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ABSTRACT

The coupling of oxygen delivery to oxygen consumption is thought to occur as the
result of an increase in the production of vasodilating substances which diffuse from the tissue
and act on the smooth muscle of arterioles, resulting in an increase in regional blood flow
(metabolic regulation). A majority of the hypotheses regarding the nature of metabolic
regulation of blood flow

focus on the role of cytochrome oxidase and oxidative

phosphorylation. The oxygen tension (POz) at which the rate of cytochrome oxidase is onehalf maximal (Km) has been determined in isolated mitochondria but has not been determined in
vivo and some evidence suggests that it may be higher than in vitro.

In these experiments we determined the PO2 at which NADH fluorescence began to
increase in vivo and in vitro in response to oxygen limitation (critical PO2). These changes in
fluorescence are assumed to reflect oxygen limitation of oxidative phosphorylation and can be
compared to the cytochrome oxidase

values. This assumption was tested using imaging

techniques on single striated myocytes to determine whether the change in NADH fluorescence
that occurs with oxygen removal was associated with mitochondrial dense regions. Our
findings support the use of NADH fluorescence to monitor oxidative phosphorylation.

Using this technique the critical PO2 was measured at tissue sites in post-capillary
venular regions and in 20 micron diameter post-capillary venules. The critical PO2 in the tissue
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was 2.4 mmHg and was higher in the venule (7.7 mmHg), consistent with predicted difiiision
gradients for oxygen from vessel to tissue. The difierence between the extracellular tissue
critical PO2 and the BCm of cytochrome oxidase for o^gen (0.5-0.05 mmHg) is consistent with
theorized gradients existing between cell membrane and mitochondria and does not necessarily
indicate a higher critical PC)2 in vivo.

Using techniques similar to those used in vivo we measured the critical PO2 from single
isolated striated cells and determined it was significantly different from the critical PO2
measured in vivo. This difference is likely due to the differences between in vivo and in vitro
measurement conditions rather than real differences in the critical POa -
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Chapter 1
INTRODUCTION AND AIMS
1.1 Introduction

The work output and energy requirements of skeletal muscle can vary over a wide
range. As muscle work increases, stores of high energy phosphates, primarily ATP and
phosphocreatine (PCr) are depleted.

To replenish these stores, energy metabolism is

elevated in proportion to the energy used and therefore the level of work performed. An
increase in metabolism requires additional oxygen and metabolic substrates. During these
periods of increased demand for oxygen and substrates, blood flow and therefore oxygen
delivery to the muscle increases. To explain the apparent coupling of oxygen delivery with
oxygen utilization it has been proposed that a change in the metabolic state of die perfused
tissue results in an increase in the production of metabolic end products which act as
vasodilators. This dilation ultimately results in an increase in the delivery of oxygen and
substrates to the perfused tissue. The primary vasoactive substances may be produced when
mitochondrial metabolism becomes oxygen limited. Therefore, the relation between blood
oxygen levels and oxidative mitochondrial metabolism has been examined in some detail,
primarily in whole organ smdies.
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Based upon measurements from isolated mitochondria we know that oxidative
metabolism, at least in vitro, is not inhibited until oxygen tension falls to quite low values
(0.5-0.05 Tort). However, tissue PO2 is usually well above this value, which would negate
the hypothesis unless, as has tieen suggested (Duling 1977), the Km of cytochrome oxidase
for oxygen is much lower in isolated mitochondria than m vivo. In this case oxidative
phosphorylation may become oxygen limited at a higher PO2 than predicted from the in
vitro values.

Despite many years of study, definitive evaluation of the metabolic hypothesis has
been hampered by the lack of data on critical PO2 in vivo. The experiments described here
were designed to provide such data by examining oxygen tension and mitochondrial
metabolic state in skeletal muscle in vivo. Specifically, we measured the oxygen tension at
which mitochondrial metabolism began to be limited as determined by a shift in die redox
state of the NADH/NAD^ couple. These data were compared to in vitro measurements of
oxygen limitation of critical PO2 in isolated cells from the same muscle and in isolated
cardiac myocytes.

The in vivo experiments described in this study were performed using an
exteriorized, auto-perfused rat spinotrapezius muscle preparation. In young rats (100 g or
less) this is a thin (2(X) microns) muscle which can be easily transilluminated. One of the
advantages of this preparation is that it allows the investigator to visualize the vascular
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network of the muscle. With the intravital microscope developed in our laboratory which
employs and using techniques developed by Chance and Thorell (1959) to measure NADH
fluorescence and by Vanderkooi et al. (1987) to measure the phosphorescence lifetime of an
oxygen sensitive probe we were able to correlate changes in the redox state of the tissue
during periods of blood flow interruption, to the oxygen tension when this change in redox
state occurs.

The basis of the fluorescence measurements is that pyridine nucleotides (NADH and
NADPH) are metabolic co-factors that fluoresce in their reduced but not in their oxidized
form. The redox state of these co-factors is indicative of the activity of the metabolic
pathways in which they are involved. NADH fluorescence has been utilized by previous
investigators to pionitor the redox state of isolated mitochondria, cells and intact tissue. In
the studies described here, changes in NADH fluorescence have been used to monitor
changes in mitochondrial metabolism during periods of oxygen reduction. The assumption
has been made for previous in vivo measurements that the NADH fluorescence originates
primarily from the mitochondria and therefore changes in NADH fluorescence can be used
to follow changes in the mitochondrial metabolic state. This is an untested assumption since
cytosolic NADH may also contribute to the fluorescence signal.

This assumption was

tested using 3-D imaging techniques to determine if changes in whole cell NADH
fluorescence accurately reflect changes in mitochondrial NADH fluorescence as measured
in isolated skeletal and cardiac myocytes.
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A second assumption is made when NADH fluorescence changes are used to
monitor the metabolic state of skeletal muscle and then compared to in vivo measurements
of critical PO2 (the oxygen tension when oxidative phosphorylation begins to be oxygen
limited) made in isolated mitochondria and cell suspension. We assume that the in vivo
response to metabolic perturbation is the same as that which occurs in isolated cells and
mitochondria. This second assumption was tested by following the oxygen tension and
NADH fluorescence changes from cardiac cells in suspension during periods of anoxia
using techniques similar to those in our in vivo experiments. In addition, spectral imaging
techniques were used to follow these changes at the level of individual cardiac and skeletal
myocytes.

1.2 Aims
Specific Aim I.

The primary hypothesis tested was:

The critical PO2 for

mitochondrial respiration in skeletal muscle in vivo is quantitatively similar to the critical
PO2 measured in vitro. The critical PO2 is defined as the extracellular PO2 below which
oxidative metabolism becomes limited. To test this hypothesis we established two goals:

Goal 1. Determine the interstitial oxygen tension in vivo at which mitochondrial
metabolism becomes limited as assessed from NADH fluorescence.
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Goal 2.

Detenmne the extracellular ojqrgen level, at which mitochondrial

metabolism becomes limited for cells in suspension and for isolated single cells.

Specific Aim 2. The second hypothesis tested in these studies was: Changes in
NADH fluorescence during ischemia in vivo are due primarily to alterations in
mitochondrial metabolic activity.

To test this hypothesis our goal was:

To

determine the mitochondrial contribution of NADH fluorescence to the total change
in NADH fluorescence when the cell redox state is altered.
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Chapter 2
LITERATURE REVIEW

2.1 Metabolic regulation of blood flow

Metabolic regulation of blood flow has been defined as adjustments in blood flow
which are elicited by and in the same direction as changes in the metabolic activity of that tissue
(Beme, 1964). It has been known for more than 100 years that blood flow increases in a
working muscle (active hyperemia) and the increase is independent of nervous activity
(Gaskell, 1877). It was proposed by Roy and Brown (1879) and Gaskell (1880) that during
periods of increased oxygen consumption (exercise) or reduced oxygen supply (hypoxia or
ischemia), metabolic products are released from the tissue, difiuse through the interstitial fluid
and induce relaxation of the arteriolar smooth muscle, thereby increasing blood flow and
oxygen delivery to the tissue.

