoPO,
measurements as a functional test in the workup for the diagnosis of chronic mesenteric
ischemia, but since the gut is very sensitive for shock [45], such an approach might
ultimately also be of benefit for resuscitation purposes in the intensive care.

THE MYTH OF LOW MITOPO,

As oxygen transport from microcirculation into the tissue cells is driven by diffusion, it is
generally anticipated, according to the classical oxygen cascade that mitochondrial oxygen
tension should be very low (several mmHgs) to create a big enough oxygen gradient
[46,47]. However, average mitoPO, measured with the PpIX-TSLT technique appears
to be, depending on the specific tissue, close to microvascular oxygen tension [33,48]
and known values for tissue and/or interstitial oxygen levels [49,50*%*]. In fact, mitoPO,
is unlikely to be an order of magnitude lower than microvascular and interstitial oxygen
tension. First, oxygen does not disappear stepwise so several mitochondria will see aPO,
close to intravascular values. Second, larger vessels (not only capillaries) also contribute
to diffusional oxygen delivery [51] so some mitochondria might see a PO, higher than
the oxygen tension in the capillaries. Third, the oxygen gradient over the cell membrane
is small [28] and will not cause mitoPO, to be substantially lower than interstitial PO,.
Typically reported cutaneous mitoPO, values under baseline circumstances are 40-70
mmHg and considered to be matching well with other measurements in skin [50**].
Importantly, we demonstrated in both a preclinical [34] and clinical setting [40] that
mitoPO, provides different information than hemoglobin saturation-based techniques
like near-infrared spectroscopy. In situations, where visible light spectroscopy and near-
infrared spectroscopy failed to show any response on a perturbation, mitoPO, clearly
dropped to indicate cellular distress.
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A POTENTIAL NEW TRANSFUSION TRIGGER

In current clinical practice, optimization of hemodynamics and tissue oxygen delivery
in perioperative and intensive care patients is focusing on the administration of fluids,
blood transfusion and vasoactive medication, targeting normal systemic hemodynamic
parameters such as blood pressure, cardiac output, hemoglobin levels and venous
saturation. For example, the management of acute anemia is mainly focused on the
use of allogeneic blood transfusion guided on specific hemoglobin levels instead of
a patient’s personal need. Allogeneic blood transfusion itself is not without risks and
has been shown to be an independent factor for an increased mortality and morbidity
[52,53]. Transfusion guidelines use hemoglobin levels to indicate the need for blood
transfusion. Such guidelines are based on data of large groups and incorporate a safety
margin that might lead to unnecessary transfusion in individual cases. As ultimately the
mitochondria are the target for oxygen delivery, it seems reasonable to use mitoPO, as
a measure for an individual’s transfusion need. This presupposition was fostered by the
finding that in hemodiluted pigs mitoPO, dropped as a result of ongoing hemodilution.
Reaching the physiological limit of an individual pig, mitoPO, acutely dropped and
this drop preceded other signs of inadequate oxygen delivery, like a rise in serum
lactate. Thus, mitoPO, measurements can be useful as a novel transfusion trigger for
personalized transfusion medicine. Studies that show that this drop in mitoPO, can
be reversed by transfusion of autologous blood and that mitoPO, could indeed be a
potential physiological transfusion trigger are under way.

UNRAVELING THE OXYGEN BALANCE

Fluid resuscitation, based on systemic hemodynamic parameters remains key in the
treatment of sepsis shock. The substantiation for this type of treatment is based on the
hypothesis that the development of septic shock and multiorgan failure is caused by tissue
hypoxia because of a higher metabolic rate together with impaired diffusion processes
in the microcirculation [54]. However, many clinical trials have failed to demonstrate
benefits of resuscitation on hemodynamic parameters, such as blood pressure, central
venous pressure, cardiac output and central venous saturation [3,4,55,56]. This suggests
that other mechanism, such as mitochondrial dysfunction, also play a role in the
pathogenesis of sepsis shock. However, the literature about mitochondrial dysfunction
in sepsis shows conflicting results [57**], most likely because of the lack of a valid and
reliable measurement method to monitor mitochondrial dysfunction [58]. Therefore,
we suggested PpIX-TSLT as a possible noninvasive monitoring tool for measuring
mitoPO, and mitochondrial oxygen consumption (mitoVO,) in vivo. Oxygen consumption
is determined by a dynamic mitoPO, measurement, measuring mitoPO, every second
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for approximately 90 s, while microvascular oxygen supply is blocked by applying
pressure on the skin with the measuring probe. mitoVO, can then be derived from the
resulting oxygen disappearance curve [59]. We demonstrated the feasibility to measure
the mitoPO, and mitoVO, in an endotoxemic model of acute critical illness [60]. In this
study, we observed a decreased mitochondrial oxygen consumption in endotoxemic rats
independently of the fact whether mitoPO, was reduced or restored by fluid resuscitation,
suggesting that endotoxemia had a lasting effect on mitochondrial function, even in
the absence of evident hemodynamic shock. Another recent study compared the PplIX-
TSLT measurements with a widely used ‘ex vivo’” mitochondrial respirometry technique.
The same decrease in mitoPO, and mitochondrial oxygen consumption were measured
with the PpIX-TSLT after the induction of sepsis, but ‘ex vivo’ mitochondrial function
measurements remained unchanged before and after induction of sepsis. This results
are probably caused by a higher sensitivity of the ‘in vivo’ PpIX-TSLT measurements
compared with the classic ‘ex vivo’ measurements. After demonstrating the feasibility
of cutaneous mitoVO, measurements, it remained important to demonstrate that
cutaneous mitoPO, and mitoVO,, at least to some extent, reflect such mitochondrial
parameters in other vital organs. Therefore, we conducted a study that compared the
values and responses of cutaneous mitoPO, and mitoVO, with liver and gastrointestinal
tract [61]. The results showed that the absolute value of mitoPO, and mitoVO, in the skin
may differ from other organs, but that the trend of a decreased mitoPO, and mitoVO,
was observed in all studied organs after the administration of endotoxin.

CONCLUSION

Mitochondria are the ultimate destination of oxygen delivery. Measurement of oxygen
and oxygen utilization at the mitochondrial level is expected to be of benefit for guiding
therapies aimed at restoring or optimizing tissue oxygenation and ultimately organ
function. PpIX-TSLT is a noninvasive and well tolerated technique to measure mitoPO,
and mitoVO,. The COMET system allows bedside use of this technique, providing a next
step in monitoring.
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CHAPTER 6

ABSTRACT

By using a newly developed optical technique which enables non-invasive measurement
of mitochondrial oxygenation (mitoPO,) in the intact heart, we addressed three long-
standing oxygenation questions in cardiac physiology: 1) what is mitoPO, within the
in vivo heart?, 2) is mitoPO, heterogeneously distributed?, and 3) how does mitoPO,
of the isolated Langendorff-perfused heart compare with that in the in vivo working
heart? Following calibration and validation studies of the optical technique in isolated
cardiomyocytes, mitochondria and intact hearts, we show that in the in vivo condition
mean mitoPO, was 35 + 5 mm Hg. The mitoPO, was highly heterogeneous, with the
largest fraction (26%) of mitochondria having a mitoPO, between 10 and 20 mm Hg, and
10% between 0 and 10 mm Hg. Hypoxic ventilation (10% oxygen) increased the fraction
of mitochondria in the 0-10 mm Hg range to 45%, whereas hyperoxic ventilation (100%
oxygen) had no major effect on mitoPO,. For Langendorff-perfused rat hearts, mean
mitoPO, was 29 + 5 mm Hg with the largest fraction of mitochondria (30%) having a
mitoPO, between 0 and 10 mm Hg. Only in the maximally vasodilated condition, did
the isolated heart compare with the in vivo heart (11% of mitochondria between 0
and 10 mm Hg). These data indicate 1) that the mean oxygen tension at the level of
the mitochondria within the heart in vivo is higher than generally considered, 2) that
mitoPO, is considerably heterogeneous, and 3) that mitoPO, of the classic buffer-
perfused Langendorff heart is shifted to lower values as compared to the in vivo heart.
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1. INTRODUCTION

Mitochondria figure prominently in cardiac physiology by powering virtually all forms of
mechanical and chemical work of the heart. These organelles can also play a decisive
role in cell death and survival signaling. Oxygen is the underlying, ultimate molecule
used by the mitochondria, thus giving it the essential role in dictating life or death. The
partial pressure of oxygen within the mitochondria (mitoPO,) is hypothesized to have
a regulatory function in important physiological processes such as energy production,
radical production, oxygen sensing, and gene expression [1-5]. Surprisingly, no direct
quantitative data concerning the in vivo mitoPO, within the intact heart are available in
the literature.

MitoPO, can be estimated from PO, values reported for other compartments such as
the cytosolic, tissue or vascular compartments. Interestingly, most studies report rather
low PO, values ranging from 10 — 17 mm Hg for vascular and interstitial compartments
[6-8] to 3—7 mm Hg for the cytosolic compartment [9—11]. Such low values suggest that
the oxygen tension at the mitochondria, being at the lowest end of the diffusion pathway
which oxygen must travel, is below 5 mm Hg, making it likely that oxygen regulates
energy production [1,3,5]. These values deviate largely from other studies, however,
which report cardiac microvascular PO, values of 50 — 70 mm Hg [12] or interstitial
values of 45 mm Hg [13]. Using these latter, higher values, mitoPO, is estimated to be
between 20 and 40 mm Hg. To resolve these conflicting estimated data on such an
important (patho-)physiological parameter of the heart, our first goal of the present
study was to provide a direct determination of mitoPO, within the intact heart. To this
end, we employed a novel optical technique using oxygen-dependent quenching of the
delayed fluorescence lifetime from mitochondrial protoporphyrin IX (PplX) [14,15].

In addition, although spatial heterogeneity of blood flow, oxygen delivery and oxygen
metabolism within the heart is well accepted [12,16,17], it is not known whether
such heterogeneity extends to the oxygenation status of mitochondria. Aside from
heterogeneity dictated by blood flow distribution, heterogeneity may also exist due
to the distribution of mitochondria within the cardiomyocyte, i.e., subsarcolemmal
and interfibrillar mitochondria [18]. When mitoPO, heterogeneity is present, the
determination of a single averaged mitoPO, for the whole heart is misleading in that
a significant, albeit small, part of all mitochondria within the heart may still be oxygen
limited. Thus, a second goal of the present study entailed the determination of mitoPO,
heterogeneity using a lifetime-deconvolution algorithm developed by Golub et al. [19].

Finally, we wanted to compare the mitochondrial oxygenation status in the isolated,
Langendorff-perfused heart with that in the in vivo working heart. Investigations with
isolated hearts are numerous, and the results obtained have been used to further
our understanding of heart physiology, so that the validity of this model is of utmost
importance [20]. We are not aware of other studies that have directly compared the
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mitochondrial oxygenation status of the isolated heart with that of the in vivo heart, and
as such, this direct comparison will aid in answering questions concerning the validity of
the isolated heart model.

In the present study we used a novel optical technique [14,15], which allowed for the
first time guantitative and non-invasive measurements of mitoPO, in the intact heart.
Following validation of our technique for determination of mitoPO, within the heart,
our observations demonstrated rather high mean mitoPO, values of 35 mm Hg in the
in vivo heart. However, cardiac mitoPO, was considerably heterogeneous, such that
10% of mitochondria in the in vivo condition and 30% of mitochondria in the isolated
Langendorff-perfused condition still had a mitoPO, between 0 and 10 mm Hg, despite
the relatively high mean mitoPO,. Only in the maximal vasodilated condition did the
mitochondrial oxygenation status of the isolated heart mimic that of the in vivo heart.

2. MATERIALS AND METHODS

2.1. Animals

Male Wistar rats (Charles River, Wilmington, MA), 38 animals in total with body weight of
351+ 7 g, were anesthetized with 60 mg/kg pentobarbital and received 5-aminolevulinic
acid (ALA; 200 mg/kg dissolved in PBS (100 mg/ml)) through the tail vein, 2-5 h before
experimentation or saline (controls). The protocol was approved by the Animal Research
Committee of the Academic Medical Center at the University of Amsterdam. Animal
care and handling were performed in accordance with the guidelines for Institutional
and Animal Care and Use Committees (IACUC).

2.2. Isolated cardiomyocytes

Hearts (n =4) were excised from pentobarbital-anesthetized animals and cardiomyocytes
isolated according to previous reports [21]. Cardiomyocytes were kept in albumin-free,
low Ca2+-containing Krebs—Henseleit solution until measurements.

2.3. Fluorescence microscopy
Fluorescence microscopy was performed using a Leica fluorescence microscope (DM
RA HC) with a cooled CCD camera (KX1400, Apogee Instruments, Roseville, CA) and
CY3 band pass filter set. Detection of protoporphyrin IX (PplX) and MitoTracker Green
was similar to that previously reported [15]. Cardiomyocytes were incubated with
MitoTracker Green (27 nM for 30 min) and con-

traction inhibited with butanedione monoxime (BDM; 20 mM). PplX bleaches
rapidly, and we used this property to separate PplX fluorescence from other sources
of autofluorescence [15]. Two successive illuminations of 30 s were performed while
integrating the fluorescence images on the cooled CCD. The second image was subtracted
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from the first image using Image-Pro Plus software (Media Cybernetics, Bethesda, MD).
The resulting “bleached image” represented the true PplX signal. MitoTracker Green
images were acquired with a 2 s integration time.

2.4. Flow cytometry

Cardiomyocytes were isolated from hearts of either ALA-treated or saline-treated
animals (control). The PplX fluorescence was studied in control and ALA cells with a
LSRII flow cytometer (LSRII, BDbioscience San Jose, CA). To study PpIX fluorescence, the
viable cardiomyocytes were gated from a FSC (forward scatter) and SSC (side scatter)
dotplot, and PplIX was excited by the blue laser (488 nm) and fluorescence was detected
at 695 nm.

2.5. Imaging cryomicrotome

Hearts from ALA-treated and saline-treated animals were rinsed with saline solution and
submerged togetherin a solution of carboxymethylcellulose sodium solvent (Brunschwig
Chemie, Amsterdam) and Indian ink (Royal Talens, Apeldoorn) and frozen at -20 °C in
an imaging cryomicrotome [22]. The frozen hearts were serially sectioned from base
to apex into 17 um slices. After each cut, images were taken from the cutting plane of
the remaining bulk using a 4000 x 4000 pixel camera (ALTA U16, Apogee Instruments,
Roseville, CA) equipped with a 70-180 mm Nikon lens, with excitation set at 510/20 nm
and fluorescence detected at 635/30 nm.

2.6. Calibration of the PpIX delayed fluorescence lifetime with partial oxygen tension
in cardiomyocytes

A cardiomyocyte suspension of 2 ml was placed in a custom-made cell oxygenator [15].
An adjustable gas-mixture of 02, N2 and 5% CO, was blown over the cell suspension
with %0, set at 0, 1, 2, 3, 4 or 5%. Oxygen consumption was inhibited using KCN (10
mM), rotenone (4 uM) and diphenyleneiodonium (DPI; 40 uM).

2.7. Evaluation of the calibration of the PpIX delayed fluorescence lifetime in isolated
hearts

To test the feasibility of the calibration of PpIX delayed fluorescence lifetime obtained
in isolated cardiomyocytes for use in the intact heart, we performed PplX lifetime
measurements in Langendorff- perfused hearts (n = 3) perfused with 2 mM potassium
cyanide, 25 mM KCl and 0 mM CaCl, to prevent contraction and oxygen consumption of
the heart. For each heart, the perfusate was equilibrated with two different %0, levels
between 0 and 7%, balanced with N, and 5% CO,. Oxygen tension was measured in the
inflow just above the heart using a needle-type fiber-optic microsensor (World Precision
Instruments, Sarasota, FL).
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2.8. Isolated mitochondria and effects of ALA administration

Mitochondria were isolated from hearts of animals treated with ALA (200 mg/kg)
dissolved in PBS (n = 3) or with PBS only (n = 3), 3=5 h before isolation. Procedures
of isolation were as reported previously [23]. In short, hearts were placed in isolation
buffer (200 mM mannitol, 50 mM sucrose, 5 mM KH2PO4, 5 mM MOPS, 1 mM EGTA,
and 0.1% BSA) and minced into small pieces; then 5 U/ml protease was added, and
the mixture was homogenized. The homogenate was centrifuged at 3220 g for 10 min,
and the pellet was resuspended in isolation buffer and centrifuged at 800 g for 10 min.
The remaining supernatant was centrifuged at 3220 g for 10 min. The final pellet was
resuspended in isolation buffer and kept onice, and the protein content was determined
by the Bradford method.

All procedures were performed at 4 °C. Mitochondrial oxygen consumption was
measured polarographically at 37 °C in a respirometer using mitochondria (0.3 mg
protein/ml) resuspended in respiration buffer [23]. Respiration was initiated with 10
mM succinate + 10 uM rotenone (state 2 respiration), followed by the addition of 200
UM ADP (state 3 respiration). The respiratory control index (RCl) was calculated as the
state-3 to state-4 ratio.

2.9. In vivo hearts

Animals (n = 5) were anesthetized with s-ketamine (150 mg/kg) and diazepam (1.5 mg/
kg), and maintenance anesthesia was provided through i.v. administration of a-chloralose
(30 mg/kg/h). Mechanical ventilation (70 breaths per min, 0.4 inspiration phase, 5 mm
Hg PEEP) was started following intubation, and a left thoracotomy was performed to
expose the heart [24]. Mean arterial pressure and heart rate were monitored through a
fluid-filled catheter positioned in the cannulated carotid artery. Body temperature was
maintained at 37 °C. Inspiration oxygen fraction was initially set at 40% and subsequently
switched to 100% and finally 10% O,. The 40% FiO, step was deliberately chosen instead
of 20% FiO, to ensure compensation for ventilation-perfusion defects due to mechanical
ventilation [25] resulting in arterial PO, values in the physiological range reported for
spontaneously air-breathing animals (~ 120 mm Hg).

2.10. Microvascular PO, of the in vivo hearts

To compare the mitoPO, with other indices of cardiac oxygenation, cardiac microvascular
PO, (uPO,) of the in vivo heart was determined in separate animals (n=4) by the method
of oxygen-dependent quenching of the phosphorescence lifetime of intravenously
injected Pd-porphyrin (Pd-meso-tetra(4-carboxyphenyl)porphine, Frontier Scientific Inc,
Logan, UT). To this end Pd-porphyrin was bound to albumin according to Sinaasappel et
al. [26] and intravenously injected (12 mg/kg). Phosphorescence signals were obtained
from the in vivo rat heart using a fiber based phosphorimeter [27]. These measurements
were performed in a similar in vivo heart model as used for the PplX determinations, at
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FiO2 of 40%, 100% and 10%, respectively (see description above).

2.11. Isolated Langendorff-perfused hearts

Hearts were isolated from pentobarbital-anesthetized animals and perfused at constant
flow at 80 mm Hg according to previous reports [28]. Hearts (n = 6) were paced at
300 beats/min, and a balloon was inserted in the left ventricle to record left ventricular
pressure. The perfusate contained glucose (10 mM/I), pyruvate (0.1 mM/I), lactate (1
mM/1), and glutamine (0.5 mM/I) as substrates. Venous oxygen tension was measured
in the pulmonary artery using a needle-type fiber-optic microsensor (World Precision
Instruments, Sarasota, FL). Perfusate was equilibrated with either 95%/0%/5%,
70%/25%/5% or 45%/ 50%/5% of OZ/NZ/Coz, respectively, using separate calibrated
gas bottles. In a separate series (n = 6), the effect of maximal vasodilatation (100 uM
adenosine and 1 uM nitroprusside) on the oxygenation status was studied.

2.12. Delayed fluorescence setup

The setup was essentially the same as that described previously [14]. In short, the
excitation source was a tunable laser providing pulses of 2—4 ns (510 nm, 0.2 mJ/pulse).
The detector was a red- sensitive photomultiplier tube combined with a monochromator
set at 640 nm. Signal processing was done with a home-built integrator with an
integration time of 3.5 ps and a reset time of 0.5 ps. A PC-based data-acquisition system
sampled the signal at 250 kHz and averaged 64 laser pulses (repetition rate 20 Hz) prior
to analysis. Controller and data-acquisition software was written in LabView (Version
7.1, National Instruments, Austin, TX).

2.13. Recovery of mitoPO, histograms
In case of a non-homogenous mitoPO,, the delayed fluorescence signal can be described
generally by an integral over an exponential kernel:

t
y(@®) = f exp(-20) 1)

where f(A) denotes the spectrum of reciprocal lifetimes that should be determined from
the finite data set y(t). According to Golub et al. [19], a detailed recovery of the underlying
oxygen distribution can be obtained by assuming that the delayed fluorescence signal
can be described by a sum of rectangular distributions with adequately small chosen
width (26), resulting in the following fit equation:

Y*(t) = Y(£)[exp (kot)kqSt/sinh (kodt)] = Twiexp (—kqQ;it)

where Y(t) is the normalized phosphorescence data, kO is the first- order rate constant
for delayed fluorescence decay in the absence of oxygen, kq is the quenching constant,
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and wi is the weight factor for the according bin with central PO,Q, and width 26 (w20
and Yw=1). Recently, this approach was successfully used by our group for the recovery
of microvascular PO, histograms from phosphorescence lifetime measurements [29]
and mitoPO, histograms from delayed fluorescence lifetime measurements in rat liver
in vivo [14]. Recovery of oxygen histograms from the photometric signal was performed
with the GraphPad Prism package (Version 4, GraphPad Software Inc, San Diego, CA).
Mean mitoPO, values were calculated from the retrieved mitoPO, histograms.

2.14. Chemicals

Mitotracker Green was obtained from Invitrogen (Carlsbad, CA). Pentobarbital was
obtained from Ceva (Sante Animale B.V., Maassluis, The Netherlands), Diazepam from
Centrafarm (Etten-Leur, The Netherlands), S-ketamine from Pfizer B.V. (Capelle a/d Issel,
The Netherlands) and PBS was obtained from Baxter. ALA, a-chloralose, KCN, rotenone,
DPI, BDM, KH,PO,, MOPS, EGTA, BSA, protease, mannitol, succinate, pyruvate, sucrose,
lactate, glucose, glutamine, adenosine, nitroprusside and the compounds for the Krebs—
Henseleit buffer were all obtained from Sigma (St. Louis, MO).

2.15. Presentation of data
The data are presented as mean + SEM, unless stated otherwise.

3. RESULTS

3.1. Subcellular location of PpIX

Four hours after ALA administration, we observed a similar nonhomogeneous
cellular distribution of PpIX fluorescence and MitoTracker Green signals in isolated
cardiomyocytes (Fig. 1A). The very high colocalization of both images indicates the
mitochondrial localization of the PplX signal.

3.2. Calibration of the mitochondrial signal

Oxygen-dependent delayed fluorescence traces were clearly detectable from
cardiomyocyte suspensions subjected to various oxygen levels. The calibration curve
of reciprocal lifetime versus partial oxygen pressure for cardiomyocytes demonstrated
a quenching constant (kq) that was similar to the kq obtained in hepatocytes [14],
indicating the general applicability of the calibration constant across organs (Fig. 1B).
Lifetime under zero oxygen conditions (t ) was 0.8 ms.

3.3. ALA treatment does not affect mitochondrial oxygen consumption (Fig. 1C)

In order to examine whether ALA-induced mitochondrial accumulation of PplX affected
mitochondrial oxygen consumption, mitochondria were isolated from ALA-treated and
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vehicle- treated animals. PpIX accumulation had no effect on respiration, coupling ratio
or oxidative phosphorylation of the mitochondria, demonstrating that ALA-treatment
did not disturb oxygen consumption.
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Figure 1. PplIX in cardiomyocytes and mitochondria. (A) Fluorescence microscopy showing (from left to
right) PplX fluorescence, MitoTracker Green fluorescence and colocalization of PpIX and Mitotracker
Green fluorescence in isolated cardiomyocyte. (B) In vitro calibration experiments showing two examples
of delayed fluorescence traces recorded at two different oxygen concentrations and the reciprocal
delayed fluorescence lifetime (1/t) versus PO, in suspensions of isolated cardiomyocytes. Inserted is
the Stern—Volmer equation in which k, is the quenching constant and 1, is the lifetime at zero oxygen.
Lifetimes were retrieved from the data by a mono-exponential non-linear Marquart—Levenberg fitting
procedure. Shown are the mean and SD. (C) Function of mitochondria isolated from hearts of control or
ALA-treated animal showing state 3 and 4 respiration, respiratory control index (RCl) and the P/O ratio.
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3.4. Validation of the calibration constants in isolated rat heart

To test the validity of the calibration constants obtained from the isolated cardiomyocytes
in intact heart we measured the delayed fluorescence lifetime in isolated Langendorff-
perfused hearts from ALA treated animals. Oxygen consumption was blocked by addition
of cyanide and measurements were performed at varying oxygen tensions in the
perfusate. Blockage of oxygen consumption abolishes the oxygen gradients in the tissue
and mitoPO, should equal the PO, in the perfusate. Mono-exponential fitting of the
delayed fluorescence signals showed clearly oxygen-dependent delayed fluorescence
lifetimes (Fig. 2A). Conversion of the lifetimes into mitoPO, values using the calibration
constants kg = 826 mm Hg- 1 s- 1 and t0 = 0.8 ms obtained from cardiomyocyte
suspensions resulted in excellent agreement between mitoPO, and the PO, in the
perfusate (Fig. 2B).
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Figure 2. Evaluation of the calibration constants in isolated rat heart. (A) Measured delayed fluorescence
lifetime versus the PO, in the perfusate after cessation of mitochondrial oxygen consumption by addition
of cyanide. Lifetimes were retrieved from the data by a mono-exponential non-linear Marquart—
Levenberg fitting procedure. (B) MitoPO, versus the PO, in the perfusate. MitoPO, was calculated from
the delayed fluorescence lifetimes in panel A using the quenching constants obtained in suspensions of
cardiomyocytes. The solid line is the line of equality.

3.5. Distribution of ALA enhanced PplIX

Our analysis method assumes that PpIXis homogenously distributed in the measurement
volume. For proper interpretation of our data it is essential to know to what extend
this assumption holds in practice. Images from the cryomicrotome clearly showed
increased, diffuse and near homogeneous red fluorescence throughout the entire
myocardium after ALA administration (Fig. 3A). Some local differences in fluorescence
intensity were visible, but this comprised relatively large areas also visible in the control
heart. Therefore, these differences might be due to fixation and cutting artifacts instead
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of true heterogeneities in the PplX distribution. This was indeed confirmed by the flow
cytometry experiments, which showed a uniform emergence of red fluorescence after
administration of ALA (Fig. 3B).
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Figure 3. Distribution of ALA enhanced PplXin the myocardium. (A) Typical example of an image obtained
in the cryomicrotome showing PplX fluorescence in hearts from a control (saline treated) and an ALA
treated animal. Excitation at 510 nm, emission at 630 nm. (B) Flow cytometry in cardiomyocytes isolated
from a control and ALA treated animal. Excitation at 488 nm, emission at 695 nm. The histograms are
normalized to the maximal counted number of cells having equal fluorescence intensity (% of Max), i.e.
the peaks of the individual histograms.

3.6. MitoPO, in the in vivo heart
FiO,-dependent delayed fluorescence signals were obtained from in vivo rat heart (Fig.
4A). At 40% FiO,, the largest fraction (26%) of mitochondria was found in the range of
10 — 20 mm Hg, with a mean mitoPO, of 35 + 5 mm Hg (Fig. 4B). Increasing Fi0, to 100%
had no major effect on the mitoPO, distribution; however, reducing FiO, to 10% resulted
in large changes: 46% of the mitochondria were in the lowest oxygen range of 0 — 10
mm Hg (Fig. 4B). The imposed FiO, changes were accompanied by alterations in arterial
oxygen tension and blood pressure, without changes in arterial CO, tension (Table 1).
In separate experiments, we measured microvascular PO, (uPO,) using the exogenous
dye Pd-porphyrin for the three different FiO,. uPO, amounted to 67 + 3, 108 + 9 and 22
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+ 4 mm Hg, at 40%, 100% and 10% FiO,, respectively.
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Figure 4. MitoPO, in the in vivo heart. (A) Delayed fluorescence traces from the heart of an animal
ventilated with 10% oxygen (left panel) and 40% oxygen (right panel). (B) Distributions of mitoPO, at
different FiO, (n =5). The grey lines denote the mean mitoPO,.

Table 1. Hemodynamics and blood gas values of rats in vivo (n = 5)

FO, MAP Heart rate PaO, PaCoO, tHb

% mm Hg Beats/min mm Hg mm Hg mmol/|
40 99+5 351+21 115+5 41+3 6.9+0.5
100 103+6 336+ 20 331+£20 43+6 6.2+0.7
10 50+5 305+15 39+3 40+ 2 6.2+0.7

FO, = inspiration oxygen %; MAP = mean arterial pressure; Pao, = partial arterial oxygen tension; Paco, = partial
arterial carbon dioxide tension; tHb = total hemoglobin. Values are given as mean + SEM.

3.7. MitoPO, in the Langendorff-perfused heart

Delayed fluorescence signals were obtained from isolated hearts, showing decreasing
decay times (shorter 1) with increasing percentage of oxygen (%0,) in the perfusate
or with increased flow (going from the normal vasodilated to the maximal vasodilated
condition) (Fig. 5A). The recovery of mitoPO2 histograms provides a detailed view of
the effects of %0, and vasodilatation on mitochondrial oxygenation (Fig. 5B). Only at
maximal oxygenation (95%) and maximal vasodilatation did mitoPO, start to approach
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a normal distribution in the isolated heart, with a mean mitoPO, of 40 + 3 mm Hg.
The normally perfused Langendorff-condition had a mean mitoPO, of 29 + 5 mm Hg
(at 95% oxygen). A dichotomous distribution was observed, with the largest fraction
of mitochondria falling into the lowest oxygen range (0 — 10 mm Hg). The fraction of
mitochondria in the lowest oxygen range increased further as the %0, was decreased
to 70% and 45%.
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Figure 5. MitoPO, in the isolated Langendorff-perfused heart. (A) Examples of delayed fluorescence
traces for 95%, 45%, and 6% oxygen saturated perfusate in a vasodilated heart (left panel) and delayed
fluorescence traces of a normal and maximally vasodilated heart (right panel). (B) Distributions of
mitoPO, at different %0, in perfusate for normal (n = 6) and maximally vasodilated hearts (n = 6). The
grey lines denote the mean mitoPO,.
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Decreasing %0, was associated with decreased mechanical performance and oxygen
consumption of the hearts, whereas maximal vasodilatation increased mechanical
performance and oxygen consumption (Table 2). It should be noted that oxygen
consumption increased with vasodilation due to the large coronary flow increases,
despite the increase in venous PO, with vasodilation for each level of % O, perfusate.
Increasing the heart rate from 300 to 400 BPM did not change the mitoPO, distribution in
hearts without vasodilation (Fig. 6). In hearts with maximal vasodilation there appeared
to be a tendency towards lower mitoPO, values at higher heart rate without reaching
significance in any of the bins (paired non-parametric testing).
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Figure 6. Response of mitoPO, to a heart rate step in the Langendorff-perfused heart. Distributions of

mitoPO, at 300 and 400 beats per minute (BPM) with and without maximal vasodilation and with 95%
oxygen saturated perfusate.
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Table 2. Functional characteristics of isolated Langendorff-perfused rat hearts

o, Flow Pt P P.. VPO, MVO,mol/min/G,, ~ RPP(x 10%)
% perfusate ml/min/G, mm Hg mm Hg mmHg mm Hg umol/min/G mm Hg/min
95 13.3+0.8 78 %2 1177 2+1 153+9 9.3+0.5 35.1+2.2
70 13.3+0.8 80+5 105+12 2+1 82+7 7.4+04 31.6+35
45 13.3+0.8 89+11 71+7 2+1 364 51+0.2 21.4+2.2
95 23.1+£0.7 79+1 138+5 2+1 295+21 11.8+0.8 414 +15
70 23.1+0.7 83+4 123+7 2+1 205+ 14 9.1+0.6 351+19
45 23.1+0.7 96 +7 106+ 8 2+1 91+11 7.1+£0.5 31.7+2.1

Values are given for hearts (n = 6) perfused at normal vasodilatation (normal flow) and at maximal vasodilatation
(n = 6; high flow) for different % oxygen in the perfusate.

G,, = gram, wet weight; Pperf = perfusion pressure; PSVS = systolic pressure; P, = diastolic pressure; VPO, = venous

oxygen tension; MVO, = oxygen consumption, RPP = rate pressure product (PSVS x heart rate). Values are given as
mean + SEM.

4. DISCUSSION

This study s, toour knowledge, the first to describe direct measurements of mitochondrial
oxygen tension within the intact heart. The main findings provide evidence that mean
cardiac mitoPO, in vivo has a relatively high value of 35 mm Hg. Importantly, we found
that mitoPO, was heterogeneously distributed within the rat heart in vivo, such that even
when mean mitoPO, was 35 mm Hg, 10% of mitochondria still had a low PO, between 0
and 10 mm Hg. In addition, the frequently used isolated heart preparation operates at a
lower mitochondrial oxygenation status than that of the in vivo heart.