Stainsby and Otis (1964) reported that oxygen consumption in the dog hindlimb was
independent of blood flow until venous oxygen saturation fell below 20%. This occurred at
very low blood flow rates. However, in the cat hindlimb Whalen et al (1973) found oxygen
consumption was directly dependent upon blood flow. In the dog gracilis muscle Whalen et al
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(1977) reported that tissue PO2 fell with decreasing flow rates but that oxygen consumption
decreased only at very low flow rates. Similar conflicts appear in the literature when the
relation between blood flow autoregulation (vasodilation that occurs during a period of
reduced arterial pressure), oxygen delivery and oxygen consumption are examined. Stainsby
and Otis (1964) found that autoregulation in skeletal muscle was enhanced during exercise
when venous oxygen content was reduced and Granger et al. (1976) found that tissue oxygen
delivery was best in preparations which autoregulate well. However, Duran and Renkin (1974)
reported that the dependence of oxygen consumption on blood flow was not necessarily
correlated with the presence of blood flow autoregulation.

In spite of these differences in experimental findings it is now generally accepted that
blood flow in many vascular beds is regulated, to some extent, by the metabolic rate of the
perfiised tissue (Chinet, 1990). It has been shown in mesentery (Johnson and Intaglietta, 1976)
and skeletal muscle (Sullivan and Johnson, 1981) that this autoregulatory behavior occurs
primarily at the level of the arterioles, and it is thought in skeletal muscle to be at least partially
dependent upon the release of vasoactive metabolites fl-om oxygen deficient parenchymal cells.
These metabolites act either directly or indirectly on the smooth muscle of the arterioles.

Various vasodilator metabolites have been suggested to play a role in regulating blood
flow to match tissue metabolic rate. Lactic acid and carbon dioxide are released fi^om hypoxic
or metabolically active tissue and act as a vasodilators. However, the magnitude of the
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vasodilation elicited by these agents is less than observed for physiological responses to muscle
work and hypoxia (Hilton and Eichholtz, 1925). Potassium is released from active muscle and
there is some evidence in skeletal muscle that it plays a role in reducing local vascular resistance
(Kjellmer, 1981). However, in the heart, vasodilation induced by intracoronary administration
of potassium is several orders of magnitude less than that observed with changes in metabolic
rate (DriscoU and Berne, 1957. Although there is a considerable body of evidence to suggest
that metabolites are released from the tissue and those metabolites act either directiy or
indirectiy on the arteriolar smooth muscle to produce a vasodilating action, it is still unknown
how blood flow, and therefore oxygen delivery, is coupled to the metabolic rate of the perfused
tissue (Balaban, 1990).

2.1.1 Role for oxidative phosphowlatioa

Several primary hypotheses regarding the coupling of blood flow and metabolism
suggest a role for mitochondrial oxidative phosphorylation, specifically the sensitivity of the
mitochondrial enzyme cytochrome oxidase (a,a3) to oxygen (Duling, 1977). The passage of
reducing equivalents through the mitochondrial cytochrome chain results in a net movement of
protons out of the mitochondria (Figure 2.1). The resulting electrochemical gradient is used to
phosphorylate intramitochondrial ADP by coupling this energy requiring reaction with the
passive movement of protons into mitochondria down their electrochemical gradient. The
large (200,000 daltons) terminal protein complex in this pathway is cytochrome oxidase, also
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known as cytochrome a,a3, which resides in the inner mitochondrial membrane and reduces
oxygen to water. If oxygen is not available b a high enough concentration to accept the
reducing equivalents entering the oxidative pathway, the components of the pathway will
become reduced starting with cytochrome a,a3 and continuing up the chain to NADH, a
coenzyme in oxidative phosphorylation which carries reducing equivalents produced during
substrate oxidation to the mitochondrial cytochrome chain. The change in redox state to a
more reduced level results in a slowing of the movement of protons out of the mitochondria
and a diminished electrochemical gradient, which in turn slows ATP production. When ATP
consumption exceeds ATP production there is an increase in ADP and its breakdown products,
AMP, inorganic phosphate and adenosine. All three of these compounds have been identified
as having vasodilator activity suggesting a possible connection between changes in
mitochondrial metabolic activity and the regulation of blood flow. The chain of events that
leads to a release of vasodilating metabolites begins with a deficit of oxygen delivery relative to
oxygen utilization. Therefore, to understand the relation between blood flow, oxygen delivery
and mitochondrial metabolism an understanding of the oxygen dependence of oxidative
phosphorylation is required. Our purpose in these studies was to determine the in vivo oxygen
tension at which oxidative phosphorylation first begins to be oxygen limited (the critical PO2)
during a period of blood flow occlusion.
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2.2 Critical POt for oxidative phosphorylation

2.2.1 Measurement of the afSnitv of oxidative phosphorylation for oxygen and critical PC)2

Much of what we know about the oxygen dependence of oxidative phosphorylation
originates from studies using isolated mitochondria beginning with some of the early work by
Chance and Williams (1955), who established that the rate of oxygen uptake by isolated
mitochondria is closely correlated with the magnitude of reduction of cytochromes,
flavoproteins and NADH. From this work, and from the many studies that have followed, the
apparent \Cchaelis constant (Km) of isolated mitochondria for oxygen has been defined. The
BCm is the concentration of oxygen at which the rate of ox>'gen consumption (VO2) is half of the
maximum rate (VO2 miO when all other substrates are at saturating levels. Because theV02
falls steeply over a narrow range (Figure 2.2), the critical PO2 is very near the BCn, ('s 0.5 Torr
difference) and for the purposes of these studies the terms will be used interchangeably. The
Km measured in isolated mitochondria ranges from 0.05 to 0.5 Torr depending upon the
experimental conditions (Oshino et al., 1974, Cole et al. 1982). Measurements of the Km in cell
suspensions yield values > 1 Torr (Longmuir, 1957, Wilson et al. 1979). In both cases the
aflSnity of oxidative phosphorylation for oxygen is high suggesting that cellular oxygen
concentrations have to be more than an order of magnitude lower than arterial or venous
oxygen levels to place a limitation on oxidative phosphorylation.
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Significant gradients for oxygen between blood and tissue have been proposed. Honig
et al. (1992) have suggested that the principal site of resistance for oxygen from blood to tissue
is the so-called carrier-fi'ee region, i.e., the extracellular fluid

which contains neither

hemoglobin nor myoglobin. Such a gradient might be due to inefficient capillary oxygen
delivery to the cells of a tissue or putative difiusion barriers to oxygen between the blood and
cells or within the cell itself (Jones, 1986). However, these proposals have been challenged
based on theoretical grounds (Clark et al. 1987). An alternative hypothesis to diffijsion barriers
is that the affinity of the cytochrome chain for oxygen is much lower in vivo than in vitro,
making even normoxic oxygen tensions rate limiting (Rosenthal et al. 1976, Jobsis et al. 1977).
In fact, Tamura et al. (1978) found that the apparent Km of cytochrome a,a3 for oxygen was
higher (4 jim vs. 0.2 (im) in the isolated perfused rat heart than in mitochondria isolated fi"om
the heart. Because of the complexity of making the measurements in intact tissue, the
discrepancies between measurements made with isolated mitochondria relative to in vivo
measurements have not been fully resolved.