4.1. In vivo myocardial PO, and mitoPO, heterogeneity

Because oxygen transport to the mitochondria is driven by a concentration gradient
determined by consumption in the mitochondria, the oxygen tension in the mitochondrial
compartment should be at the lowest end of oxygen tensions present compared to other
[4] compartments (vascular, interstitial, cytosolic) of the intact heart. The mean mitoPO,
value of 35 + 5 mm Hg reported here is in accordance with tissue PO, values of 45 + 8
mm Hg [13] and microvascular PO, values of 50 — 70 mm Hg found in the present and
past studies [12], but is much higher than anticipated from estimates derived from
cytosolic/interstitial/vascular measurements of 3 — 17 mm Hg [6 — 11]. Interestingly, this
observation coincides with recent findings of oxygen pressure in tissues other than heart
[30]. Myoglobin saturation studies in in vivo pig hearts, using either optical reflectance
spectroscopy [31] or 1H NMR [32], were unable to detect desaturation of myoglobin.
Knowing that these techniques can detect myoglobin desaturation only when intracellular
PO, falls below 22 mm Hg [32], and that only an average myoglobin saturation is detected,
these studies indicate an average cytosolic PO, above 22 mm Hg. Thus, the values obtained
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with myoglobin saturation technigues are commensurate with our averaged mitoPO, of 35
mm Hg. Only recently has consensus been reached that the levels of oxygen in the tissue
are much higher than originally thought of, due to the development of new techniques
with increased accuracy [30]. The present study with the use of a novel technique clearly
indicates that this new consensus may also hold for the heart.

Although the averaged mitoPO, observed in vivo was higher than anticipated, it
is important to take into account the heterogeneity of mitoPO, within the heart. The
observed heterogeneity in mitoPO, in the present study extends previously observed
heterogeneities in, for example, blood flow and oxygen consumption down to the level
of the mitochondria [12,16,17]. In addition, the mitoPO, heterogeneity indicates that
approximately 10% of the mitochondriain the in vivo heart are exposed to a PO, between
0 and 10 mm Hg. Isolated mitochondria studies have demonstrated that mitochondrial
oxidative phosphorylation is dependent on oxygen concentrations at PO, < 12-15 mm Hg
[1,3,5]. This implies that some fraction of the mitochondria within the in vivo heart may
well be partially controlled by the prevailing oxygen tension. That myocardial oxygen
may be limiting is also supported by studies in myoglobin-knockout mice. Although the
first studies in these mice concluded that myoglobin is of no physiological consequence
for cardiac function [33], subsequent studies demonstrated that multiple compensatory
mechanism in these mice were present [34], indicating an important role for myoglobin
in oxygen delivery. Considering the major role that mitochondria play in cellular oxygen
sensing [4], the quantitative determination of mitoPO, in the in vivo condition provides
important information for the design of oxygen critical experiments.

4.2. Isolated versus in vivo hearts

In non-vasodilated Langendorff-perfused isolated hearts, the fraction of mitochondria
with oxygen tensions between 0 and 10 mm Hg increased to 30%, as compared to the
10% observed in the in vivo condition. Interestingly, studies using three-dimensional
microvascular modeling together with myoglobin saturation information [35,36] have
also concluded that approximately 15-30% of the myocardium in the Langendorff-
perfused heart was hypoxic. Alleviating the 30% “hypoxic mitochondrial area” to 10%
by increasing perfusate flow was indeed accompanied by increased myocardial oxygen
consumption and mechanical performance, suggesting at least that the normal perfused
isolated heart was oxygen limited. This data agree with older literature suggesting that
the isolated heart is partially hypoxic [37,38]. Our data indicate that the oxygenation
status of the isolated Langendorff-perfused heart model is comparable to that of the in
vivo heart only in the maximally vasodilated condition.

4.3. Methodological considerations

The PplX delayed fluorescence technique provides a powerful tool for monitoring
mitoPO, in cardiac muscle. The underlying lifetime technology is highly robust in that
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it needs no recalibration and is immune to changes in tissue optical properties and
tissue geometry, important features in a beating heart. A practical advantage is also that
the technique does not need a physical contact with the heart, like oxygen electrodes,
and is not locally destructive. As an optical technique it is scalable from microscopic
to macroscopic implementations providing extensive opportunities for study of the
heterogeneity of mitoPO, and its cause. Because of its resemblance to phosphorescence
lifetime measurements further technological developments could provide e.g. imaging
[39], 3-dimensional scanning by two-photon excitation [40] and multi-wavelength
excitation [29]. The main disadvantage is the relatively small penetration depth of light
in tissues. Therefore, the technique is not non-invasive for the whole organism (like e.g.
MRI), but one always needs to make the organ or tissue accessible to the optical device.
In the present study we converted lifetime distribution to oxygen histograms, based on
the assumption that the heterogeneity in delayed fluorescence lifetimes arises from a
volume with homogeneous distribution of PpIX and heterogeneous concentration of
oxygen [19]. Such an assumptionis generally relied on when converting phosphorescence
lifetime distributions into quencher distributions [19,41,42]. In the present study,
fluorescence microscopy of freshly isolated cardiomyocytes from ALA-treated animals
showed the typical mitochondrial fluorescence patterns well known from NADH
autofluorescence microscopy [43,44], indicating that PpIX synthesis is not sequestered
within a cardiomyocyte. On a more macroscopic level, ALA administration induces a
diffuse and near homogenous PplX fluorescence throughout the heart as observed by
the cryomicrotome and flow cytometry experiments.

Based on the work of Gandjbakhche et al. [45] the measurement depth with
excitation at 510 nm is estimated to be between 400 and 500 um, due to absorption and
scatter of the excitation light. Sinaasappel et al. [46] estimated a catchment depth of 500
um, using Monte-Carlo simulations on the penetration depth of 520 nm excitation light
in phosphorescence lifetime measurements in the intestine. Assuming a left ventricular
free wall thickness of 1.5 mm during diastole and 2.5-3.0 mm during systole, our mitoPO,
measurements mainly reflect the oxygenation of the epicardium. Therefore, the mitoPO,
distributions are unlikely to be caused by differences in endocardial and epicardial
oxygenation. We previously demonstrated in rat liver that diffusion of ambient oxygen
into the tissue has limited influence on the shape of mitoPO, histograms [14]. Oxygen in
the ambient atmosphere marginally contributes to the highest PO, bins without altering
the overall shape of the histograms. Exposure of epicardial surface to air is therefore
very likely not the cause of the observed heterogeneity in mitoPO..

The delayed fluorescence lifetime in vivo may also be affected by bound versus
unbound PplIX and pH. Theoretically, unbound PpIX could mimic a very high PO, and
distort the mitoPO, histograms. Unbound PplIX has a lifetime which is too short to
be resolved with our current setup and therefore will not contribute to our signal.
Furthermore, binding of PpIX with different environments could affect the lifetime
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measurements by introducing additional lifetimes at a homogenous PO,. However,
the linear relationship between reciprocal delayed fluorescence lifetime and PO, after
abolishing oxygen gradients by addition of cyanide, as predicted by the Stern—Volmer
equation [26,47] and obtained by monoexponential fitting on the data, argues against
such influence. Physiological changes in pH have in general only minor effects on the
guenching constants of phosphorescence [26,48,49] and delayed fluorescence [15].
Overall, despite the assumptions made in the current analysis and the possible caveats
this introduces into the interpretation of the data, we regard PpIX delayed fluorescence
asavaluable addition to the arsenal of techniques that allows new insight into myocardial
oxygenation.

In summary, the data of the present study revealed that the amount of oxygen
present within the mitochondria of the intact heart is higher than previously anticipated,
is heterogeneously distributed and is lower in the often-used tyrode perfused isolated
heart model as compared to the in vivo heart. Together, these results provide a first
guantitative characterization of mitochondrial oxygenation within the intact heart in
both the in vivo and isolated condition.
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CHAPTER 7

ABSTRACT

Background

The leading cause of mortality due to pulmonary arterial hypertension (PAH) is failure of
the cardiac right ventricle. It has long been hypothesized that during the development
of chronic cardiac failure the heart becomes energy deprived, possibly due to shortage
of oxygen at the level of cardiomyocyte mitochondria. However, direct evaluation of
oxygen tension levels within the in vivo right ventricle during PAH is currently lacking.
Here we directly evaluated this hypothesis by using a recently reported technique of
oxygen-dependent quenching of delayed fluorescence of mitochondrial protoprophyrin
IX, to determine the distribution of mitochondrial oxygen tension (mitoPO,) within the
right ventricle (RV) subjected to progressive PAH.

Methods

PAH was induced through a single injection of monocrotaline (MCT). Control (saline-
injected), compensated RV hypertrophy (30 mg/kg MCT, MCT30), and RV failure (60
mg/kg MCT, MCT60) rats were compared 4 wk after treatment. The distribution of
mitoPO, within the RV was determined in mechanically-ventilated, anaesthetized
animals, applying different inspired oxygen (FiO,) levels and two increment dosages of
dobutamine.

Results

MCT60 resulted in RV failure (increased mortality, weight loss, increased lung weight),
MCT30 resulted in compensated RV hypertrophy. At 30% or 40% FiO,, necessary to
obtain physiological arterial PO, in the diseased animals, RV failure rats had significantly
less mitochondria (15% of total mitochondria) in the 0-20 mmHg mitoPO, range than
hypertrophied RV rats (48%) or control rats (54%). Only when oxygen supply was reduced
to 21% FiO,, resulting in low arterial PO, for the MCT60 animals, or when oxygen demand
increased with high dose dobutamine, the number of failing RV mitochondria with low
oxygen became similar to control RV. In addition, metabolic enzyme analysis revealed
similar mitochondrial mass, increased glycolytic hexokinase activity following MCT, with
increased lactate dehydrogenase activity only in compensated hypertrophied RV.

Conclusions

Our novel observation of increased mitochondrial oxygenation suggests down-regulation
of in vivo mitochondrial oxygen consumption, in the absence of hypoxia, with transition
towards right ventricular failure induced by pulmonary arterial hypertension.
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INTRODUCTION

Severe pulmonary arterial hypertension (PAH) is associated with poor prognosis.
The development of PAH induces hypertrophy of the right ventricle (RV) that often
transition into RV failure. Heart failure of the right ventricle during chronic PAH is
the most common cause of mortality in severe PAH, with metabolic and energetic
derangements as a prominent signature of heart failure [1]. In the hypertrophied and
failing heart, the increased systolic wall stress in the ventricular wall would be expected
to increase the energy demand, whereas the increased size of the cardiomyocyte and
the decreased capillary density is anticipated to diminish the oxygen supply. These
observations have led to the suggestion that there is an imbalance between oxygen/
energy supply-demand in the hypertrophied heart, which possibly contributes to the
transition to the decompensated, failing heart [2]. The often-observed decreased PCr/
ATP ratio, increased reliance on glucose metabolism and elevated lactate levels [3,4]
are in support of such a mismatch, and suggest that the failing heart is an engine out
of fuel [5]. One possible cause for reduced ATP production in the failing heart could be
the lack of enough oxygen provided to the mitochondria. Hitherto, this question has
only been indirectly evaluated through 1H NMR techniques which estimate the ratio of
deoxygenated to oxygenated myoglobin. Examining several heart failure models using
this technique it was concluded that reduced oxygen availability does not play a role in
heart failure [3,6,7]. The sensitivity of this technique, however, is such that a signal can
only be detected when the entire myocardial tissue investigated reaches an intracellular
PO,<20 mmHg [3]. Since the mean PO, at the level of the mitochondria in intact healthy
heart is approximately 35 mmHg [8], the myoglobin technique can only detect large
decreases (>40%) in myocardial oxygenation. Thus, relatively smaller decreases or any
increase in myocardial oxygenation will go unnoticed with the 1H NMR technique. In
addition, the mitoPO, within the heart is highly heterogeneous, such that at a mean
mitoPO, of 35 mmHg a significant portion of mitochondria may have a mitoPO,<20
mmHg [8]. These mitochondria may become oxygen-limited, as studies in isolated
mitochondria have demonstrated decreased oxygen consumption when PO, drops
down in the 10-20 mmHg range [9,10].

Alternatively, ATP production could also diminish due to intrinsic mitochondrial
remodelling resulting in suppression of mitochondrial energy production. Suppression
of mitochondrial energy metabolism through mitochondrial metabolic reprogamming
together with increased glycolysis was recently proposed as intrinsic mechanism in
the development of heart failure [11]. In addition, mitochondrial oxygen consumption
may also be inhibited through competition of increased levels of NO with O, at the
level of cytochrome c oxidase during hypertrophy and heart failure [12]. Irrespective
of the precise mechanism, suppression of mitochondrial energy metabolism should
be reflected by elevated mitoPO,. Therefore, the non-invasive determination of
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oxygenation within the intact heart may shed light on the important question whether
the development of cardiac hypertrophy and the subsequent transition to heart failure
is associated with increased hypoxia or suppressed mitochondrial energy production.
Since mitochondria are the principal sites of ATP generation, they are the ideal site
of determining the prevailing oxygen tension. Our group recently developed a non-
invasive technique which allows, for the first time, the quantitative determination of
the distribution of mitochondrial PO, within the heart [8,13-15]. Validation studies in
several cell lines have demonstrated that the delayed fluorescence signal and its lifetime
is determined by mitochondrial PpIX and the amount of mitochondrial oxygen present
[15]. Subsequent studies, extending from cells to isolated organs to the in vivo organ for
liver [14] and heart [8], validated that the lifetime of the specific delayed fluorescence
signal measured in all these conditions did indeed reflect the mitochondrial oxygen
tension. In the current project we now apply this novel technique to examine the in
vivo mitochondrial oxygenation in the right ventricle during the development of cardiac
hypertrophy and failure due to pulmonary arterial hypertension.

METHODS

The experiments of this study were approved by the ethical committee for animal
subjects of the Academic Medical Center at the University of Amsterdam and Erasmus
Medical Center at the University of Rotterdam. Care and handling of the animals were in
accordance with the guidelines for Institutional and Animal Care and Use Committees.
Male Wistar rats (n=22; 7-8 wk, 180-220 g, Harlan, Netherlands) were attributed to
either receive an intraperitoneal injection of monocrotaline (MCT) at a dose of 30 mg/
kg (n=7) or 60 mg/kg (n=9), or normal saline (n=6). Body weight was monitored for the
next 28 days.

Animal preparation

Invasive measurements were performed on 28 days after intraperitoneal injection. We
selected 28 days post MCT administration, because in our hands RV heart failure and
sharp reductions in body weight then starts to develop before most of the animals die.
Premedication was done with subcutaneous buprenorphine (Temgesic, Schering-Plough,
Netherlands; 0.05 mg/kg), 30 minutes before intraperitoneal injection of NaOH-buffered
5-aminolevulinic acid (ALA; 200 mg/kg). ALA was administered to increase mitochondrial
PplIX concentration. 30 minutes before instrumentation of the animals a further equal
dose of buprenorphine was administered. Anesthesia was induced by isoflurane. 5%
isoflurane in oxygen was used for controls, and 3% isoflurane for monocrotaline treated
animals (pilot experiments showed increased sensitivity of MCT animals to isoflurane
induction). Anesthesia was then similarly maintained for all groups by pentobarbital at
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60 mg/kg initial dose followed hourly by 60% of the initial dose. Body temperature was
rectally measured and kept at 37+0.5°C with a heating pad. The airway was secured by
tracheal intubation following which the animals were ventilated in pressure-controlled
mode at 40% oxygen with a positive end-expiratory pressure of 2.5 mbar. The ventilator
settings were checked by capnography and blood gases. The carotid artery and jugular
vein were cannulated for blood pressure and heart rate monitoring and infusion of fluid
(Ringer’s lactate at 10 ml/kg/h) and drugs, respectively. A median upper laparotomy was
performed, the diaphragm incised and the pericardium opened. The fiber optic probe
for mitoPO, measurements was positioned transdiaphragmally at approximately 1 mm
from the right ventricle (RV) of the beating heart.

Experimental protocol

The measurements of the mitochondrial oxygen partial pressures (mitoPO,) were
started at 2 hours after ALA injection, to allow sufficient increases in mitochondrial PpIX
for the delayed fluorescence measurements. The experimental protocol consisted in the
measurement of mitoPO, at varying inspiratory oxygen fraction (40%, 30%, 21%, 40%)
and at two dosages of dobutamine (Centrafarm, Etten-Leur, Netherlands), 2.5 ug/kg/min
and 5 pg/kg/min. All measurements during the infusion of dobutamine were made at an
inspiratory oxygen fraction of 40%. The 30 and 40% FiO, are necessary to prevent non-
physiological low arterial oxygen tension in the MCT animals, probably because in these
animals the lung damage impaired ventilation/perfusion matching within the lungs.
Every step of the protocol was maintained for 10 minutes before any measurement was
performed. At each step 0.2 ml blood was sampled from the cannulated carotid artery
and analyzed with a blood gas analyzer (ABL800 flex, Radiometer, Copenhagen). At the
end of the experiment, right ventricular pressure was measured by transmyocardial
puncture using a 23-gauge needle connected to a pressure transducer and automatic
flushing system. After termination of the experiment, heart and lungs were excised and
weighed. The heart was subsequently dissected into right and left ventricle, after a small
apical part of the heart was removed for histological and biochemical processing. The
tissue was immediately frozen in liquid nitrogen and stored at-80°C.

Mitochondrial PO2 measurements

The principle and setup for in vivo mitoPO, measurements was previously reported
[8,14,15], and a detailed description of the used setup was recently published [13]. In
brief, mitochondrial oxygen tensionis measured with the Protoporphyrin IX (PpIX)—Triplet
State Lifetime technique. Application of ALA results in the mitochondrial accumulation
of PplIX. PpIX displays oxygen-dependent quenching of delayed fluorescence lifetime.
Mitochondrial PplIX is excited at 510 nm through an excitation fiber coupled to a
tunable laser, and delayed fluorescence at 630-700 nm is detected by an emission fiber
connected to a gated microchannel plate photomultiplier. A PC-based data-acquisition
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system sampled the signal at 1 MHz and averaged 64 laser pulses (repetition rate 20
Hz) prior to analysis. The delayed fluorescence signal was then used to recover the
different mitoPO, histograms from fitting the signal by a sum of rectangular distributions
of delayed fluorescence lifetimes. Three separate series of 64 pulses were analyzed and
averaged at each experimental condition.

Tissue analysis

Three sections of the apex, 5 um thick, were cut in a cryostat, collected on slides, fixed
in 4% formaldehyde, stained with hematoxylin and eosin, dehydrated and mounted in
Entellan (Merck). Images were obtained with a 40x objective, and cross-sectional area
of individual myocytes was determined at the level of the nucleus using Image J (imagej.
nih.gov/ij/), taking the pixel to aspect ratio into account [16]. Within each section the
cross-sectional area was determined for 6-12 cardiomyocytes. RV and LV homogenates
were obtained by grinding the frozen tissue into powder in liquid nitrogen, dissolving the
powder in 1 ml ice-cold homogenization buffer (0.5% Triton X-100, 250 mM sucrose, 20
mM Hepes (pH 7.4), 10 mM KCI, 1.5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 0.1
mM PMSF, 5 ug/ml leupeptin and aprotinin and 1 pg/ml pepstatin), 15 min incubation,
sonication and finally 1 min 10,000 g centrifugation to obtain the supernatant. Citrate
synthase activity, as marker of mitochondrial content, and hexokinase and lactate
dehydrogenase activities, as markers of glycolysis, were determined in the supernatant
according to published spectrophotometric techniques [17,18], and normalised to
protein content (Bradford technique).

Statistics

The data are presented as mean+SEM. One way analysis was performed followed by
Fisher’s probable least-significant-difference post hoc analysis between groups (SPSS
Statistics 20). A value of P<0.05 was considered statistically significant.

RESULTS

General characterization of MCT animals

Two 60 mg/kg MCT animals (MCT60) died before 4 wk. One 30 mg/kg (MCT30) and one
MCT60 animal died at induction of anesthesia. 6 animals of each MCT group completed
the experimental protocol. Body weight developed to a similar degree for all three
groups up to 3 wk. Thereafter the MCT60 group started to lose weight, such that at 4
wk body weight was significantly reduced for the MCT60 group as compared to control
and MCT30 (Figure 1A). In addition, MCT60 demonstrated increased lung weight at
4 wk (Figure 1B). RV hypertrophy was similar in both MCT groups (Figure 1C and D),
whereas peak RV pressure almost tripled in MCT60 rats (Figure 1E). These data indicate
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compensated RV hypertrophy for the MCT30 group, and the start of right heart failure
for the MCT60 group.
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Figure 1. Body weight and anatomical and functional characteristics of right ventricle of control and MCT
treated animals. A. body weight after 28 d following MCT administration. B-D. lung mass, right ventricle
(RV) mass relative over left ventricle (LV) mass, and cross-sectional area (CSA) of cardiomyocytes in RV
and LV, respectively, at end of 28 d following MCT treatment. E. systolic RV pressure measured at end
experimental protocol (n=6 per group).

Hemodynamics and blood oxygenation

Physiology of the animals during the experimental protocol is depicted in Figure 2.
Althoughthere was atrend that MCT in general lowers hemodynamicsin the anesthetized
animals, this only reached significance for heart rates (Figure 2A) during the dobutamine
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infusions; no significant depression of MAP (Figure 2B) was observed following MCT
treatment. Reducing FiO, was paralleled with reductions in arterial PO, for both control
and MCT animals, whereas arterial PO, was in most conditions significantly higher for
control versus MCT animals (Figure 2C). At 30% FiO, the arterial oxygen tension was still
at a normal physiological level (~100 mmHg) for the MCT60 group, whereas at 21% FiO,
arterial oxygen tension dropped below normal arterial oxygenation levels (<70 mmHg),
indicating that at least 30% FiO, was necessary to maintain physiological PaO, in the
MCT60 animals. There also was a non-significant trend for decreased oxygen saturation
of hemoglobin in MCT animals at 21% FiO, (Figure 2D).
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Figure 2. Hemodynamics (A: heart rate; B: mean arterial pressure (MAP)) and blood oxygenation (C:
arterial oxygen tension; D: oxygen saturation of haemoglobin(Hb)) during the changes in inspiration
oxygen (FiO 2 ) and the administration of two dobutamine infusion rates. * p<0.05 relative to CON
(control). (n=6 per group).
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Mitochondrial oxygen tension

FiO,-dependent PplX delayed fluorescence signals were obtained in vivo from the RV
of control and MCT animals and the distribution of mitoPO, histograms determined
(Figure 3). At 40% FiO,, the distribution of mitoPO, showed a rightward shift towards
higher values for the MCT60 RV as compared to control RV (Figure 3A). The fraction
of mitochondria with PO, values below 20 mm Hg, assumed to be oxygen limited, was
similar between control (54+11%) and the MCT30 group (48+12). However, significant
less mitochondria within the RV of the MCT60 group (15+10%) were observed in this
low oxygen range as compared to control (Figure 3B). A similar pattern exists when
FiO, was reduced to 30% oxygen (Figures 3C-D). Only when inspired oxygen supply was
further reduced to 21%, the fraction of mitochondria within the 0-20 mmHg PO, range
of the RV MCT60 group (42+13%) increased to values similar as control (53+5%) (Figure
3E-F). Resetting FiO, again to 40% restored oxygenation to the initial 40% inspiration
conditions, indicating reversibility of the phenomenon (Figures 3G-H).

We next analyzed the responses of RV oxygenation towards increases in energy
demand by using two different doses of dobutamine infusions (Figure 4). At adobutamine
dose of 2.5 ug/kg/min the differences observed in oxygenation between MCT60 and
control RV persisted (Figure 4A-B); only at the highest dobutamine dose did the fraction
of mitochondria in the 0-20 mmHg range in the MCT RV (32+16%) become similar to
that in control RV (49+10%) (Figure 4C-D).
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Figure 3. Right ventricle mitoPO, measurements during changes in inspiration oxygen content (FiO,) for
control (CON) and monocrotaline-treated animals (MCT). A, C, E, and G: total distribution of mitoPO,
during the different FiO, settings. B, D, F, and H: the fraction of mitochondria displaying a mitoPO,<20
mmHg during the different FiO, settings. * p<0.05 relative to CON (control). (n=6 per group).
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Figure 4. Right ventricle mitoPO 2 measurements during administration of two doses of dobutamine
(dobu) for control (CON) and monocrotaline-treated animals (MCT). A, C. total distribution of mitoPO2
within RV. B, D. the fraction of mitochondria displaying a mito PO2<20 mmHg. *p<0.05 relative to CON
(control). (n=6 per group).

Post-experimental metabolic analysis

Finally, we examined metabolic changes within RV and LV at the different stages of
pulmonary hypertension (Figure 5). Citrate synthase activity was unaffected by MCT
treatment in RV and LV, indicating similar mitochondrial mass among groups. Hexokinase
(HK) activity was increased in the RV of both MCT groups. No change in HK activity was
observed in LV. In contrast, lactate dehydrogenase (LDH) activity was only increased in
the RV of the MCT30 group, but not in the RV of the MCT60 group. LDH activity in LV was
unaltered (Figure 5). These data indicated a differential response of glycolytic enzymes
to the development of RV failure.
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Figure 5.Metabolic marker enzyme activities in RV and LV of control and MCT treated animals 28 d
following MCT administration. A. citrate synthase (CS) as mitochondrial marker; B. hexokinase (HK) as
glycolytic marker; C. lactate dehydrogenase (LDH), as lactate metabolism marker. ¥*p<0.05 relative to
the respective CON (control). (n=6 per group).

DISCUSSION

Hypoxia at the level of the cardiomyocyte mitochondria is hypothesized as an important
contributing factor in the development of cardiac failure [2,5,19,20]. A critical evaluation
of this hypothesis has been missing due to the lack of a technique enabling quantitative
measurements of mitochondrial oxygenation within the in vivo working heart. In the
present study, through application of a recently developed technique by our group,
we show that at the initiation of cardiac failure, mitochondrial oxygenation is higher
(under baseline conditions) or equal (under decreased oxygen supply or increased work
demand conditions) as compared to healthy hearts. No decreased cardiac mitochondrial
oxygenation was observed, arguing against hypoxia being an important contributor to
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the development of right heart failure.

Mitochondrial oxygenation and cardiac metabolic signature of RV failure
Our observation of less mitochondria with low oxygen in the RV failure developing
animals, suggests decreased mitochondrial oxygen consumption in the transition from
compensated hypertrophy towards cardiac failure. Decreased oxygen consumption has
indeed been directly measured 4-6 wk after MCT administration, although not in intact
hearts but in permeabilized cardiac fibers or minced heart tissue [19-21]. Suppression
of mitochondrial metabolism together with increased glycolysis was recently proposed
as intrinsic mechanism underlying the development of pulmonary arterial hypertension
and heart failure [11]. This data would suggest that impairments in energy production
(ATP synthesis) in RV heart failure, as reported by different groups [19,22], are mainly
metabolically mediated, and not through impairment of oxygen delivery. Theoretically,
mitoPO, can also be elevated as a consequence of increases in oxygen supply when going
from the hypertrophied to the failing condition. However, such evidence cannot be found
in literature. On the contrary, capillary density or coronary blood flow or angiogenesis
are commonly decreased in hypertrophy or with the transition towards heart failing
[11,16,23]. The increased mitochondrial PO, measured in this study is also not a result
from a decrease in mitochondrial capacity, since citrate synthase activities were similar
between control and MCT RV. Previous work from our group also demonstrated unaltered
mitochondrial capacity in RV of MCT-treated animals [16,24]. We did find elevated HK
activities in the hypertrophied and failing RV, consistent with other studies [25-27].
Interestingly, increases in hexokinase were recently also noted as metabolic hallmark of
aright heart failure program [28]. The increase in HK is probably an adaptive mechanism,
attenuating structural and maladaptive remodelling with pressure-overload [29].
Interestingly, LDH activity was only increased in the compensated hypertrophied RV, but
not in the failing RV. Thus, decreased number of mitochondria with low oxygen tension
and loss of LDH increase are the specific metabolic markers observed in the present
study that sets the developing failing RV apart from the compensated hypertrophied
RV. Although increased cardiac HK has been associated with decreased cardiac oxygen
consumption [29-31], or decreased LDH may decrease oxygen consumption considering
lactate as important substrate for the heart [32,33], further in-depth studies directed
at these metabolic hypotheses are needed before any affirmative statements can be
made. Alternatively, although not examined in the present study, mitochondrial oxygen
consumption may also decrease due to cytochrome c oxidase inhibition by NO, which
levels were shown to be increased in congestive heart failure [12,34]. Irrespective of
the exact molecular mechanism, our novel observation of higher in vivo mitochondrial
oxygenation suggests impaired in vivo mitochondrial metabolism as a possible trigger
for the development of RV failure.

In the current work the chemical substance MCT was used to induce pulmonary
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hypertension; however, pulmonary hypertension can have several different etiologies
(chronic thromboembolic, pre-versus postcapillary pulmonary hypertension, connective
tissue disease, etc.). Although we anticipate that, independent of the etiology, any
increase in pulmonary arterial pressure will increase RV afterload and thereby most
likely start the metabolic, mitochondrial, remodelling phase as described here for the
MCT model, further research is warranted to state this more definitively for different
pulmonary hypertension etiologies.

Methodological considerations

Under baseline conditions the animals were mechanically ventilated with 30-40%
inspiration oxygen, which is above the ambient air content of oxygen (21%) with
spontaneously breathing. The higher inspiration oxygen levels are necessary to
compensate for the known ventilation-perfusion defects caused by anesthesia and
mechanical ventilation in especially diseased humans and animals [35,36] and are the
recommended inspiration oxygen levels with mechanical ventilation used in the clinical
arena. Mechanical ventilation in our healthy animals with a FiO, of 21% resulted in an
arterial tension of approximately 80 mmHg, below the 100 mmHg normally obtained
with spontaneous breathing, indicating that the use of ambient air oxygen levels with
mechanical ventilation and anesthesia is indeed associated with insufficient blood
oxygenation. In addition, we needed at least a FiO, of 30% to obtain a physiological
normal arterial tension of 100 mmHg in the MCT60 animals. Most importantly, even
with the lower arterial oxygen tension of the MCT60 animals as compared to healthy
controls at 30% or 40% FiO,, there were still less mitochondria with pO,<20 mmHg in
the MCT60 RV, illustrating that the fewer mitochondria with low oxygen are not simple
a result of higher arterial oxygen in these sick animals.

The present study used the monocrotaline-induced pulmonary arterial hypertension
intervention as a model to study RV hypertrophy and failure. Because almost all animal
models are not fully mimicking the clinical features of human pathologies, studies in
different models of heart failure, e.g. infarction- or aortic constriction-induced models,
will need to be examined to more definitely establish whether increased mitochondrial
oxygenation is in general a signature of HF. In addition, although we did not fully
characterise RV function with e.g. echocardiography, other studies demonstrated RV
dysfunction with 60 mg/kg MCT at 3-6 weeks after MCT administration [11,19,20,37,38].
Together with the reported decreased body weight and increased mortality in the
present study it is likely that the MCT60 animals at 4 wk after MCT administration are in
the critical transition phase of RV decompensation. However, the use of full RV function
characterization with mitoPO, measurements is needed in future studies to describe
in more detail the relation between RV dysfunction and RV mitochondrial oxygenation.
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CHAPTER 8

ABSTRACT

Objectives
To test the hypothesis that myocardial microcirculatory and mitochondrial oxygenation
is altered in endotoxemic shock and restored during resuscitation.

Design
Prospective randomized laboratory study.

Setting
University research laboratory.

Subjects
Male Sprague-Dawley rat (n = 48).

Interventions

Rats were challenged with lipopolysaccharide. After 90 min of untreated endotoxemic
shock, rats were randomly assigned to 7 treatment groups: no resuscitation,
fluid resuscitation only, fluid plus dobutamine, fluid plus levosimendan, fluid plus
norepinephrine, fluid plus norepinephrine and dobutamine, fluid plus norepinephrine
and levosimendan (n = 6 / group). A control group (n = 6) underwent all procedures
as all other animals but was neither treated with lipopolysaccharide nor resuscitation
protocol.

Measurements and Main Results

Myocardial mitochondrial and microcirculatory pO, were measured by oxygen-
dependent quenching of phosphorescence. Hemodynamic parameters, mixed-venous
and arterial oxygen partial pressures (pO,) and mitochondrial, superficial and deep
microcirculatory pO, were collected during the 5h experiment. Troponin was measured
at end experiment.

Endotoxemic shock caused a transient increase of microcirculatory and but no change
of mitochondrial oxygenation as compared to controls. No hypoxic pO, (< 10 mmHg)
were measured in endotoxemic animals. The increased microcirculatory oxygenation
was temporarily preserved by fluid resuscitation, before it dropped to similar levels of
non-resuscitated hearts after 90 min. All additional drug treatments were without effect
on microcirculatory and mitochondrial oxygenation. Troponin levels were only elevated
in norepinephrine treatment groups.

Conclusions
Our study showed that after an initial transient increase of the microcirculatory
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oxygenation, myocardial microcirculatory and mitochondrial oxygenation are preserved
during endotoxemic shock. Resuscitation did not further affect myocardial oxygenation.
However, norepinephrine-resuscitation resulted in troponinemia indicating its possible
deleterious effect on the myocardial integrity.

Key Points
Question
(1) Does endotoxemic shock cause hypoxia microcirculatory and mitochondrial
oxygenation in rat hearts in vivo. (2) Do fluid, norepinephrine, dobutamine or
levosimendan as single or combined drugs influence cardiac oxygenation or (3)
cause myocardial injury?

Findings

After an initial transient increase of the microcirculatory oxygenation, myocardial
microcirculatory and mitochondrial oxygenation are preserved during endotoxemic
shock. Fluid resuscitation only caused a transient increase of cardiac oxygenation
and additional drug treatments led to no further effect. Troponin levels were only
elevated in norepinephrine treatment groups.