2.2.2 Technical diflScultv of in vivo measurements

The differences in Km that are observed between single systems (isolated ceUs and
mitochondria) and complex tissue, as well as conflicting findings from similar systems, have
resulted in a continuing debate over the sensitivity of the mitochondrial respiratory chain to
oxygen concentration in vivo. The major source of the controversy is related to disagreements
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concerning the presence or magnitude of intracellular and/or extracellular oxygen gradients and
the redox state of cytochrome a,a3 at a given PO2 (Balaban, 1990). This is due, in part, to the
diflSculty of using standard absorbance measurements in vivo that are used routinely in vitro to
determine the redox state of cytochrome a,a3. Problems which plague in vivo studies include
overlapping absorption lines of hemoglobin and myoglobin as well as scattering of light by the
tissue.

In addition to the difficulty in making cytochrome a,a3 measurements in vivo,

measurements of oxygen have been made primarily with oxygen electrodes or optical methods
(cytochrome redox state, myoglobin oxygenation) which rely on in vitro calibrations. In
addition, rapid measurements at different sites in the tissue are not possible using oxygen
microelectrodes. For the studies that will be described in this dissertation we have selected
techniques to measure both oxygen and metabolic activity that avoid the problems associated
with the measurements described above.

2.2.3 In vivo Oxygen Measurements

To better understand the role of oxygen in the coupling of blood flow with
parenchymal cell metabolism the experiments in this study were designed to measure the
oxygen tension in microvessels as weU as in the adjacent tissue. The most commonly used tool
for the measurement of oxygen in microvascular preparations is the polarographic oxygen
electrode, and it has been used quite successfully in many studies over several decades (Whalen
and Nair 1967, Duling 1974, Jackson 1987). One of the major drawbacks to its use in
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microcirculatory studies is the difficulty of penetrating the vessel wall to measure intravascular
oxygen levels. As a result of this difficulty several non-invasive optical techniques have been
developed to measure intravascular oxygen tension, including absorption spectrophotometry of
oxyhemoglobin in microcirculatory vessels in vivo (Pittman et aL, 1975a and 1975b) and
hemoglobin saturation using cryospectrophotometry in quick frozen muscles (Gayeski, 1981).
Recently, the development of an optical method for measuring oxygen concentration based
upon the oxygen dependent quenching of phosphorescence from metalo-porphyrin probes
(Vanderkooi, 1987) has proven usefiil in microcirculatory studies (Shonat, 1995) without the
limitations (i.e., overlapping absorption bands of myoglobin and hemoglobin) that are inherent
in spectrophotometric measurements. For these reasons the oxygen measurements for these
studies were made using the method of phosphorescence quenching which will be described in
detail in Chapter 3.

2.2.4 In vivo estimates of redox state- NADH fluorescence measurements

There are several metabolic co-factors which can absorb light and re-emit the absorbed
energy as fluorescence. These properties provide a method to monitor metabolic state noninvasively with optical techniques. Among the metabolic co-factors which can be monitored
(Chance and Williams, 1956), the most sensitive measure is fluorescence of NAD(P)H. It had
been previously observed that living cells emitted a blue fluorescence which were thought to be
associated with mitochondrial bodies. NADH fluorescence was first used as an estimate of
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tissue mitochondrial metabolic activity in the isolated frog sartorius muscle by Chance and
Connelly (1957). Chance and Jobsis (1959) demonstrated, also in the isolated frog sartorius
muscle, that the redox state of NADH could be estimated fluorometrically.

The use of NADH fluorescence to follow the redox state of tissue is based upon the
property of pyridine nucleotides to fluoresce in their reduced state but not in their oxidized
state. Figure 2.3 shows the broad spectrum of the fluorescence emitted from a single skeletal
muscle cell which has been excited with the 367 nm line from a 200 watt mercury lamp.
Reduced NAD (NADH) absorbs this light and fluoresces in the blue re^on of the spectrum
(450 nm) while oxidized NAD (NAD*) does not. Since the redox state (reduced/oxidized) of
these compounds is an indicator of the activity of the metabolic pathways in which they act as
co-enzymes, measurement of changes in NADH fluorescence may be used to monitor
metabolic state either in vivo or in vitro.

2.3 Oigin of NADH fluorescence

While a significant amount of indirect evidence indicates that the NADH fluorescence
signal originates primarily from mitochondria, there is disagreement on this issue since there is
also a variable amount of NADH in the cytosol which may contribute to the total signal. In
addition, it is difficult to predict how the fluorescence signal originating from these two
independent compartments changes during alterations in the cellular metabolic state.
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Therefore, the use of NADH as an in vivo marker of mitochondrial metabolic state has not
been thoroughly validated under the conditions of our studies. We have addressed these issues
by examining the origin of NADH florescence changes during metabolic perturbations in 3-D
imaging studies of individual isolated myocytes. We have also measured the critical POa for
myocyte cell suspensions using techniques similar to those that were used for our in vivo
studies. Finally, using microscopic spectral imaging we examined the relation between oxygen
tension and NADH fluorescence for individual myocytes.

2.3.1 Origin of NADH fluorescence in living cells

The inability to assign NADH fluorescence to specific intracellular compartments has
been a major limitation of in vivo studies (Balaban and Mandel 1991). Chance and Thorell
(1959) demonstrated in grasshopper spermatid that fluorescence with spectral characteristics
similar to those of reduced pyridine nucleotides was localized in three cell configurations which
cytologjcally showed mitochondrial aggregation. Jobsis and Duffield (1967) observed that
during tetanic stimulation of an anoxic toad sartorius muscle there was a rapid cycle of NADH
reduction and reoxidation which was followed by a long lasting reduction of NADH, and
cytochromes B and C.

They concluded that the major contribution of NADH fluorescence

comes fi'om the mitochondria based upon the biphasic response of the fluorescence signal. It
was shown by Nuutinen (1984) that there is a linear correlation between NADH fluorescence
measured at the surface of a perfiised rat heart and the fi^ee mitochondrial NADH/NAD* ratio
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determined from

the analysis of the concentrations of the substrates for glutamate

dehydrogenase (GdH). These studies depend upon the GdH en2yme being at equilibrium with
its substrates in vivo which may not always be the case. Therefore, although supportive, this
evidence is less than conclusive. More recently, Eng and co-workers (1989) demonstrated in
isolated cardiac myocytes that changes in single cell NADH fluorescence in response to
metabolic inhibitors and uncouplers

were consistent with the action of these drugs on

mitochondrial metabolism. In addition using video imaging techniques, a correlation between
the location of intracellular NADH fluorescence and the distribution of a mitochondrial
selective fluorescent probe (DASPMI) was demonstrated using video imaging. However,
myocytes can be 20-60 |im in diameter and out of focus light from above and below the plane
of focus results in significant blurring which limits resolution within the image, obscuring detail.
Therefore, the experiments of Eng et al. were limited in their ability to resolve NADH signal to
a mitochondrial location. The experiments described here expanded on the studies of Eng and
co-workers by using high resolution 3D imaging techniques to determine with a greater degree
of certainty the NADH fluorescence signal that originates from mitochondrial regions. Further,
Eng et al. did not study changes in NADH fluorescence which occur with oxygen limitation.
As a consequence there was no direct evidence to confirm the assumption made for our in vivo
experiments; that oxygen limitation increases mitochondrial rather than cytosolic NADH
fluorescence.
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Our ability to expand on the studies of Eng et. al. (1989) is due to advances in
miCTOScopic imaging techniques and phosphorescent oxygen probes. Confocal microscopy is
capable of providing the resolution necessary to discriminate individual intracellular
compartments such as mitochondria but it can not presently be used to image NADH
fluorescence since lasers with appropriate excitation charaaeristics are not supplied with these
microscopes and the light transmission properties are inadequate to observe the relatively weak
NADH signal. On the other hand, 3-D wide-field image acquisition with subsequent data
(image) deconvolution provides a tool to enhance optical resolution with images from weak
fluorophores (Fay et al., 1989). We used this system to determine the subcellular origin of
NADH fluorescence during metabolic perturbations. The description of the microscope system
and the experimental design are detailed in Chapter 6 of this manuscript.

2.4 Measurements of PO? from cell suspensions and individual myocytes

The final issue addressed in these studies was the oxygen tension at the cellular level
where mitochondrial metabolism becomes limited. Based upon experimental evidence cited
earlier it is possible that the aflSnity of oxidative phosphorylation for oxygen is higher in tissue
than in isolated cell suspensions and single cells If this is true the critical PO2 should be lower
in isolated cells than was measured in vivo. The extracellular critical PO2 was measured in
vitro and compared to the extracellular critical PO2 measured in our in vivo experiments to
determine if there were significant differences in the two values.
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Oxygen concentration was monitored using a Pd-porphyrin probe whose
phosphorescence is sensitive to OJQ'gen, simultaneously with NADH fluorescence from cell
suspensions in a spectrofluorometer. The temporal responses of each parameter were followed
to determine the oxygen tension at which mitochondrial respiration became oxygen limited
(NADH reduction). Using microscopic spectral imaging techniques (Martfnez-Zaguilan and
Lynch, 1995) we were also able to follow changes of both NADH fluorescence and the
phosphorescence of the Pd-porphytin oxygen probe from single cardiac and skeletal myocytes.

2.5 Summary
In summary, our in vivo experiments are designed to provide us with a measure of the
mtravascular and extracellular critical PO2. The studies are based upon the use of NADH
fluorescence to monitor changes in mitochondrial metabolic activity and metalo-porphyrin
phosphorescence lifetime to monitor oxygen non-invasively during periods of blood flow arrest
(ischemia). Use of NADH fluorescence as an in vivo monitor of mitochondrial metabolism is
dependent upon the validity of the assumptions that: 1) the source of NADH fluorescence is
mitochondrial and; 2) changes in NADH fluorescence during ischemia are consistent with those
seen during periods of oxygen depletion at the level of a single myocyte. In addition to our in
vivo experiments, in vitro studies tested the above assumptions to validate the use of NADH
fluorescence to monitor mitochondrial metabolic activity in vivo. These experiments were
possible due to the recent development of oxygen measurements based upon phosphorescence
techniques and imaging and spectroscopy systems.
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Figure 2.1 Diagram of mitochondria with inner and outer membranes showing the major
steps in oxidative phosphorylation. NADH produced in the citric acid cycle transfers
electrons to the cytochrome chain with the final step being the reduction of oxygen to
water. Substances which are known vasodilators are marked with an asterisk. ATP =
adenosine 5' triphosphate, ADP = adenosine 5' diphosphate, P; = inorganic phosphate, cyt
a,a3 = cytochrome a,a3.
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Figure 2.2 Rate of oxygen consumption and the oxidation level of cytochrome a,a3 as a
function of the oxygen concentration (or PO2) for yeast cells. From Jobsis, 1972.
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Figure 2.3 Fluorescence spectrum from a single skeletal myocyte, The peak at 460 nm is
due to NADH. Inset shows the spectra from a Hg lamp used to calibrate the
spectrograph. Peaks from left are; 545 nm, 435 nm, and 405 nm.
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CHAPTER 3
Tissue And Post-Capillary Venular Critical PO2
Measurements
3.1 Introduction
Metabolic regulation of blood flow has been defined as adjustments in blood flow
which are elicited by and in the same direction as changes in the metabolic rate of the tissue
(Berne, 1964). The metabolic hypothesis has been used to explain vessel diameter changes in
skeletal muscle during periods where oxygen delivery and consumption are mismatched such as
occurs in periods of hypoxia or intense exercise.

Understanding the relation between

parenchymal cell oxidative metabolism and oxygen delivery is important in order to define
more completely the role of tissue metabolism in the regulation of blood flow.

The oxygen dependence of oxidative phosphorylation has been described for isolated
mitochondria (Chance and Williams, 1955), as well as for cells in suspension. The measure of
this dependence is the Michaelis constant (Km) of cytochrome oxidase for oxygen, i.e., the PO2
at which respiration is at half the maximal rate as judged fi^om the redox state of glucose
oxidase. The Km measured in isolated mitochondria ranges fi'om 0.05 to 0.5 Torr depending
upon experimental conditions (Oshino et al., 1974, Cole et al. 1982).

Measurements of the

Km in cell suspensions yield values < 1 Torr (Longmuir, 1957, Wilson et al. 1979). In both
cases the aflSnity of oxidative phosphorylation for oxygen is high suggesting that cellular
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oxygen concentrations have to be more than an order of magnitude lower than that measured
in venous blood or in tissue to place a limitation on oxidative phosphorylation.

To accommodate these observations with the metabolic theory of vasodilator
production, it has been suggested that the Km for oxygen in mitochondria in vivo may be
higher than that for mitochondria in vitro (Duling, 1977). The significance of this, if correct,
would be that oxidative metabolism might be limited at oxygen tensions as high as those
measured for venous PO2 without the order of magnitude gradient that would otherwise be
required. This was tested by Gayeski et al., (1987) in a quick frozen dog gracilis muscle using
myoglobin saturation to determine the intracellular PO2. They concluded that maximal oxygen
consumption (based upon arterial and venous blood sampling from the whole muscle prior to
freezing) could be maintained at oxygen tensions > 0.5 Torr.

The studies described here were designed to test more directly the hypothesis that
tissue mitochondrial metabolism in vivo becomes limited at venular and tissue oxygen tensions
that are significantiy higher than those measured in vitro. We measured both the interstitial and
intravascular PO2 at which mitochondrial metabolism begins to be oxygen limited in skeletal
muscle in vivo. This was accomplished by measuring the oxygen tension at either a tissue site
or from a post-capillary venule during a period of interrupted oxygen delivery to the rat
spinotrapezius muscle. This oxygen measurement was used in conjunction with tissue NADH
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fluorescence measurements to determine the PO2 at which mitochondrial metabolism began to
be oxygen limited.

3.2 Material and methods

3.2.1 Preparation

The rat spinotrapezius muscle preparation was used in these studies. This preparation
was selected for several reasons. In smaller rats (75-100 g body weight) the central region of
this muscle has an average thickness of200 (im which makes possible complete visualization of
the vascular network in a localized region of tissue. The primary arterial and venous vessels as
well as the nerve supply are confined primarily to the proximal end of the muscle. This
architecture makes it possible to isolate the muscle fi"om the body of the animal on three sides
and also to interrupt oxygen delivery by occluding the vessels at the proximal end of the
muscle, leaving an unobstructed view of the central region of the muscle.

Studies were performed on eighteen fasted male Sprague-Dawley rats (75-100 g body
weight) anesthetized with sodium pentobarbital (60 mg/kg, Nembutal, Abbott Laboratories)
administered by intraperitoneal injection. Supplemental anesthesia consisting of a-chloralose
(2%) and urethane (10%) was infused continuously through a femoral venous cannula at the
rate of 1.5 ml/hr. The left femoral artery was cannulated for the measurement of systemic
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arterial pressure with a Statham pressure transducer (P23Gb). A tracheal tube was inserted to
maintain a patent airway.