Meaning

Preserved cardiac oxygenation and absence of hypoxia in endotoxemic shock fuels
the hypothesis of altered oxygen utilization and challenges the standard resuscitation
approach. Norepinephrine treatment was associated with myocardial injury.
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INTRODUCTION

Great advances in the understanding of the pathophysiology of sepsis have been
achieved. However, there is a manifest difficulty to consolidate the accumulated
evidence into a comprehensive view. Even more challenging appears the translation of
this knowledge into a more successful sepsis therapy [1]. Sepsis is currently defined
as “life-threatening organ dysfunction caused by a dysregulated host response to
infection”[2]. In the heart, sepsis causes left and right ventricular dysfunction [3].
Elevated troponin levels in septic cardiomyopathy indicate cellular injury and are related
to higher catecholamine requirements and increased mortality [4]. The most frequently
suggested cause for troponin release is shortage of oxygen (i.e. hypoxia and ischemia),
and one of the commonly debated concepts for the explanation of sepsis-induced organ
dysfunction. Moreover, it is the only concept translated into a clinical treatment strategy
[5]. Although hypoxia is generally considered to contribute to cardiac dysfunction in
sepsis, experimental evidence for this is very limited. The sole experimental data with
direct myocardial O, measurements corroborate this mechanism showing hypoxia in
endotoxemic rat hearts in a normotensive model [6]. In earlier publications, this has
been contended by contrary findings in studies searching for indirect evidence of cellular
0, deficit [7, 8]. Contemporary concepts support altered oxygen utilization over hypoxia
as pathophysiological mechanism of organ dysfunction however direct proof of absence
of hypoxia is still lacking [9-11].

Using a modern comprehensive optical approach, we aimed to answer the question
whether endotoxemia changes myocardial oxygenation causing hypoxia. Neither of
the earlier studies examined the effect of supportive treatments comparable to those
being used in clinical practice on myocardial oxygenation. It remains to be elucidated
whether these supportive therapies translate to improved oxygen delivery from the
microcirculatory to the mitochondrial compartment, which represents the ultimate
target of the intended increase of oxygen delivery. It has even been suggested that
supportive measures might actually contribute to clinical worsening of septic patients
[12]. In addition to our primary question, we studied the effects of fluid resuscitation,
norepinephrine, dobutamine and levosimendan as singular interventions and as a
conjunction of fluid plus vasopressor and/or inotrope therapy on myocardial oxygenation
status and injury.

Inan endotoxemic shock model we measured the microcirculatory and mitochondrial
oxygen partial pressures (PO,) in rat hearts in vivo, using a multi-wavelength optical
technique. Microcirculatory PO, (uPO,) was measured with a phosphorescence
quenching technique [13] and mitochondrial PO, (mtPO,) with oxygen-dependent
delayed fluorescence of mitochondrial protoporphyrin IX [14]. Firstly, we explored,
whether endotoxemia causes myocardial hypoxia in non-resuscitated animals. Secondly,
we examined the influence of protocol-based resuscitation with clinically relevant
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supportive measures on myocardial microcirculatory and mitochondrial oxygenation as
well as the occurrence of myocardial damage.

MATERIALS AND METHODS

An extended Methods section can be found in the Supplemental Digital Content
(Supplemental Digital Content).

Oxygenation measurement

Mitochondrial (mtPO,), superficial and deep microcirculatory PO, (uPO,) were
measured by oxygen-dependent quenching of phosphorescence in rat hearts in vivo
using a setup developed in our laboratory as published earlier [14-17]. Pd-meso-tetra-
(4-carboxyphenyl)-tetrabenzoporphyrin (1 mg/kg; Oxyphor G2, Oxygen Enterprises,
Philadelphia, PA), was used for uPO, measurements. Protoporphyrin IX synthesis was
increased by 5-aminolevulinic acid hydrochloride (200 mg/kg; ALA, Sigma-Aldrich, St.
Louis, MO, USA) to measure mtPO, [17]. Blood gas analysis (ABL 800 flex, Radiometer,
Copenhagen) was performed as indicated (Figure 1).

Group Nr. Treatment

control

2] no resuscitation -

fluid resuscitation (FR) fluid bolus and continued fluid resuscitation

FR + norepinephrine (NE) starting at 120 min
FR + dobutamine starting at 120 min
FR + levosimendan starting at 120 min
FR + NE + dobutamine  starting at 120 min
FR + NE + levosimendan starting at 120 min

baseline fluid continued
measurements bolus| |fluid resuscitation (group 3)
r or
ALAip. Oxyphor Gz‘ LPSiv. drug therapies (groups 4-8) Troponine
i.v.
l A i

O N O U1 D

\ % —no therapy —|
7 et e B = —— —— ;
‘ ’ ' o o o . ° [} ) . o L) . [}
* * * * *
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Figure 1. Schematic of the protocol

ALA: aminolaevulinic acid, i.p.: intra-peritoneal injection, iwv.: intravenous injection, LPS:
lipopolysaccharide; NE: norepinephrine, Dobu: dobutamine, Levo: levosimendan, dots: measurement
of mtPO,, superficial and deep pPO,; stars: arterial and central-venous blood gas analysis including
hemoglobin and measurement of cardiac output; hatched boxes represent duration of infusion.
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Experimental protocol

The Animal Research Committees of the Academic Medical Center Amsterdam and
Erasmus Medical Center Rotterdam approved this study in 48 male Wistar rats. Care
and handling of the animals were in accordance with the guidelines for Institutional and
Animal Care and Use Committees.

Anesthesia was induced with isoflurane 5 % (Pharmachemie BV, Haarlem, The
Netherlands) followed by intraperitoneal pentobarbital (60 mg/kg; Apotheek Faculteit
Dierengeneeskunde Utrecht, NL) and sufentanil (20 pg/kg; Janssen-Cilag BV, Tilburg,
NL). After surgery anesthesia was maintained with intravenous propofol (10 mg/kg/h;
Fresenius Kabi, Nederland BV, Schelle, Belgium), midazolam (0.05mg/kg/h; Actavis
Group PTC ehf, Hafnarfjordur, Iceland) and sufentanil (7.5 um/kg/h). The animals were
mechanically ventilated (Babylog 8000 plus, Draeger, Libeck, Germany) in volume-
controlled mode with a positive end-expiratory pressure (3 cmH,0). The inspired oxygen
fraction was adjusted to a systemic (arterial) oxygenation of 100 mmHg and ventilation
was corrected on end-tidal CO, and arterial PCO, (P.CO,). Animal preparation was
performed as published earlier and detailed in the online supplement (Supplemental
Digital Content)[15].

The experimental protocol was performed according to Figure 1. In short: oxygenation
and hemodynamic measurements comprised: superficial and deep uPO,, mtPO,, heart
rate, arterial pressure, cardiac output, and blood gas analysis. Lipopolysaccharide (LPS;
2.5 mg/kg; E. coli 0127:B8, Sigma-Aldrich, St. Louis, MO) was infused over 15 min. Rats
were randomly assigned to 8 groups. The 7 treatment groups were no resuscitation,
fluid resuscitation only, fluid plus dobutamine, fluid plus levosimendan, fluid plus
norepinephrine, fluid plus norepinephrine and dobutamine, fluid plus norepinephrine
and levosimendan (n = 6 / group). Ringer’s solution was given at 60 ml/kg/h (30 min),
then 25 ml/kg/h. If applicable, norepinephrine was added at 3 pg/kg/min (Centrafarm
BV, Etten-Leur, NL), dobutamine at 10 ug/kg/min (Centrafarm BV, Etten-Leur, NL) and
levosimendan at 3 pg/kg/min (Orion Pharma, Zug, Switzerland). In the 8th group 6
control animals underwent all procedures as all other animals but were not treated with
lipopolysaccharide or resuscitation protocol. After completion of the protocol animals
were euthanatized by potassium overdose.

Calculations

The deconvolution of the PO, signals was performed as published earlier [14, 18]. The
calculation of PO, histograms allows deriving the hypoxic or hyperoxic fractions. We
defined PO, < 10 mmHg as hypoxia [6, 19]. Hyperoxia was defined as > 140 mmHg in
the microcirculation and > 90 mmHg in the mitochondria. Systemic oxygen delivery,
consumption, and extraction were calculated using standard formulae [20].
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Myocardial injury biomarker
Serum troponin levels were measured by enzyme-linked immunosorbent assay from
plasma sampled at the end of the experiment.

Statistics

Normality was assessed with D’Agostino & Pearson test. Group differences of
hemodynamic and oxygenation parameters were analyzed with mixed-effects model
with Dunnett’s correction model (GraphPad Prism 8.4.3, GraphPad Software, San Diego,
CA, USA). Troponin and oxygenation at 300 min. were analyzed with Kruskal-Wallis test
with Dunn’s correction multiple comparisons test. A p < 0.05 was considered statistically
significant. Data are presented as mean + SD if not stated otherwise.

RESULTS

Whole body oxygenation parameters can be found in the eTable 1 which illustrates
the arterial, central-venous and derived global oxygenation parameters of controls and
treatment groups.

Effects of LPS and fluid resuscitation on hemodynamics and oxygenation
Hemodynamics

Endotoxemia without fluid resuscitation induced a state of hemodynamic deterioration
as witnessed by the sharp decrease in blood pressure just after the LPS-infusion (52* +
7.5 mmHg and 54* + 8.3 mmHg versus 120 + 15.4 mmHg in non- and fluid resuscitated
animals versus controls; *p < 0.0001 versus control) with only partial, temporary
recovery and further deterioration towards the end of the experiment. Furthermore,
endotoxemia depressed cardiac output in the last two hours of the experiment and
induced a slight decrease in heart rate towards the end of the experiment (Figure 2,
eFigure 1).

Fluid resuscitation initially increased blood pressure compared to non-resuscitation
(89 + 16 mmHg versus 57 + 15.1 mmHg; p < 0.01) but at the end of the experiment this
effect disappeared. The same pattern was observed for cardiac output (330 + 40.5 ml/
min versus 140 + 44.4 ml/min in fluid and non-resuscitated animals, respectively; p <
0.0001), whereas fluid was without effect on heart rate (471 + 12 /min versus 481 + 27
/min, p =0.6299).
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Figure 2. Hemodynamic and oxygenation measurements

Hemodynamic and oxygenation measurements of control (open circles and c), LPS-treated but non-
resuscitated (crossed open circles) and LPS-treated and fluid resuscitated animals (blue dots). (a)
superficial uPO,, (b) deep uPO,, (c) mtPO,, and (d) arterial pressure (MAP). Data are presented as mean
+SD. p < 0.05 (*) fluid resuscitation versus control, (#) fluid resuscitation versus no resuscitation.

Oxygenation
At baseline superficial uPO, was 67 + 7 mmHg, deep uPO, 56 + 6 mmHg and mtPO, 35+ 7
mmHg (n = 18). During the first 90 minutes after infusion of endotoxin superficial and deep
uPO, were increased in the non-resuscitation and fluid resuscitation group as compared
to control. At 90 min superficial and deep pPQ, in non-resuscitated, fluid resuscitated and
control animals was 74* + 8.6 mmHg and 72* + 7.4 mmHg, 68" + 9.3 mmHg and 68*
+ 11.8 mmHg, 44.5 + 9.8 mmHg and 39 + 3.9 mmHg, respectively (*p < 0.001 and *p
< 0.05 versus control). Mitochondrial PO, followed the same pattern of both, superficial
and deep, pPO, but to a lesser extent (Figure 2). Fluid resuscitation prolonged the period
during which both superficial and deep pPO, and mtPO, were higher than control values by
about an hour and 30 minutes, respectively, as compared to the non-resuscitation group.
Thereafter, superficial and deep uPO, dropped back values similar to the control group
for the later course. A compiled data set of the effect of fluid bolus resuscitation is shown
in the Supplement (eFigure 2, which illustrates the effect of fluid bolus resuscitation on
oxygenation, hemodynamics and derived oxygenation parameters).
The PO, distribution obtained by deconvolution showed no increased microcirculatory
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and mitochondrial hypoxia (PO, < 10 mmHg) in the non-resuscitated LPS-treated animals
(Figure 3). On the contrary, hypoxic fractions in the microcirculatory and mitochondrial
compartments were even larger in the controls than in LPS-treated animals in the first
120 min. At 90 min the hypoxic fractions in controls were 17 + 11% (superficial uPO,),
16 + 5% (deep WPO,) and 20 + 14% (mtPO,) whereas in LPS-treated animals, which all
were unrescuscitated by protocol at that time point, these fractions amounted to 1 +
2% in superficial pPO, (p = 0.002 versus controls), 2 + 2% in deep pPO, (p = 0.002) and
2 +3% in mtPO, (p = 0.034). Fluid bolus (at 120 min.) and fluid resuscitation had minor
effects on hypoxic fractions in all three compartments, except for a trend to lowering of
the hypoxic fractions at 210 min.
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Figure 3. Hypoxic fractions in LPS-treated and control animals
Box plots (min. to max.) and readings of single animals (dots) representing the fractions < 10 mmHg of
deconvoluted (a) superficial uPO,, (b) deep pPO,, and (c) mtPO, measurements of control (white), non-
resuscitated (black) and fluid resuscitated animals (blue). p < 0.05 (*) fluid resuscitation versus control,
(#) fluid resuscitation versus no resuscitation.
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Effect of drug treatment in addition to fluid resuscitation

Hemodynamics

There was no difference in arterial pressure, cardiac output between any drug treatment
group and fluid resuscitation only. Dobutamine, dobutamine plus norepinephrine and
levosimendan plus norepinephrine led to a higher heart rate than in fluid only treated
animals. The norepinephrine group led to a trend to higher arterial pressure as compared
to fluid resuscitation only (Figure 4, eFigure 3).
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Figure 4. Effect of drug treatment on oxygenation and mean arterial pressure

(a) superficial uPO,, (b) deep UPO, and (c) mtPO, plotted as percent change of the beginning of drug
treatment (at 120 min), (d) mean arterial pressure. LPS-treated and fluid resuscitated (FR) animals (blue
dots), FR plus norepinephrine (black triangle), FR plus dobutamine (black stars) FR plus levosimendan
(black squares), FR plus norepinephrine and dobutamine (grey stars) and FR plus norepinephrine and
levosimendan (grey squares).

Data are presented as mean £ SD. p < 0.05 (*) fluid resuscitation (FR) versus FR plus norepinephrine and
(%) FR versus FR plus norepinephrine and levosimendan.

Oxygenation

Addition of an inotrope, vasopressor or a combination of both had a very limited effect
on both superficial and deep pP0O, and mtPO, in comparison to fluid resuscitation
alone, besides a trend to higher uPO, values with norepinephrine as compared to fluid
treatment only (Figure 4).
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Troponin

The troponin levels measured at the end of the experiment were elevated in all
treatment groups containing norepinephrine (6.1 3.6 ug/L, 6.0+ 4.0 ug/Land 5.2 £ 2.5
pg/L in fluid plus norepinephrine, fluid plus norepinephrine and dobutamine and fluid
plus norepinephrine and levosimendan versus 1.1 + 0.7 ug/L, 1.4 + 0.8 pg/L, 1.5+ 0.5
ug/L, 2.3+ 1.2 ug/Land 2.1 £ 1.3 pg/L in controls, non-resuscitated, fluid resuscitated,
fluid plus dobutamine and fluid plus levosimendan). The mitochondrial oxygenation and
hypoxic fraction of mtP0, of the norepinephrine groups were not different as compared
to the other groups (Figure 5).
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Figure 5. Troponinemia in norepinephrine-treated groups is not associated with hypoxia

Box plots (min. to max.) and readings of single animals (dots) at 300 min. (a) troponin levels, (b) fractions
< 10 mmHg of deconvoluted mtPO,, (c) mtPO,. p < 0.05 (*) versus control, (#) versus no resuscitation,
(§) versus fluid resuscitation (FR), (&) versus FR plus levosimendan.
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DISCUSSION

In this study we investigated whether endotoxemic shock causes myocardial hypoxia.
Further the effect of protocol-based resuscitation on microcirculatory and mitochondrial
oxygenation in rat hearts was assessed. It is the first study addressing the oxygenation
in the cardiac microcirculatory and mitochondrial compartment simultaneously in vivo
in endotoxemia. Our study showed that myocardial microcirculatory and mitochondrial
oxygenation is preserved during endotoxemic shock and not affected by various
resuscitation procedures.

Our study underpins the conception of an unparalleled cardiac functional
morphology with a high density of capillaries [21] and mitochondria [22] making hearts
resilient to hypoxia even under severe conditions such as endotoxemic shock. In earlier
studies we investigated the oxygen supply dependency of various organs in rats. Of all
organs studied hearts could tolerate the lowest hematocrit when hemodiluted prior to
becoming oxygen supply-dependent, with critical hematocrit being 30%, 20% and 5%
respectively for the kidney, intestines and heart [23].

The supportive drug treatments with norepinephrine, dobutamine or levosimendan
as well as their combination did not significantly alter the course of uPO, and mtPO,.
However, norepinephrine entailed cellular damage, expressed as elevated troponin
levels in all norepinephrine groups, not found in all other treatment groups. Our study
suggests care should be taken with the use of norepinephrine as a vasopressor since it
may lead to myocardial injury [24, 25].

In our study, we provide direct measurement of myocardial uPO, and mtPO, We
found no evidence of hypoxia during endotoxemic shock. Neither pPO, nor mtPO,
dropped to 10 mmHg, let alone lower values, which could be interpreted as hypoxia
(6, 19, 26]. Also, after adopting a deconvolution of the PO, measurements, no hypoxia
could be uncovered. In fact, we found sustained and even transiently increased
microcirculatory oxygenation during endotoxemic shock. These findings are in line with
our earlier indirect measurements of myocardial dysoxia. In isolated endotoxemic hearts
we found no increased NADH fluorescence in endotoxemic hearts. However, in line with
our present findings, the use of potent vasoconstrictor agents, in our previous study this
were NO inhibitors and vasopressin, an increase of NADH fluorescence was seen [25].

There are several lines of investigation that indicate mitochondrial dysfunction as
contributor to myocardial depression well known in sepsis. Our finding of unaltered,
or even increased, mitochondrial oxygen levels fit in this concept. Very similar results
have been described in isolated endotoxemic rat hearts, in which higher myoglobin
saturations have been found than in controls. When oxygen shortage was applied,
myoglobin desaturation was less in endotoxemic hearts, suggesting reduced oxygen
consumption in endotoxemia [27]. The temporal impact on the alteration of myocardial
mitochondrial function has been shown by others as well [28]. A reduced complex |
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activity was found at 6h, but not at 2h after LPS injection [29]. Moreover, the type of
inhibition changed over time transmuting the competitive inhibition of complex IV to
non-competitive after 48h [30]. This gives an indication of the severity of the insult and
foretells its consequences as well.

The apparently conflicting results of (non-) presence of decreased uPO, or
mitochondrial function found in the literature need to be interpreted in the light of
the dynamicity of sepsis as well as varying mitochondrial sensitivity [31]. Reduced
myocardial but not skeletal muscle, renal and liver mitochondrial function has been
described in endotoxemia [28, 29, 32]. In common to the mentioned studies are the
findings of either higher sensitivity to LPS-dose and/or earlier decrease of function of
the myocardial mitochondria. Furthermore, comparability is apparently hampered not
only the type of sepsis (model) but also its severity. Accordingly, we found hypoxic signals
within the deconvoluted pPO, of the renal cortex in severe endotoxemic shock but not
in a normotensive version of the model. Yet, in both models mean pPO, exceeded the
hypoxic threshold. Even more interestingly, the animals in shock additionally developed
a hyperoxic signal [20, 33].

Effect of treatment

Fluid resuscitation yielded only a transient positive effect on mtPO, and uPO,, while
additional inotrope, vasopressor or a combination therapy had no significant impact.
Only levosimendan monotherapy led to a trend to lower pP0, and mtP0, and inotrope-
vasopressor combination to slightly higher uPO, values than other regimens.

The mechanistic model, that hypoperfusion or heterogenous perfusion at the
microcirculatory level causes cellular hypoxia and as a consequence organ failure, has
led to the strategy of reestablishing perfusion and oxygen delivery. The current sepsis
treatment guidelines are based upon this assumption [34, 35]. As discussed above,
ample evidence supports the notion that faulty oxygen delivery is most probably not
the key-player in the pathogenesis of sepsis-induced organ dysfunction. Based on these
thoughts the strategy of reestablishing perfusion, which represents currently the sole
supportive therapy in sepsis, should be challenged. Moreover, early goal-directed
therapy (EGDT) and “EGDT-like” usual care resuscitation protocols pursuing this goal
have proved not to affect outcome beneficially, if not even causing harm [36, 37]. In fact,
our study appears to corroborate this hypothesis. Hypoxia was not found. Furthermore,
fluid resuscitation led to a superfluous increase of oxygen delivery expressed by a rise of
mtPO, to supra-normal levels.

Myocardial damage

Troponin level elevation in the blood has been linked to septic cardiomyopathy. More
importantly, it has been associated to higher requirements of catecholamines and worse
outcome [3, 4, 38]. The exact mechanism of troponin release in septic cardiomyopathy
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is still under investigation. Direct inflammatory and its secondary effects as regional
heterogenous perfusion, hypoxia and altered oxygen utilization, but also direct impact
of LPS and gram-positive bacterial toxins on cardiomyocytes are being debated [10, 39].
We therefore measured troponin levels in all animals after completion of the
experimental protocol. Unexpectedly, animals treated with norepinephrine alone or in
combination with dobutamine or levosimendan were found to have significantly higher
troponin levels than animals of all other treatment groups. The macrohemodynamic
parameters of norepinephrine-treated animals were closer to those of the controls.
Furthermore, the mtPO, values were neither lower nor the hypoxic fractions higher.
Others have shown to be able to restore subendocardial flow even to supra-normal
levels with norepinephrine [40]. In fact, in our norepinephrine- and norepinephrine-
dobutamine-treated animals the difference between superficial and deep uP0, was
similar to controls. This suggests that endotoxin-associated flow redistribution could be
corrected by these regimens in our model. Moreover, the restoration of a endotoxin-
depressed complex I- and ll-dependent respiratory control ratio by norepinephrine has
been described [41]. Thus, no link to an insufficient, absolute or regional, oxygen supply
or consumption appears to be present.

A causal connection of catecholamine therapy and elevation of troponin levels is
increasingly recognized. Apoptosis and necrosis have been described in association
to catecholamine use [42, 43]. Moreover, catecholamine therapy fueled LPS-induced
apoptosis via multiple pathways in cardiomyocytes [44]. Cell culture and animal studies
provided evidence that Bl-adrenoreceptor (B1-AR) activation leads to protein kinase
A activation, calcium entry via voltage-dependent calcium channels [45], increase of
intracellular ROS and inflammatory mediators and finally, activation of caspase pathways
[46]. Interestingly, no troponin increase was found in the group treated with dobutamine.
This could be explained by the fact that norepinephrine seems to induce more harm
than other catecholamines [42].

Even though some trials failed to prove the link between norepinephrine therapy and
myocardial damage in septic patients [47] the use of catecholamines is more and more
qguestioned [12, 48]. On the other hand, there is a need to ensure a sufficient perfusion
pressure of all organs. An appealing alternative to changing vasopressor therapy to
vasopressin and its analogues, which also have their drawbacks, is the selective blockade
of the B1-AR. This strategy has not only proven to diminish proinflammatory mediators
and apoptosis but also seems to provide better outcomes [44, 49]. As much promising
as this may appear in a rat model of sepsis induced by intraperitoneal injection of fecal
slurry esmolol led to 50% reduction of the mortality of the animals predicted to be dying
at the expense of doubling the mortality of the animals predicted to survive [50]. Thus,
choosing the right patients will represent the forthcoming challenge.
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Limitations

The measurement of the beating heart in vivo and in situ confers the risk of measuring
disparate points on the heart. Knowing that oxygen delivery and consumption are
distributed heterogeneously [51], translational movement could potentially lead to
differing readings. In order to minimize translation of the measuring point a microscrew-
operated custom-made fibre holder, optimized surgical access and short fibre-
myocardium distance were used.

Another issue is the real value of uPO, and mtPO,. Our pPO, data match the
measurements presented by others [52]. Invasive oxygenation measurements have
yielded lower myocardial uPO, than reported here [6]. Conjoint experiments of non-
and invasive PO, measurements, however, demonstrated a good correlation of both
methods [53]. For mtPO, no comparative data exist. A wide range is given by other
methods: 1.1 to 40.7 mmHg [54, 55]. Lower values tend to be found in single cell and
invasive measurements. Even if we’d assume a 50% reduction of our values, if measured
invasively, the here presented measurements were still above the hypoxic threshold.

Concerning the experimental design, it might be argued that treatment with
inotropes led to hypotension and by consequence to lower PO, values. For reasons of
comparability of the animals we decided to administer fixed drug doses. In the clinical
routine, however, the vasopressor dose would have been adapted accordingly to an
arterial pressure target. This instance most probably would have prevented the lower
PO, values. Finally, endotoxemia models have attracted a series of criticism [56].

CONCLUSION

Currently, treatment guidelines advocate a strategy of reestablishing perfusion pressure
and oxygen delivery with the goal to prevent tissue hypoxia caused by septic shock. While
resuscitation targets may be effective in rescuing vulnerable organs such as the kidney,
they seem not effective to ameliorate myocardial injury. This finding is corroborated by
the (supra-)normal uPO, and sustained mtPO, values found in our study. Moreover, fluid
resuscitation led to a further rise of mtPO, expressing the lack of need of additional O,
in the mitochondria. The treatment with norepinephrine, dobutamine or levosimendan
as well as their combination did not significantly alter the course of uPO, and mtPO..
However, all treatments including norepinephrine had higher troponin levels suggesting
drug-related cellular damage. Based on these observations we suggest the treatment
target should be changed, away from the mechanistic cardiovascular resuscitation to
one focused more on the cellular level.
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GENERAL DISCUSSION

Oxygen is essential in many cellular metabolic pathways. It plays a pivotal role for some
signal transduction and defense mechanisms, but is most important in aerobic energy
production [1]. Multiple evidence points towards involvement of oxygen in pathological
processes of several diseases. In the heart this is particularly true for ischemic and septic
cardiomyopathy as well as for acute and chronic heart failure [2-4]. Until now, in the
heart, oxygen'’s role in these processes has mostly been assessed ex vivo [5], indirectly
[6], with infrequent or invasive measurements [7]. Dual-wavelength phosphorimetry
allowing measurements of microcirculatory PO, at two different depths {Johannes,
2006 32 /id} and a technique to measure mitochondrial oxygenation [8] opened up the
opportunity to measure both microcirculatory and mitochondrial oxygenation in vivo,
non-invasively, repetitively and (near-)simultaneously.

In this thesis, the focus was set on the further characterization of this measurement
method, the application of these techniques to measure oxygen in the heart in vivo, and
finally, on investigating the role of microcirculatory and mitochondrial oxygenation in
two disease models.

Studies on the contribution of the microcirculation and mitochondria to the
development and evolution of diseases, have accrued a growing amount of evidence
on microcirculatory and mitochondrial dysfunction from laboratory experiments in
the last decades. This is discussed in the second chapter with focus on sepsis-induced
organ failure [9]. Until today, clinical human data are still sparse. This is mainly due to
the fact that some diagnostic tools are available for evaluating the microcirculation
but until lately no tool for assessing mitochondrial function existed. However, based
on further development of the phosphorimetric method to measure mitochondrial
oxygen described by our laboratory, a clinically applicable tool has now been developed
[8,10]. The low number of clinically available tools is reflected by the fact that no
microcirculatory or mitochondrial parameter is routinely measured other than lactate.
The lack of such measurements in the clinical arena is probably the reason why none of
these parameters are yet suggested as a treatment target in treatment guidelines. This
is not exclusively due to technical limitations but also due to the fact that a thorough
comprehensive concept and its translation to human clinic is still lacking. Some
elements of a putative concept assert themselves: heterogeneous microcirculatory
and mitochondrial dysfunction is a typical finding in sepsis and several cardiac diseases
[11]. It remains unclear whether these findings are the result of a hibernation-like, self-
protective process or fruit of a “maladaptive” dysfunction per se arising from direct
damage (e.g. lipopolysaccharine, interleukine) or indirectly via hypoperfusion and
hypoxia. The temporal span and magnitude of the insult (e.g. inoculum size, virulence,
severity and duration of shock), however, appear to have a sizable impact on whether
the dysfunction is temporary (“adaptive”) or irreversible (“maladaptive”). The finding in
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a murine cecal ligation and puncture model that inhibition of myocardial cytochrome ¢
oxidase was reversible during early sepsis, but irreversible by 48h [12] gives rise to the
assumption that there is a continuum between the self-protective and dysfunctional
state. However, the interplay of microcirculatory and mitochondrial oxygenation and
their contribution to diseases leaves still many unanswered questions. Hence, in order
to match this need more experimental evidence and new technologies are required to
provide new insights.

Vanderkooi first described measurement of oxygen by oxygen-dependent
quenching of phosphorescence lifetime [13]. In our laboratory a further development
of this technique led to a dual-wavelength phosphorimeter allowing measurements
of microcirculatory oxygenation at two different depths {Johannes, 2006 32 /id}.
The translation and modification of this technology led to a technique for measuring
mitochondrial oxygenation [8]. The logical next step was the combination of the
measurement of microcirculatory and mitochondrial oxygenation, which is described
in the third chapter [14]. In this work we also showed the absence of crosstalk of the
two retrieved measuring signals and analyzed the influence of noise on measurement
accuracy. The method was feasible to measure hepatic microcirculatory and mitochondrial
oxygenation in vivo. Evaluation of phosphorescence signal analysis proved the advantage
of using a rectangular distribution method over mono-exponential analysis.

In this thesis the focus was set on microcirculatory and mitochondrial oxygenation
measurements in the heart. Thus optical characterization of these oxygenation
measurements was provided in the fourth chapter [15]. Monte Carlo simulations
and ex vivo experiments found an excellent correlation of calculated and measured
phosphorescence and provided the catchment depth of the superficial and deep
microcirculatory and mitochondrial oxygenation measurements. For the first time the
feasibility of measuring changes in microcirculatory and mitochondrial oxygen partial
pressures in rat heats in vivo in experiments lasting up to 5 hours was provided.

The novel measurement method of mitochondrial oxygen partial pressure using
oxygen-dependent quenching of the phosphorescence in the heart required further
characterization. This was reported in the fifth chapter [16]. In isolated cardiomyocytes
we could prove, that the phosphorescence signal matched with the localization of
MitoTracker Green-stained mitochondria, demonstrating the mitochondrial origin
of the phosphorescence signal. Further, aminolevulinic acid, required to enhance
protoporphyrin IX (PplX) production and phosphorescence signal intensity, did not
compromise oxygen consumption. Then lifetime under zero oxygen (t,=0.8ms) and time
constant (kg = 826 mm Hg's ') were determined in isolated cardiomyocytes. These
values were used to convert lifetimes to calculate mitochondrial PO, in Langendorff-
perfused hearts, in which oxygen consumption had been blocked with cyanide. These
experiments showed consistency of the mitochondrial and the perfusate PO,. Moreover,
the origin of the PpIX phosphorescence signal was homogenously distributed in the
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heart. Standard Langendorff-perfused hearts showed a slightly lower mean mitoPO, of
29 + 5 mm Hg than the 40 £ 3 mm Hg that was observed with maximal vasodilatation
(at 95% perfusate O,). The reason was found with deconvolution of the mitoPO, signal,
which uncovered relevant fractions of mitochondria (30-55%) with a low mitoPQO, (0-
10mmHg) in standard Langendorff-perfused hearts when decreasing perfusate O,
(95% to 45%). In maximally vasodilated state these fractions were smaller and matched
those values retrieved from in vivo hearts with approximately 10% low mitoPO, at 95%
perfusate O, or 40% inhaled O,, respectively [16]. These findings confirmed older data,
which indicated that standard perfused, isolated hearts might be hypoxic, even when
provided with 95% dissolved oxygen in the perfusate [17].

With these experiments we could show, that the mitochondrial oxygen tension
was higher than earlier estimated from cytosolic, interstitial respectively vascular
measurements, notably 35+5 mmHg instead of 3-17 mmHg [18-20]. Our measurements
yielded microcirculatory PO, of 6743 mmHg and were thus well in line with the new
consensus that tissue oxygenation was not as low as suggested by Whalen and Clarke’s
experiments in the 70ies [21].

Based on these foundations, we further explored oxygen partial pressures in
microcirculation and mitochondria in disease models. In particular in the clinical
treatment of diseases the direct monitoring of the cellular state remains a pivotal
missing piece of the puzzle — as discussed in Chapter 6 [22]. In healthy subjects, the
macrocirculation, microcirculation and mitochondria present an equilibrium, aiming at
meeting the metabolic needs of the cells in terms of oxygen and nutrients (hemodynamic
coherence). The loss of this coherence in disease has been shown to be associated
with worse outcome [23]. Cellular, hence mitochondrial limitation of oxygen may lead
to decreased function, hibernation and change of metabolic pathways as adaptive
conformance to hypoxia with transition to dysfunction and (programmed) cellular death.
Whether oxygen conformance is an adaptive consequence or the causative process of
loss of hemodynamic coherence is currently unresolved.

In this light we investigated, in Chapter 7, the mitochondrial oxygen partial pressures
in a model of pulmonary arterial hypertension leading to right ventricular hypertrophy
and failure. The aim was to answer the long-standing question whether heart failure, an
engine out of fuel [3], was caused by mitochondrial oxygen shortage [24].