The spinotrapezius muscle was isolated using a method originally described by Gray
(1973) and modified for these experiments. An incision was made along the left dorsal margin
and the skin and connective tissue separated from the underlying tissue by blunt dissection.
The spinotrapezius muscle was isolated by blunt dissection from the underlying muscle layers
and on three sides leaving the main arterial and venous vessels, as well as nerves, intact. Small
vessels were tied with 000 suture as necessary to prevent bleeding. Sutures were sewn to the
muscle margins at intervals of about 7 mm to secure the muscle on the microscope stage.
During the surgical procedure, a constant drip of Plasmalyte R solution (Travenol Laboratories
Inc.) was maintained. The solution, composed of (in mEq/L) Sodium-140, Potassium-10,
Calcium-5, Magnesium-3, Acetate-47, and Lactate-8, was adjusted to pH 7.4 and warmed to
STC. Upon completion of the surgery the animal was placed on its right side upon a specially
designed stage and the exteriorized muscle mounted on a Plexiglas platform. The muscle was
held at its in situ length (average 2.5 cm) by tying the surgically attached suture to anchoring
screws on the edges of the platform. A quartz window at the center of the platform allowed
transillumination of the tissue for visualization and NADH fluorescence excitation. The edges
of the muscle were covered with moist gauze and the entire muscle was covered with clear
polyvinyl film (Saran Wrap, Dow Coming) which provided an oxygen impermeable barrier
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while maintaining transillumination capability. Animal body and muscle temperature were
maintained at 37°C by electrically controlled heating coils lying beneath the stage.

Arterial blood pressure, electrocardiogram and heart rate were monitored continuously
and recorded on a four channel strip chart recorder (Gould-Brush, model 2600). Arterial pH,
PCO2 and PO2 were monitored periodically using a blood gas analyzer (Radiometer, ABL-330,

Copenhagen, Denmark).

Positive ventilation was used when necessary to maintain the

appropriate physiological blood gas parameters. The Plexiglas platform was positioned on a
motorized and computer controlled microscope stage (Type EK 8b/S2, Martzhauser GMbH,
Wetzlar, West Germany.

3.2.2 Microscope system

The microscope system used in these studies has been described in detail in previous
reports (Pal et al., 1993, Toth et al., 1992 and Shonat et al., 1995). In its current configuration,
shown schematically in Figure 3.1, it enables the investigator to monitor either tissue NADH
fluorescence or PO2 at a localized (» 20 micron diameter) site while visualizing the tissue and
adjacent microcirculatory vessels in a 200 to 500 micron diameter region, depending on
magnification. Shifting between the two measurements involves changes in filters and position
of a dichroic mirror, a process that requires about 15 seconds.

For this reason the

measurements of NADH and oxygen are made in separate experimental protocols as described
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below. Further details of the optical system are described in Appendix HI. Microcirculatory
data including vessel diameter and vascular network organization were obtained from
videotape recordings made during the experiments.

3.2.3 NADH fluorescence excitation and measurement

The redox state of the tissue was followed by monitoring changes in pyridine
nucleotide fluorescence. Based on our findings described in Chapter 6 this change appears to
occur primarily in the mitochondria. As described earlier in Chapter 2, changes in the state of
mitochondrial metabolism (oxidative phosphorylation) are reflected in the NADH/NAD+ redox
couple. The reduced form of NAD (NADH) fluoresces but the oxidized form (NAD+) does
not.

Thus, changes in the NADH/NAEH- redox state can be followed by fluorescence

measurements. NADH fluorescence can be excited with 366 nm light and emission followed at
450 nm. In this study we monitored NADH fluorescence at selected tissue sites using the
microscope system described above. As described in an earlier repon (Toth et al., 1992),
emission fi-om a Hg-arc lamp (HBO 100 W/2, Osram, Germany) mounted beneath the
microscope passed through an electronic shutter (model 846HP Newport, Fountain Valley,
CA) and subsequently through a 366 nm interference filter (Oriel). The shutter was used to
block the light beam between measurements to reduce tissue UV exposure. A mirror mounted
at 45° to the light path directed the light beam upward through an excitation pinhole that served
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as a secondary point source for an infinity-corrected condenser (model H32 objective,
NA=0.60, Leitz, Wetzlar, FRG). The light beam passed through the condenser to the tissue.

NADH fluorescence excitation light passing through the tissue and fluorescence
emitted from the tissue were collected by an infinity-corrected objective (model H20,
NA=0.40, Leitz) mounted above the tissue and through the 50/50 quartz beam splitter which
directed one-half the light to the video camera and the remainder through an electronic shutter
to an upper pinhole. The NADH excitation light (366 nm) was reflected by a 45° long-pass
dichroic mirror (400 nm cut-on wavelength) to a photomultiplier tube (PMT model 9928A
Thorn EMI, Rockaway, NJ) while the fluorescence passed through the dichroic to a 460 nm
interference filter, then to a PMT (Model 9928A Thorn EMI, Rockaway, NJ) enclosed in a
thermo-cooled housing (Model 33, Pacific Instruments, Concord, CA)..

3.2.4 Oxvgen measurement: Introduction

Intravascular PO2 measurements were made using the method of Vanderkooi et al.,
1987, described in detail in Appendix (1). This method is based upon the quenching of
phosphorescence of a metalo-porphyrin compound by oxygen which can be described by the
Stem-Volmer relationship modified for fluorescence and phosphorescence lifetimes.
equation form this becomes:
, / r = l+r„itja]

(1)

In
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where Xo is the phosphorescence lifetime in the absence of oxygen, t is the lifetime at an oxygen
concentration [O2], and k, is the quenching rate constant. The Xo and kq can be determined in
vitro based upon the pH (7.3-7.5) and temperature (37-39 °C) range encountered in vivo. The
calculation of the phosphorescence lifetime (t) is based upon the fit of a phosphorescence
decay curve to a single exponential from which oxygen concentration can be calculated using
equation 1.

3.2.4.1 Oxygen Probe

The oxygen probe used in these experiments was palladium meso-tetra [4-carboxy
phenyl] porphine (Porphyrin Products, Logan, Utah). As noted by Shonat et al. (1995), the
probe is usefial for in vivo microcirculatory measurements because oxygen sensitivity is in the
range found in vivo, it can be excited by light in the visible spectrum, and it phosphoresces with
a peak at 700 nm where tissue absorbs minimally. A stock solution of the probe was prepared
by dissolving NaCl (195 mg) and bovine serum albumin (BSA,1.44 g. Fraction V, ICN
Biochemicals, Costa Mesa, CA) in water (22 ml) and adjusting the pH to 7.5 with Trisma base.
The Pd-coproporphyrin (240 mg) was added to dimethylsulfoxide (DMSO, 1ml, Sigma, St.
Louis, MO) and warmed to 40-50°C to dissolve the probe. The albumin/NaCl solution was
placed on a magnetic stirrer and stirred vigorously. The probe solution was added to the
albumin/NaCI solution in single drops from a Pasteur pipette. The formation of an albumin-
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porphyrin complex is necessary to: 1) insure that the environment of the probe, and therefore
its sensitivity to oxygen quenching, is not altered by the suspending media; 2) reduce self
quenching of the probe; and 3) increase the sensitivity of the probe to oxygen (Shonat et al.,
1995

3.2.4.2 Phosphorescence Excitation and Measurement

The oxygen probe used in this study has two excitation peaks in the visible spectrum
(420 and 530 nm) and a single broad emission peak centered at 700 nm. Excitation was
provided by a strobe flash unit (model MVS-2607, EG & G Electro Optics, Salem, MA)
equipped with a flashlamp (FX 249) and litepak (FY?12). A short (»10 jisec) duration,
excitation light pulse passed through a I mm pinhole, through a focusing lens and 530 nm
interference filter. The light was then reflected fi'om a 530/560 dichroic mirror mounted at 45°
to the light path and concentrated by an infinity-corrected objective (model ICO, NA=0.40,
Leitz) onto a tissue area approximately 100 (im in diameter.

Phosphorescence emitted fi^om the muscle preparation passed through the 530/560 nm
dichroic mirror to a cube beam splitter (Oriel) that reflected 50% of the light to a video camera
(model 5200, COHU, San Diego, CA).