In rats exposed to different dosages of monocrotaline (MCT), we could induce
compensated right ventricular hypertrophy (low dose MCT) and right ventricular failure
(high dose MCT). Strikingly, no evidence of cardiac mitochondrial hypoxia was observed
in any stage of hypertrophy or heart failure. In the failing right hearts, mitochondrial
oxygenation was similar under decreased oxygen supply or increased work demand
conditions as compared to healthy hearts. At baseline condition mitochondrial
oxygenation was even higher in failing right hearts with less mitochondria in the
0-20 mmHg mitoPO, range than in hypertrophied or control ventricles (15% vs. 48%
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resp. 54%). This finding was matched with evidence of metabolic reprogramming. At
a similar mitochondrial mass we found an increased glycolytic hexokinase activity at
increasing MCT dose and increased lactate dehydrogenase activity only in compensated
hypertrophied right ventricles. These findings suggested a down-regulation of in vivo
mitochondrial metabolism because of increased anaerobic glycolysis. The decreased
mitochondrial metabolism than resulted in decreased oxygen consumption and a rise in
the number of mitochondria displaying higher oxygen levels. Most importantly, hypoxia
in these severe diseased hearts was not observed. In fact, this had been postulated
as mechanism of heart failure in pulmonary hypertension [25]. Supporting results of
this thesis were found in permeabilized cardiac fibers and minced heart tissue in which
reduced oxygen consumption was found after monocrotaline administration [26-28].
As oxygen availability is tightly linked to oxygen delivery in the heart the increased
mitoPO, is either to be led back to decreased consumption or increased delivery. As
in failing right hearts cardiac output is lower so is oxygen delivery. We did however,
not measure cardiac output in our experiments. Heart rate and blood pressure were
lower in animals with failing right heart. Others have demonstrated the presence of
lower cardiac output in the same model and decreased myocardial blood flow reserve
in hypertrophied right ventricles [29,30]. Moreover, decreased vessels density and
larger diffusion distance further hamper oxygen availability in these hearts [31]. These
findings support the assumption of reduced myocardial oxygen consumption. In a recent
study, contrary to our findings, reduced microvascular oxygenation has been described
in the right heart, but preserved PO, in the left heart [29]. Moreover, an increase of
right but not left ventricular oxygenation was found after administration of myo-inositol
pyrotrisphosphate which increases oxygen release of hemoglobin. Some technical and
experimental design limitations of this study appear. Reproducing the same depth of
a 100 um probe inserted into a beating right ventricle is very challenging. It is thus
guestionable whether comparable biologic compartments were measured in left, right
and hypertrophied right ventricles. This might explain why control animals had a much
higher microvascular oxygenation in the right ventricles than in the left ventricles (32
+5and 15 + 8 mmHg). Our own measurements of microcirculatory PO, revealed no
significant difference between the right and left ventricle at comparable conditions (53
10 mmHg and 66 + 13 mmHg). The positive response to increased oxygen release in the
rightventricle, however, corroborates the suggested oxygen limitation. In line with this are
several experiments which showed an up-regulated hypoxia inducible-factor 1a (HIF-1a)
expression in right ventricles of pulmonary hypertensive rats [32-34]. The upregulated
HIF-1a pathway has been shown to lead to a metabolic shift towards glycolysis [35,36].
The increased hexokinase activity found in our study is thus well compatible with this
finding. Now it could be hypothesized, that the increased mitochondrial oxygen partial
pressures could be led back to decreased oxygen consumption due to the switch to
glycolysis.

167



CHAPTER 9

Decreased mitochondrial oxygen consumption and diminished production of ATP,
resulting from mitochondrial dysfunction or adaptation to hypoperfusion and cellular
oxygen shortage, was also a long-lasting hypothesis explaining sepsis-induced organ
dysfunction. Thus, to investigate whether myocardial oxygen shortage is present in
sepsis, we investigated, for the first time, the cardiac oxygenation of the microcirculation
and mitochondria in endotoxemia and usual clinical supportive therapies in rat hearts
in vivo (Chapter 8; Balestra et al. 2023 submitted). After induction of an endotoxemic
shock rats were either not treated at all or received a protocol-based treatment with
fluid, fluid plus dobutamine, fluid plus levosimendan, fluid plus norepinephrine, fluid
plus norepinephrine and dobutamine or fluid plus norepinephrine and levosimendan.
Additionally, hemodynamic parameters and troponin levels were measured.

In all these experiments, similar as for the right heart failure model, hypoxia was
not observed. On the contrary, (supra-)normal microcirculatory PO, and sustained
mitochondrial PO, values were actually found in endotoxemic rat hearts. Neither
treatment regimen resulted in significant change of the course of the microcirculatory
and mitochondrial oxygenation. However, in all norepinephrine-treated animals, elevated
troponin levels were measured. Sustained microcirculatory and mitochondrial PO, levels
excluded hypoxia as mechanism of myocardial damage and troponin release. Some
experimental data from others have linked catecholamine therapy to f1-adrenoreceptor
mediated increased LPS-associated myocardial apoptosis but also to direct drug-
induced apoptosis and necrosis [37-40]. This mechanism is further supported by the
fact that selective blockade of the B1-adrenoreceptors not only appeared to diminish
proinflammatory mediators and apoptosis but also to provide better outcomes [41,42].
Our results show that the mechanistic assumption upon which clinical sepsis treatment
guidelines are based on [43,44], namely that hypoperfusion or heterogenous perfusion
at the microcirculatory level causes cellular hypoxia and as a consequence organ failure,
could not be found and moreover, that the protocol-based resuscitation regimen, at least
partly, caused harm. Caution must be applied not to generalize this finding to all sepsis
types and in particular to the complete temporal evolution of sepsis [45]. Our results,
however, suggest that dysfunction of metabolic pathways within the mitochondria, and
not dysfunction of oxygen delivery, is the prevailing mechanism during the first hours of
endotoxemic shock.

The same conclusion has been drawn by Schenkman et al. [46]. They found higher
myoglobin saturations in LPS-treated isolated guinea pig hearts than in controls and
slower and lesser decline of myoglobin saturation after application of a brief ischemia
resulted in a. Both findings suggested reduced oxygen consumption in endotoxemia. An
alteration of the mitochondrial function during the course of endotoxemia has also been
shown [47,48]. Moreover, it appears, that the type of dysfunction gradually evolves from
a reversible to an irreversible form [12] and goes hand in hand with sepsis severity and
outcome [49-52].
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Finally, as mentioned above, the reduction of oxygen consumption and a metabolic
switch away from fatty acids towards glucose metabolism can be found in chronic
heart failure, septic cardiomyopathy and coronary artery disease. Recent research has
unraveled impaired mitochondrial bioenergetics in an increasing amount of diseases
and organ systems such as insulin resistance, diabetes, obesity, artery disease in diabetic
patients, chronic lung disease, hepatic disorders, Parkinson’s disease and even mood
disorders [53-56]. Thus, it could be even hypothesized that mitochondrial metabolic
reprogramming, either to a hibernation-like state or to altered metabolism and function
including oxygen consumption, might be a generic defense mechanism to severe cellular
challenges.
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SUMMARY AND CONCLUSION

Introduction

Handling and availability issues of oxygen are relevant processes fueling evolution of
several diseases. Oxygen shortage is broadly acknowledged and investigated in ischemic
heart disease. In acute coronary events ischemia may result in necrosis, apoptosis,
stunning and hibernation. The latter can also be found as an adaptive reaction in chronic
coronary syndrome. Thus, oxygen consumption is reduced in order to ensure cellular
survival. Hibernation has not only been described in coronary syndromes but is also
debated as a defense mechanism in sepsis. However, impaired oxygen handling due to
mitochondrial dysfunction despite sufficient availability of oxygen and heterogeneous
microcirculatory perfusion ensuing local oxygen shortage represent the predominant
mechanisms for septic cellular and organ dysfunction.

Measuring oxygen in organs, at cellular and subcellular level bears several challenges.
In response disparate technical methods have been developed with marked difference
in accuracy, spatio-temporal resolution and invasiveness. Direct measurement of
oxygen partial pressures is feasible using polarographic and mass spectrometric
electrodes, electron paramagnetic resonance (EPR), and oxygen-dependent quenching
of phosphorescence and fluorescence as well as chemiluminescence and spin label
oximetry.

The largest number of measurements has been performed using polarographic and
mass spectrometric probes. Invasiveness required to measure below organ surface and
potential oxygen consumption have risen criticism. This led to the search of alternatives
like EPR and phosphorimetry. EPR requires long acquisition times- a drawback not shared
with phosphorimetry. That is why our group has chosen this technique for its versatility,
minimalinvasiveness and fastresponse. Earlier our group had developed dual-wavelength
phosphorimeter allowing measurements of microcirculatory PO, at two depths. Then,
adaptation of this technique made the measurement of mitochondrial pO, possible. The
next logic step accomplished in this thesis was to combine both techniques. Before, few
data on the transmyocardial distribution of microcirculatory oxygen partial pressures
(LPO,) and none of parallel measurements of microcirculation and mitochondria were
available from in vivo studies.

Thesis

The aim of the thesis was therefore to further develop and characterize this
phosphorimetric method of near-simultaneous measurements of microcirculatory and
mitochondrial oxygenation in the heart in vivo. Then in two animal models, namely
endotoxemia and right ventricular pressure overload, we measured the oxygenation
level in the microcirculation and mitochondria and investigated the changes induced
by therapeutic interventions. We hypothesized that in sepsis hypoxia would be found
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in non-resuscitated animals but no oxygen shortage would be found with supportive
therapy indicating oxygen management issues arising from mitochondrial dysfunction. In
pressure overload induced right heart failure we expected a switch increased anaerobic
glycolysis without occurrence of hypoxia.

Chapters

In the second chapter an overview of involvement and adaptive processes of the
microcirculation in sepsis is given. Heterogeneous microcirculatory and mitochondrial
dysfunction assert themselves as pathogenic mechanisms for septic organ dysfunction
in experimental data. However, clinical human data are still sparse. No microcirculatory
or mitochondrial parameter is routinely measured in the clinic other than lactate.
Moreover, none of these parameters are yet suggested as a treatment target in treatment
guidelines. This instance can be ascribed to the lack of a thorough pathophysiologic
concept of sepsis and its translation to humans.

The third chapter describes of further development of the oxygen measurement
technique by oxygen-dependent quenching of phosphorescence lifetime. Dual-
wavelength phosphorimetry for measuring microcirculatory PO, was combined with
the measurement of delayed fluorescence for measuring mitochondrial PO,. Absence
of crosstalk of the signals, measurement accuracy and feasibility to assess hepatic
microcirculatory and mitochondrial oxygenation in vivo was shown.

In this thesis the focus was set on myocardial microcirculatory and mitochondrial
oxygenation measurements. Thus, optical characterization of these oxygenation
measurements was provided in the fourth chapter by means of Monte Carlo simulations
and ex vivo experiments. These experiments found an excellent correlation of calculated
and measured phosphorescence. Furthermore, feasibility of near-simultaneous
measurements of microcirculatory and mitochondrial PO, in rat hearts in vivo was
provided.

Further characterization of the measurement technique was reported in the fifth
chapter. In isolated cardiomyocytes we could localize the origin of the phosphorescence
signal, demonstrate that aminolevulinic acid is required to enhance protoporphyrin
IX production and phosphorescence signal intensity without compromising oxygen
consumption. Furthermore, characteristic measurement constants (t, and kq) were
determined and applied to convert lifetimes measured in Langendorff-perfused hearts
to calculate mitochondrial PO,. Our measurements yielded microcirculatory PO, of 6743
mmHg and mitochondrial PO, of 35£5 mmHg. These values were well in line with the
new consensus that tissue oxygenation was not as low as suggested by Whalen and
Clarke’s experiments in the 70ies and Gayeski and Honig in the 90Qies.

Inthe clinical treatment of diseases, the direct monitoring of the cellular state remains
a pivotal missing piece of the puzzle — as discussed in Chapter 6. In healthy subjects,
the macrocirculation, microcirculation and mitochondria present an equilibrium with
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cellular needs in terms of oxygen and nutrients (hemodynamic coherence). The loss of
this coherence in disease has been shown to be associated with worse outcome. Hence,
cellular and mitochondrial limitation of oxygen may lead to an adaptive decreased
function, hibernation and metabolic reprogramming with transition to dysfunction and
cellular death.

With these premises, in Chapter 7, we investigated mitochondrial PO, in a model of
pulmonary arterial hypertension leading to right ventricular hypertrophy and failure. We
observed no hypoxia in any stage of hypertrophy or heart failure. At baseline condition
mitochondrial oxygenation was even higher in failing right hearts and similar under
decreased oxygen supply or increased work demand conditions as compared to healthy
hearts. This finding was matched with evidence of metabolic reprogramming with an
increased glycolytic hexokinase activity at increasing MCT dose and increased lactate
dehydrogenase activity only in compensated hypertrophied right ventricles. These
findings suggested a down-regulation of in vivo mitochondrial metabolism because of
increased anaerobic glycolysis. This is in line with supporting results from others.

In Chapter 8 we investigated whether oxygen shortage is present in sepsis. The
cardiac oxygenation of the microcirculation and mitochondria in endotoxemia and usual
clinical supportive therapies in rat hearts was measured for the first time in vivo. After
induction of an endotoxemic shock rats were either not treated at all or received a
protocol-based treatment with fluid, fluid plus dobutamine, fluid plus levosimendan,
fluid plus norepinephrine, fluid plus norepinephrine and dobutamine or fluid plus
norepinephrine and levosimendan. Additionally, hemodynamic parameters and
troponin levels were measured. Hypoxia was not observed. On the contrary, (supra-)
normal microcirculatory PO, and sustained mitochondrial PO, values were actually
found in endotoxemic rat hearts. Neither treatment regimen resulted in significant
change of the course of the microcirculatory and mitochondrial oxygenation. However,
in all norepinephrine-treated animals, elevated troponin levels were measured. Some
experimental data from others have linked catecholamine therapy to f1-adrenoreceptor
mediated increased LPS-associated myocardial damage. Our results show that the
mechanistic assumption upon which clinical sepsis treatment guidelines are based on
that hypoperfusion or heterogenous perfusion at the microcirculatory level causes
cellular hypoxia and as a consequence organ failure, could not be found. Moreover,
the protocol-based resuscitation regimen, at least partly, was associated with harm.
Caution must be applied not to generalize this finding to all sepsis types and in particular
to the complete temporal evolution of sepsis. Our results suggest that dysfunction of
metabolic pathways within the mitochondria, and not dysfunction of oxygen delivery, is
the prevailing mechanism during the first hours of endotoxemic shock.
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Conclusion

In this thesis we further developed and characterized our phosphorimetric method for
near-simultaneous measurements of microcirculatory and mitochondrial oxygenation
in the heart in vivo. In two animal models, right ventricular pressure overload and
endotoxemia, we addressed the oxygenation level in the microcirculation and
mitochondria. In both diseases no myocardial oxygen shortage was found. Our results
suggest reprogramming of mitochondrial metabolic pathways and mitochondrial
dysfunction as mechanisms for organ dysfunction in right ventricular pressure overload
and endotoxemia, respectively. Elevated troponin levels were measured in animals
treated with norepinephrine. Usual drug regimen according to sepsis treatment
guidelines might therefore be associated with myocardial damage.

Finally, it could be hypothesized that the mitochondrial mechanisms with altered
metabolism and function represent a generic defense mechanism to severe cellular
challenges as they have been described in a large number of cardiac, pulmonary, hepatic,
neurologic and psychiatric diseases.
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NEDERLANDSE SAMENVATTING

Introductie

Problemen met de beschikbaarheid en het verbruik van zuurstof spelen een belangrijke
rol in het beloop van verschillende ziekten. Zuurstoftekort bij ischemische hartziekten
is een algemeen bekend en belangrijk onderwerp van onderzoek. Acuut zuurstoftekort
in de hartspier kan leiden tot celdood, apoptose, stunning en hibernatie. Hibernatie
kan ook aanwezig zijn als een fysiologische aanpassing bij chronisch coronair syndroom
waardoor de zuurstofconsumptie verminderd is om de cel te laten overleven. Hibernatie
is niet alleen beschreven bij coronaire syndromen maar zou ook een overlevingsstrategie
kunnen zijn bij sepsis. Echter, verstoord mitochondriaal zuurstofgebruik door
mitochondriale dysfunctie ondanks voldoende beschikbaarheid van zuurstof, en
ongelijke lokale doorbloeding van de microcirculatie met lokale zuurstoftekorten tot
gevolg, lijken de belangrijkste mechanismen te zijn voor cellulaire en orgaandysfunctie
bij septische patiénten

Het metenvanzuurstofinorganenop cellulairensubcellulair niveau kent verschillende
uitdagingen. Daarom zijn er verschillende technische methodes ontwikkeld met
aanzienlijke verschillen qua nauwkeurigheid, spatiéle en temporele resolutie, en mate
van invasiviteit. Er zijn verschillende methoden om de zuurstafspanning direct te meten,
zoals met behulp van polarografische en massaspectrografische technieken, elektron
paramagnetische resonantie (EPR), zuurstofafhankelijke uitdoving van fosforescentie en
fluorescentie, alsmede chemiluminecentie.

De meeste metingen zijn gedaan met behulp van polarografische en
massaspectometrische technieken. De kritiek op deze methodes richt zich op het
invasieve karakter van de zuurstof meting onder het orgaanopperviak en de mogelijk
problematische intrinsieke zuurstofconsumptie van de metingen. Dit heeft geleid tot het
zoeken naar alternatieven als EPR en fosforimetrie. EPR heeft lange tijd nodig voor een
bepaling, iets dat bij fosforimetrie geen probleemis. Daarom heeft onze onderzoeksgroep
deze techniek gekozen op basis van de veelzijdige inzetbaarheid, het minimaal invasieve
karakter en de snelle respons op veranderingen. In het verleden is door onze groep een
dubbele-golflengte fosforimeter ontwikkeld die de zuurstofspanning in de microcirculatie
optweeniveaus metenkan.Verdere ontwikkelingenhebbende metingvan mitochondriale
zuurstofspanning mogelijk gemaakt, door middel van zuurstofafthankelijke uitdoving van
vertraagde fluorescentie van mitochondriaal protoporphyrine IX. De logische volgende
stap was het combineren van beide technieken. Voorheen waren er bijna geen gegevens
over zuurstofspanning in de microcirculatie in de verschillende delen van de hartspier. Er
waren in het geheel geen in vivo verkregen gegevens over de parallelle metingen in de
microcirculatie en mitochondrién.
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Dit proefschrift

Het doel van dit proefschrift was derhalve het verder ontwikkelen en onderzoeken
van de optische methode waarbij tegelijkertijd in vivo metingen van de microcirculatie
en de mitochondriale oxygenatie van het hart verricht werden. Daarom maten we in
twee diermodellen, een sepsis model en een rechter-kamer-overbelasting-model,
de zuurstofspanning in de microcirculatie en de mitochondrién en onderzochten de
effecten van de verandering ten gevolge van therapeutisch ingrijpen. Onze hypothese
was dat bij sepsis wel hypoxie zou worden gevonden bij niet-geresusciteerde dieren,
maar bij ondersteunende behandeling geen zuurstoftekort vastgesteld zou worden.
Dit zou een aanwijzing voor problemen met het verbruik van zuurstof ten gevolge van
mitochondriale dysfunctie zijn. In het rechter-kamer-overbelasting-model verwachtten
we een verschuiving naar toegenomen anaerobe glucoseverbranding zonder het
optreden van hypoxie.

Chapters (Hoofdstukken)

In hoofdstuk 2 wordt een overzicht gegeven van de rol van en de aanpassingen in
de microcirculatie in sepsis. In experimenten wordt heterogene dysfunctie in zowel
microcirculatie als mitochondrién beschreven die als ziekmakende mechanismen ten
grondslag liggen aan septische orgaan dysfunctie. Gegevens verkregen bij mensen zijn
er echter nog steeds nauwelijks. Dat komt omdat in de klinische situatie geen enkele
parameter met betrekking tot de microcirculatie of mitochondrién routinematig
gemeten wordt, behoudens lactaat. Bovendien wordt in de huidige richtlijnen geen
van deze parameters genoemd als een potentieel aangrijpingspunt voor therapeutisch
ingrijpen. Deze situatie kan toegeschreven worden als een gebrek aan een grondig
pathofysiologisch concept van sepsis en de vertaling ervan naar de kliniek bij mensen.

Hoofdstuk 3 beschrijft een verdere ontwikkeling van de meettechniek met behulp
van de zuurstofafhankelijke uitdoving van de levensduur van fosforescentie. Dubbele-
golflengte-fosforimetrie om zuurstofspanning in de microcirculatie te meten is
gecombineerd met de meting van vertraagde fluorescentie voor het bepalen van de
mitochondriale zuurstofspanning. Wij toonden aan dat de signalen elkaar onderling niet
beinvloedden, dat de metingen nauwkeurig waren en dat meten van de microcirculatie
en van zuurstof in de mitochondrién in de lever in vivo goed mogelijk was.

In dit proefschrift is de nadruk gelegd op het meten van zuurstof in de microcirculatie
en mitochondrién van het hart. In hoofdstuk 4 worden de optische eigenschappen, met
name de meetdiepte in hartspierweefsel, van deze zuurstofmetingen beschreven aan de
hand van Monte Carlo simulaties en ex vivo experimenten. In deze experimenten werd
een uitstekende relatie gevonden tussen de berekende en de gemeten fosforescentie
signalen. Verder werd, in een andere serie experimenten, vastgesteld dat (bijna)
gelijktijdige metingen in de microcirculatie en mitochondrién bij ratten in vivo praktisch
goed mogelijk waren.
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Verdere karakterisering van de meettechniek wordt beschreven in hoofdstuk 5.
Wij konden in geisoleerde hartspiercellen de oorsprong van het zuurstofafthankelijke
signaal vaststellen en aantonen dat aminolevulinezuur nodig is om de protoporfyrine IX
productie te verhogen en daarmee het vertraagde fluorescentie signaal zonder dat het
zuurstofverbruik verstoord werd. Verder stelden wij de karakteristieke meet constanten
vast (t0 en kq). Deze constanten konden worden toegepast om de uitdooftijd van het
vertraagde fluorescentiesignaal in hartspiercellen, gemeten in een Langendorf-model,
om te rekenen naar zuurstofspanning in de mitochondrién. Onze metingen toonden aan
dat de zuurstofspanning in de microcirculatie 67 + 3 mmHg en in de mitochondrién 3545
mmHg. Deze waarden zijn in lijn met de recente consensus dat zuurstofspanning in de
weefsels niet zo laag is als vastgesteld in de experimenten van Whalen en Clark in de
jaren zeventig en van Gayeski en Honig in de jaren negentig.

In hoofdstuk 6 wordt besproken dat het ontbreken van directe monitoring op
cellulair niveau een cruciaal missend onderdeel van de puzzel blijft bij de behandeling
van ziektes. Bij gezonde mensen, zijn macrocirculatie, microcirculatie en mitochondrién
met elkaar in evenwicht met betrekking tot zuurstof en voedingsstoffen. Dit wordt ook
wel hemodynamische coherentie genoemd. Het verlies van coherentie is geassocieerd
met een slechte uitkomst voor de patiént. Daarom leidt een tekort aan cellulair en
mitochondriaal zuurstof tot geadapteerde verminderde functie, hibernatie en metabole
herprogrammering en daardoor uiteindelijk tot dysfunctie en celdood.

Met deze gedachten in het hoofd onderzochten wij in hoofdstuk 7 de mitochondriale
zuurstofspanning in een model van monocrotaline-geinduceerde pulmonale hypertensie
leidend tot hypertrofie en falen van de rechterhartkamer. Wij vonden in geen enkel
stadium van hypertrofie of falen van de rechterkamer een tekort aan zuurstof. In de
uitgangssituatie was de zuurstofspanning zelfs hoger bij een falende rechterkamers.
In situaties waarbij er sprake was van een verminderd zuurstofaanbod of bij een
verhoogde arbeid van het hart was de zuurstofspanning gelijk aan de waarde die
gevonden werden bij gezonde harten. Deze bevinding past goed bij de aangetoonde
metabole herprogrammering die gepaard gaat met een verhoogde glycolytische
hexokinase activiteit die optreedt bij verhoging van de monocrotaline dosis en met een
verhoogde lactaat dehydrogenase activiteit die uitsluitend optreedt bij gecompenseerde
hypertrofische rechterkamers. De resultaten suggereren een down-regulering van het in
vivo mitochondriale stofwisseling en toegenomen anaerobe verbranding van glucose.
Onze onderzoeksresultaten zijn in lijn met die van anderen.

In hoofdstuk 8 onderzochten we of er sprake is van een tekort aan zuurstof in het
hart bij sepsis. De zuurstofspanning in de microcirculatie en in de mitochondrién van
het hart werden onderzocht in een toestand van sepsis (endotoxemie), waarbij voor
het eerst in vivo in het rattenhart gemeten werd wat het effect is van verschillende
gebruikelijke behandelingen bij sepsis. Na het veroorzaken van een endotoxemische
shcok werd een groep van de ratten niet behandeld, een groep kreeg volgens
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protocol infuusvloeistoffen toegediend, een groep vloeistoffen plus dobutamine, een
groep vloeistoffen met levosimedan, vloeistoffen met noradrenaline, vloeistoffen
met noradrenaline en dobutamine en een groep vloeistoffen met noradrenaline en
levosimedan. Tegelijkertild werden hemodynamiek en troponinespiegels gemeten.
Hypoxie werd niet gevonden. In tegendeel, wij vonden (supra)normale waarden
voor de zuurstofspanning in microcirculatie en onveranderde zuurstofspanning in de
mitochondrién van de rattenharten. Geen enkel therapeutisch regime leidde tot een
significante verandering gedurende het experiment van het verloop van zowel de
zuurstofspanning in de microcirculatie als in de mitochondrién. Echter, in alle groepen
die noradrenaline toegediend kregen vonden wij verhoogde troponine spiegels.
Experimenteel werk van anderen heeft een verband gelegd tussen de behandeling met
catecholaminen en R1-adrenoreceptor gemedieerde toegenomen LPS-geassocieerde
beschadiging van hartcellen. Onze resultaten ondersteunen de mechanistische
aannames waarop richtlijnen voor de behandeling van sepsis patiénten gebaseerd
zijn niet. Volgens deze aannames leidt hypoperfusie of heterogene perfusie op niveau
van de microcirculatie tot hypoxie van de cel en orgaanfalen. Sterker nog, de protocol-
gebaseerde resuscitatiestrategieén waren, in elk geval ten dele, geassocieerd met
schade. Er is voorzichtigheid geboden om deze bevindingen niet te extrapoleren naar
alle soorten van sepsis en naar alle fasen in de evolutie van sepsis in de tijd. Onze
resultaten suggereren dat dysfunctie van het metabolisme in de mitochondrién en niet
zozeer verstoring van zuurstofaanbod het belangrijkste mechanisme is gedurende de
eerste uren van endotoxemische shock.

Conclusie

In dit proefschrift hebben we onze in vivo fosforimetrische methode om (bijna)
tegelijkertijd het zuurstofgehalte in de microcirculatie en de mitochondrién van de
hartspiercellen verder ontwikkeld en gekarakteriseerd. In twee dierexperimentele
modellen, rechter hartkamer overvulling en endotoxemie hebben we oxygenatie in
de microcirculatie en de mitochondrién. In beide pathofysiologische modellen werd
geen zuurstoftekort vastgesteld. Onze resultaten suggeren dat herprogrammering van
het mitochondriaal metabolisme en mitochondriale dysfunctie als mechanismen van
orgaandysfunctie respectievelijk bij rechterkamer overbelasting en endotoxemie een
rol spelen. Bij de dieren die met noradrenaline behandeld werden werden verhoogde
troponinewaarden vastgesteld. Dit betekent dat gebruikelijke behandelingen van
sepsis mogelijk tot hartschade leiden. Tot slot kan gehypothetiseerd worden dat de
mitochondriale mechanismen dieleiden tot veranderd metabolisme en functie onderdeel
zijn van een algemeen verdedigings mechanisme bij ernstige problemen op cellulair
niveau, omdat ze beschreven zijn in vele cardiale, pulmonale, lever, neurologische en
psychiatrische ziekten.
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CHAPTER 12

When a journey starts there is always an uncertainty of how the destination will be
reached — if ever. Those who travel as a passion draw satisfaction of and strive for this
thrill. Having travelled a the world somewhat | appreciate getting to know other cultures
and landscapes. | wouldn’t go as far as to indicate myself as an adventurous traveler
though.

However, this thesis has been a colorful undertaking which has not followed the
fastest path, was marked by hiccup’s, delays and hibernation. The latter is wonderfully
fitting the research topic of this thesis, but was by no means deliberately sought. Stories
are far more frequently told when ending gloriously and successfully. Let’s drop the
glorious and keep the successful. This journey is the story of successfully knitting a
network of clinicians and researchers, translating acquaintances to friendships, adopting
innumerable intellectual and manual basic science skills, leading investigations on some
challenging questions of basic (patho-)physiology and translating these into a couple of
publications, and finally merging these achievements in this present work.

That this journey started | owe to Can. Your former PhD student and my ICU supervisior
at that time Martin Siegemund as well as our current head of anesthesiology Luzius
Steiner advised me to have a trip to Amsterdam if | wanted to learn something about
microcirculation. You, Can, then introduced me to this “micro-world” and basically acted
as the game maker. You brought me to become acquainted with several methods of
microcirculatory imaging. Your large network of excellent collaborators and teachers
of the techniques was unique. In the animal laboratory first steps of measuring
microcirculatory oxygenation in the in vivo heart were achieved. There | was always
striving after the example of the antecedent fellows who had done some great science,
not at least after one who had further developed the phosphorimetric method in order
to be able to measure the mitochondrial oxygenation. This fellow, | eventually met, was
Bert.

That this journey came to a fruitful end is the merit of Robert Jan. You, Robert Jan,
were the (pro-)motor of this work, with a lot of horse power. Your relentless positive
energy is elating. You pushed and eventually dragged me and sometimes all of us further
and beyond to the final achievement of this journey. Not only you sharp but always
constructive analyses were invaluable but also your help for very down to earth issues
was priceless and tremendously effective. Here | remind the 2-month daily contention
with hospital and university bureaucracy. This challenge you mastered superbly. In
analogy of your preferred Winston Churchill quote ,We shall fight on the beaches” |
add the dictum of Peter Safar, one of the “fathers” of cardiopulmonary resuscitation:
“Bureaucracy is a challenge to be conquered with a righteous attitude, a tolerance for
stupidity, and a bulldozer when necessary”.
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This work would have gone nowhere without the inspiring enthusiasm and ingeniousness
of Bert. It was an awesome task to found with you the experimental “rat ICU” in a 4
m? broom closet with nothing than a table in it. Finally stuffed with high end devices
build from scratch by you and collected at the ICU’s thrift shop hot science happened
in this sweat bath. Eventually it was even brought to sustainable temperatures by an air
conditioner which found its place- in the corridor. In this 1% decades it was not alone
your wits and scientific diligence but also thoughtfulness, humanity and friendship that
kept this project going. For all this I’'m much obliged to you!

And then, Coert, you were the scientific conscience of this work. From you | learned how
one should do and write it right. If ever unsure it would be a clear point of orientation
to think what you would do or say. Your thoughts and contributions were always sharp
witted, precise, to the point, constructive and improving either planning, analyses or
writing. For this I'm very grateful to you.

Patricia, you taught me all one needs to master to successfully carry out challenging
rat experiments. Your surgical skills were unmet and of invaluable help for my work
even though my experimental pace finally gave way to some despair. Thank you for
facilitating, assisting and accompanying me on this industrious journey.

During my time at Can’s laboratory, | met a promising young scintillatingly gifted
student who was looking for some research experience — Wadim de Boon. Together we
undertook an endeavor into microcirculatory response to cardiac resynchronization and
a short excursus to a clinical pilot study on nocturnal alertness of intensive care fellows.
Finally at the Erasmus with you help | could accelerate my experimental pace. It was
an exciting and laborious time where you were a relentless, reliable and witty partner.
However, we stretched our experimental race too thin and came to a full stop. Keeping
our noses to the grindstone we fought our way back and even laid the foundations for
another study.

At the Amsterdam Medical Center, | was sharing my office with Matthieu. Watching you
doing science was inspiring. Complex and difficult were other expressions of “challenge
accepted”. You were rushing through experiments like a TGV working literally night and
day. Highly gifted, sharp witted but convivial and sociable you were a fantastic companion
though we were living on different “planets” — namely me on heart and you on kidney.

I'd like to thank all staff of Can’s Amsterdam laboratory. In particular Rick Bezemer, Dan
Milstein and posthumously Peter Goedhart. Rick, being an engineer, you added always
a different view on how to assess the microcirculation. Dan, you taught me with great
patience and skill how to acquire and analyze microcirculatory images. So, it was great
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to tie in with our collaboration and have you over for the Micro-SOAP study to Basel.
Peter, who sadly left us way too early, was the good soul of the department. Leading
me into the viscera of the AMC when something needed to be arranged. Moreover, he
introduced me into the Dutch way of living. | happily remind myself of the memorable
evening boat trips through beautiful Waterland.

One more word goes to Matthias Betz and posthumous also to Jens Moll. Independently,
both of you helped me to better understand my data. With Jens | had long discussions
about statistics and how to setup the best analytic plan. Matthias you virtuously
programmed in R and opened up to me inaccessible possibilities.

Last but not least, the biggest thanks go to my wife Krysia for her tolerance and

understanding for this undertaking which separated us for 2 years and to our children
Gianluca and Martina who had to do without me for many evenings and days.
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