The remaining light passed through a shutter, a

collection pinhole placed in the tissue image plane, and through a 560 nm long pass filter
mounted in a custom made filter wheel. The pinhole limited the input collection to a tissue
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region approximately 20 jam in diameter. A photomultiplier tube (PMT, type EMI 9928A,
Middlesex, UK) powered by a high volt^e supply (model 240A, Keithl^f, Taunton, MA) was
used to detect the emitted phosphorescence. The PMT current was converted to a voltage
signal, amplified and digitized at I MHz by a high-speed, 12-bit A/D converter (R1200 Rapid
System Inc., Seatde, WA). This signal was then processed by custom software (Shonat et al.,
1995) to obtain on-line oxygen tension at one second intervals. Oxygen tension was displayed
on a computer monitor and stored together with all collection parameters in an MS-DOS based
386 personal computer (WJM, Tucson AZ) for off-line analysis.

3.2.5 Experimental Protocols

3.2.5.1 Tissue PO? and NADH fluorescence measurements

The first series of experiments was designed to measure the changes in mitochondrial
NADH fluorescence and extracellular oxygen at a tissue site 20 microns in diameter during a
60 second period of blood flow stoppage. The center of the measuring site selected was 30
microns from the inner wall of a 20

ID venule. Blood flow to the muscle was interrupted

by occlusion of the arteries at the proximal end of the muscle using a small metal bar (1 mm
diameter) mounted on a micromanipulator (Narshige). This arrangement provided rapid
occlusion and release with minimal tissue movement. Measurements of oxygen and NADH
fi-om a single tissue site were obtained fi"om sequential occlusion periods because of the optical
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constraints of the system described above. The NADH fluorescence signal was sampled once
per second and the oxygen tension was determined every two seconds.

Criteria used for selecting a site for measurement were: 1) a region of the muscle where
blood flow was stable, i.e., there was no vasomotion; 2) the site contained a post-capillary
venule with a diameter of 20 microns (± 5 microns); 3) the venule was not within 50 microns
of other vessels.

The stock solution of oxygen probe was injected as a bolus through the femoral venous
cannula (15 mg probe/kg) and allowed to equiHbrate in the blood for approximately 10 minutes
before beginning the experimental protocol.

The protocol for the oxygen measurement consisted of a 1 minute control period, a I
minute occlusion, and a I minute post-occlusion period.

For the NADH fluorescence

measurement this 3 minute experimental period was preceded and followed by a I minute
period of oxygen measurement. This was done to verify that oxygen tension under free flow
conditions was the same for the oxygen and NADH measurement protocols. The sequence of
the two protocols was randomly determined.
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3.2.5.2 Venular PQ2 and adjacent tissue NADH fluorescence

The second series of experiments was identical to the preceding except that oxygen
tension was measured in the adjacent 20 micron venule rather than at the tissue site. From
these measurements the minimum venular oxygen tension required to maintain noraial
mitochondrial oxidative metabolism at the tissue site centered 30 microns from the venule was
determined.

3.2.5.3 Venular PO? and adjacent tissue PO^

The third series of experiments was designed to measure the oxygen tension at the tissue and
venular sites described above. While the oxygen measurements obtained during the control
period of the preceding series provided some information on this point, a direct comparison
between the PO2 at a venular site and at an adjacent tissue site during free flow conditions with
a minimal time between measurements was not available. The protocol for this series consisted
of an oxygen measurement every 2 seconds for 1 minute at either the venular site or the tissue
site, followed by a second measurement at the site which was not previously measured. The
order of the measurements was randomly determined. The 30 oxygen measurements made
from each location were used to calculate the mean PO2 during the 2 minute period.
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3.2.6 Statistics

For the purpose of data analysis, the NADH fluorescence and oxygen tension data
during the occlusion protocols were divided into three phases: the pre-occlusion control
period, the period of rapid change during blood flow stoppage and the period of slow change
during blood flow stoppage. The NADH fluorescence data for these three periods were
analyzed using linear regression (SigmaPlot, Jandel).

The time at which the NADH

fluorescence signal began to increase during the occlusion was defined by regression analysis of
the fluorescence signal during the pre-occlusion control period. This data were used to
calculate a 95% confidence interval. When two consecutive data points rose above the 95%
confidence interval (after the occlusion began) mitochondrial metabolism was assumed to be
altered. The first of these time points was matched to the oxygen measurement at that specific
time and used to determine the tissue or the venular PO2 at which tissue oxidative metabolism
began to be limited.

Linear regression analysis was also performed on the oxygen tension data for the three
periods described above. In addition, the entire period of blood flow stoppage was analyzed
using non-linear 4 parameter curve fitting (Sigma Plot).
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For the third experimental protocol, comparisons between venular and tissue oxygen
tension measurements were made using unpaired Student t tests (Sigma Plot). Significance
was set at the P< 0.05 level. All data are expressed as means ± SE unless otherwise noted.

3.3 Results

3.3.1 Tissue PO? and Tissue NADH fluorescence during blood flow stoppage

In this study we monitored changes in PO2 and NADH fluorescence at 13 tissue
sites during successive one minute occlusion at each site. Figure 3.2 shows the results
fi-om one pair of NADH fluorescence and extracellular oxygen measurements. The PO2
during the pre-occlusion control period was 17.1 ± 2.6 mmHg (SD). The variability in
oxygen tension during the one minute control period in this figure is typical of that for
these experiments during fi"ee flow conditions. In addition to oxygen tension fluctuations,
NADH fluorescence intensity was also seen to vary during the pre-occlusion control.
Linear regression performed on these data reveals a small, gradual decrease in NADH
fluorescence intensity during this one minute control period. The slope of the linear
regression line was not significantly different from a line with a slope of zero. This trend
was seen in all experiments.
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Occlusion of the supply arteries to the spinotrapezius muscle caused immediate
flow stoppage as verified by visual observation. Concurrent with flow stoppage was a
sudden, rapid decrease in the interstitial oxygen tension. As shown in Figure 3.2, oxygen
tension fell to 2.0 mmHg in about 10 seconds and showed little or no change for the
remainder of the 60 second occlusion period. The data were fitted to a 4 parameter non
linear curve (SigmaPlot) for the period of rapid decline as well as a portion of the
preceding control period and the subsequent sustained low level. Linear regressions were
also obtained for the period of decline and the sustained low level. In this example,
NADH fluorescence intensity began to increase 13 seconds after flow stoppage and
reached a plateau after 30 seconds.

Note that the initiation of the rise in NADH

fluorescence appeared to coincide with the abrupt change in slope of the PO2 decrease.
Upon release of the occlusion both the oxygen tension and NADH fluorescence rapidly
returned to pre-occlusion control values. In some instances (not shown in this figure) the
oxygen tension rose above and NADH fluorescence intensity fell below pre-occlusion
values before returning to control levels.

For this series of experiments (n=13), the mean PO2 during the pre-occlusion
control period was 15.0 ± 0.3 mmHg as shown in Figure 3.3. The time at which the rise
in NADH fluorescence reached significance for the 13 sites at 9.9 ± 1.0 seconds after the
beginning of the occlusion.
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The mean interstitial critical PO2 was determined by calculating the oxygen tension
from both the regression line and the non-linear curve at 9.9 ± 1.0 seconds after the
beginning of flow stoppage. From Figure 3.3 it can be seen that the calculated critical PO2
at this time point was 2.4 ± 0.8 mmHg for the line and 2.4 ± 0.5 mmHg for the curve. As
in the example shown in Figure 3.2, the rise in NADH fluorescence appeared to coincide
with the abrupt change in slope of the PO2 decline.

3.3.2 Venular PO? and tissue NADH fluorescence during blood flow stoppage

In 12 experiments we monitored venular PO2 and tissue NADH fluorescence
during a one minute occlusion. As described in the Methods section, the 20 micron
diameter tissue site of NADH fluorescence measurement was centered 30 microns from
the inner wall of a nearby venule. Figure 3.4 is representative of the venular oxygen
tension and tissue NADH fluorescence data obtained during a one minute occlusion. As
was the case for the tissue oxygen measurement, the pre-occlusion control data for the
venular site shows considerable variability. The mean oxygen tension during the control
period for the experiment shown in Figure 3.4 was 19.8 ± 2.7 mmHg (SD). Upon
occlusion of the arteries and flow stoppage the fall in oxygen tension is less rapid than
was seen in the tissue but with a similar pattern. The pattern of NADH fluorescence
change with occlusion is very similar to that seen in the previous series but in this series
there was a longer delay after occlusion before fluorescence intensity increased (16.3
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seconds, ± 2.4). Upon release of the occlusion NADH fluorescence

intensity fell

concurrently with a rise in oxygen tension. In the example shown in Figure 3.4 the oxygen
tension rose transiently above the pre-occlusion control level while NADH fluorescence
intensity fell slightly below pre-occlusion levels.

This response was seen in three

experiments for this series. In five other experiments NADH fluorescence intensity fell
below pre-occlusion values while oxygen tension returned to but did not rise above
control values. NADH fluorescence in the remaining four experiments decreased to, but
not below, pre-occlusion levels. It can also be seen in Figure 3.4 that in contrast to the
tissue sites, the oxygen level at the venular sites returned more slowly to pre-occlusion
control levels, continuing to rise through most of the 1 minute post-occlusion period.

Figure 3.5 shows the combined oxygen data for 12 venular sites. The mean PO2
during the pre-occlusion control period was 23.1 mmHg (± 1.2).

In contrast to the

previous experimental series, the oxygen tension continued to decline through the entire
occlusion period. Figure 3.5 also demonstrates the slower return of venular oxygen
tension to control values in comparison to the more rapid return seen at tissue sites.

The oxygen tension at which NADH fluorescence increased after blood flow
stoppage was determined as described for the previous experimental series using both
linear and non-linear fitting. The increase in NADH fluorescence intensity took place 16.3
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seconds (± 2.4) after the beginning of the occlusion. The venular PO2 at this time
calculated using linear fits to the fast and slow components of the change in oxygen
tension was 8.3 ± 1.5 mmHg. When the oxygen tension data were fitted to a 4 parameter
non-linear function the venular PO2 at which NADH began to rise was 7.7 mmHg (± 0.5).
There was no significant difference in the values obtained for the PO2 between the 2
methods of analysis.

3.3.3 Venular PQ^^versus Tissue PO?

In this series of experiments we compared oxygen tension in a 20 micron venule
with that at an adjacent tissue site 20 microns in diameter centered 30 microns fi"om the
inner wall of the venule. PO2 was measured every 2 seconds for a one minute period at
each site. Figure 3.6 is an example of the data fi^om one experiment. The mean PO2 for
the oxygen measurement at this site was 20.8 ± 2.0 mmHg (SD) and ranged fi-om 18.0 to
24.7 mmHg while the mean PO2 for the tissue measurement was 17.0 ± 1.5 mmHg (SD)
and ranged fi"om 15.1 to 20.8.

Figure 3.7 presents data fi-om 17 experiments. At all but 2 sites, venular PO2
values were significantly higher than the adjacent tissue PO2 (p < 0.05). The mean venular
PO2 was 20.18 mmHg (± 1.1) and the range was 5.5-27.5 nmiHg. The mean tissue PO2
was 18.8 mmHg (± 2.2) and the range was 3.3-24.2 mmHg. The mean difference in PO2
between venule and tissue was 3.11 ± 0.6 mmHg and the range was 0.5-8.2 mmHg. At no
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site was the tissue PO2 less than that determined to be critical for oxidative metabolism
(2.4 mmHg).
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Figure 3.1 Schematic representation of the intravital microscope showing the major
components and light paths. With this configuration both NADH fluorescence and oxygen
probe phosphorescence lifetime measurements can be made with minimal changes to the
instrumentation. The system is described in detail in Appendix III.
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Figure 3.2 NADH fluorescence and extracellular oxygen tension measured in a tissue site
in the spinotrapezius muscle during a period of flow stoppage. The fall in PO2 followed
by the rise in NADH fluorescence is typical for these experiments.
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Figure 3.3 Extracellular tissue oxygen measurement in post-capillary venular regions
during flow stoppage. Results from 13 sites were combined and the mean critical PO2 was
defined by the intersection of the regression line for the oxygen data and the line
representing the average time after stop flow for NADH to rise above the 95% confidence
level. The calculated mean critical PO2 (2.4 mmHg) was the same whether the oxygen
data were fit to linear or non-linear curves.
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Figure 3.4 Oxygen tension measured in a 20 micron venule and NADH fluorescence
measured from an adjacent tissue site during a period of flow stoppage. The fall in PO2
followed by the rise in NADH fluorescence is typical for these experiments.
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Figure 3.5 Oxygen measurement in a 20 micron venule during flow stoppage. Results
from 12 experiments were combined and the mean critical PO2 was defined by the
intersection of the regression line for the oxygen data and the line representing the average
time after stop flow for NADH to rise above the 95% confidence level. The calculated
mean critical PO2 was the same whether the oxygen data were fit to linear or non-linear
curves (7.7 mmHg).
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Figure 3.6 Oxygen tension measured.in a 20 micron venule followed by an extracellular
tissue oxygen measurement during free flow conditions. Oxygen tension was measured at
1 second intervals and the 60 second average calculated.
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Figure 3.7 Oxygen measurement from a 20 micron venule and an adjacent tissue site
(centered 30 microns from the venule inner wall) during free flow conditions. The oxygen
level measured in the venule was significantly greater than that measured in the tissue for
15 of the 17 sites. Data points marked with an asterisk were not significantly different.
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Figure 3.8 Values used to calculate oxygen difilision in tissue.
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Units

Value

Reference

V02

ml O2 • ml"' "s"'

1.57# 10-*

PopeL, et al. (1989)

D*a = K

ml O2 • cm"' • s"' • mmHg''

9.54 • 10-'°

Bentley, et al. (1993)

Table 3.1 Values used to calculate oxygen dififiision in tissue.
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3.4 Discussion

3.4.1 Tissue critical PO?

The interstitial PO2 at which NADH fluorescence began to increase (tissue critical PO2)
in the rat spinotrapezius muscle averaged 2.4 mmHg. Wilson et al. (1979) reported an
intracellular critical PO2 (Km of cytochrome oxidase) for cardiac cells in suspension of
approximately I [iM (0.7 mmHg). The difference between these two values can be accounted
for by the PO2 gradient between the plasma membrane and the mitochondria. Rumsey et al
(1989) calculated a decrease in oxygen concentration from

the plasma membrane to

mitochondria of cardiac myocytes ranging from 0.27 to 2.1 l|iM (0.18-1.4 mmHg) depending
on the distribution of individual mitochondria within the myocyte, specifically their distance
from the cell wall, and the metabolic rate. Since mitochondrial density is lower for skeletal
myocytes than for cardiac myocytes we assume that the PO2 difference between the plasma
membrane and mitochondria in skeletal muscle would be equal to or greater than that cited
above. Based upon our extracellular critical PO2 measurement of 2.4 mmHg and a Km of 0.7
mmHg, a PO2 difference of 1.7 mmHg would exist between the extracellular environment and
the mitochondria, consistent with the calculation by Rumsey et al. (1989). Our data are
therefore inconsistent with the hypothesis that mitochondrial metabolism in vivo becomes
limited at intracellular oxygen tensions higher than those measured in vitro.
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3.4.2 Venular critical PO;

We measured the oxygen tension in 20 micron diameter venules during blood flow
stoppage at a time when NADH fluorescence began to increase at a tissue site centered 30
microns from the nearest inner vessel wall. NADH fluorescence intensity at the adjacent tissue
site did not increase until the venular PO2 fell to 7.7 mmHg. The PO2 at which NADH
fluorescence began to inaease at the 12 sites examined ranged from a minimum of 1.4 mmHg
to a maximum of 16.5 mmHg with the majority of the sites between 7 and 13.5 mmHg. The
variation in these values is probably due to several factors. Although care was taken to make
the NADH measurement in an area where the 20 micron venule was the nearest vessel,
capillaries in the vicinity may also supply oxygen to the tissue site.

In addition, the

spinotrapezius is a muscle of mixed fiber types with approximately equal numbers of slowoxidative (SO), fast-oxidative-glycolytic (FOG) and fast-glycolytic (FG) fibers. Mitochondrial
volume density for these fiber types ranges from > 10 % (SO) to < 1 % (FG). The NADH
measurement site (20 micron diameter) is small enough so that the fluorescence change we
measured could be from a single fiber, and the variability in oxygen tension at which NADH
fluorescence begins to change might be accounted for by the heterogeneity of the tissue fibers
and the measurement of NADH fluorescence from

these different fiber types with their

different mitochondrial densities, and differences in oxygen consumption.
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The venular "critical" PO2 measured here can be compared to the in vitro Km by
calculating the total PC)2 gradient between the mitochondria and the venule. The PO2 gradient
from mitochondria to plasma membrane was assumed to be approximately 1.4 mmHg as
calculated by Rumsey, et al. (1989) and the gradient from the plasma membrane to the venule
was calculated using an equation formulated by Krogh (1919) and shown below:

IR'

2

Where AP02 = PO2 difference between the vessel PO2 and the tissue PO2 at a distance R from
the center of the vessel; D = difiusion coeflBcient for oxygen; a = solubility of oxygen in tissue;

R

k

is the maximal Krogh radius; and r = vessel radius. The product of D and a is known as

the Krogh difiiision coeflBcient {K). Although there are limitations to the use of this equation,
primarily as a result of the complexity of intact tissues (Honig et al., 1971), it remains useful as
a first approximation of oxygen difiusion from vessel to tissue. Table 3.1 and Figure 3.8 show
the values used here for the calculations. The Krogh difiusion coefl5cient used here is based
upon a recent measurement of the difiusivity and solubility of oxygen at 3TC made by Bentley
et al. (1993) and was used by Secomb and Hsu (1994) to simulate oxygen transport in skeletal
muscle.
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Based upon calculations made using equation 2 and the values in Table 3.1 and Figure
3.8, the expected PO2 diflference between the inner wall of a 20 micron vessel and a tissue site
centered 30 microns away is 6.3 mmHg. The difference between our venular "critical" POi
measurement and our tissue critical PO2 is 5.3 mmHg (7.7 - 2.4 mmHg). The Krogh equation
assumes a constant rate of oxygen consumption but we may be limiting oxygen consumption
by our experimental conditions. It is therefore possible that the metabolic rate at the time of
our critical POa measurements is less than for the initial conditions. If we assume that the
oxygen consumption rate has been limited by 20% the PO2 gradient between the venule and the
tissue calculated using the Krogh equation is 5.3 mmHg.

3.4.3 Venular PO? versus Tissue PO?

Due to their location in the oxygen exchange network, the post-capillary venules
should reflect the minimum vascular POz for the region. The mean venular oxygen tension in
the paired venular/tissue POj series was 20.2 mmHg and this is consistent with the end
capillary oxygen tension (20-25 mmHg) estimated for cardiac and red skeletal muscle
(Wittenberg, 1989). By comparison, the mean venular oxygen tension during the control
period of the occlusion study (Figure 3.4) was 23.1 mmHg and not significantly different from
that measured in the paired study. Of the 17 sites we examined in the paired venular/tissue PO2
measurements (figure 3.7) there was only one site where the venular PO2 (5.5 mmHg) was
below 8 mmHg.
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The mean tissue oxygen tension under free flow conditions was 18.8 mmHg. Lash and
Bohlen (1987) using oxygen microelectrodes reported a midcapillary tissue PO2 in a resting rat
spinotrapezius muscle of 27.8 ± 13.7 mmHg. No range was reported for their data but the
large standard error suggests a wide range of oxygen values. These data are consistent with
measurements from other skeletal muscle preparations using oxygen microelectrodes including
cat sartorius (mean 22.8 mmHg, Boegehold and Johnson, 1988), cat gracilis (mean 16,7
mmHg, Whalen et aL, 1974) and rat cremaster (mean 19 mmHg, Prewitt and Johnson, 1976).
Tissue oxygen measurements in our study ranged between 3.3 and 24.2 mmHg compared to
the range of 4 to 40 mmHg seen by Boegehold and Johnson (1988). This may be a result of
differences in preparations and/or criteria used to select tissue sites for oxygen measurement.
The mean tissue oxygen tension during the control period of the occlusion study (Figure 3.2)
was 15.6 mmHg and was not significantly different from the 18.8 mmHg PO2 measured during
the paired venular/tissue PO2 study.

The difference between the venular PO2 and the tissue PO2 at a site centered 30
microns from the inner venule wall was 3.1 mmHg. This difference is lower than expected
based upon the parameters cited above for the Krogh equation and lower than the gradient
seen in the occlusion study.

However, the assumption made in applying data from the

occlusion study to the Krogh cylinder model is that the oxygen in capillaries within the cylinder
has been consumed and the only source of oxygen to the tissue immediately prior to oxygen

limitation is the venule. Thus, the calculations made for the occlusion study are based upon the
venule as the sole source of oxygen to the tissue.

The NADH fluorescence signal shown in Figure 3.4 is typical of the response seen
during an experimental period. The gradual fall in NADH fluorescence intensity during the
control period is probably due to photobleaching and does not eflfect the determination of the
critical PO2. The increase in NADH fluorescence intensity usually appears as a two phase
response with a steep initial phase followed by a second phase where the signal appears to
plateau. With the release of the occlusion and return of blood flow to the muscle, the tissue
NADH signal falls below that seen during the control period, even if it is assumed
photobleaching continues at the pre-occlusion rate. This undershoot suggests that the tissue is
in a slightly more oxidized state during the initial period of re-flow than during the control
period. The NADH fluorescence signal then returned to pre-occlusion values prior to the end
of the experimental period.

In conclusion, using the phosphorescence lifetime technique to determine interstitial
PO2 and NADH fluorescence to detect changes in mitochondrial metabolism the mean

interstitial critical PO2 in resting rat spinotrapezius muscle in vivo is 2.4 mmHg. This value is
not significantly different fi-om the calculated extracellular critical PO2 of 2 mmHg based on
mitochondrial critical PO2. The venular PO2 at which tissue NADH fluorescence begins to
increase at a tissue site centered 30 microns fi-om the venule during flow stoppage averages 7.7
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mmHg and the venular-tissue gradient of 5.3 mmHg is consistent with the value calculated
from the Krogh equation.

The critical PO2 seen in vivo is consistent with in vitro

measurements of critical PO2 for isolated mitochondria and cells in suspension in other
laboratories and does not support the hypothesis that in vivo conditions significantly alter
critical POi for oxidative metabolism.

This conclusion is based upon a comparison of our data with in vitro measurements
made in other laboratories using different techniques and striated muscle types from those used
in our study. We therefore extended our study to obtain in vitro measurements of critical PO2
in skeletal cells and cardiac myocytes using the same measurement techniques as we used in
vivo. These data are presented m Chapters 4 and 5 of this manuscript.
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CHAPTER 4
Extracellular Critical PO2 Measurement in a Cardiac
Myocyte Suspension
4.1 Introduction

In the preceding chapter we reported the critical PO2 (2.4 ± 0.5 mmHg) obtained in
vivo in the rat spinotrapezius muscle. This value is higher than the apparent BCm of cytochrome
oxidase for oxygen reported for isolated mitochondria and measured in a number of isolated
cell types in suspension (0.05-1.0 mmHg). A possible shortcoming in comparison of our in
vivo measurements to that the measurement techniques and criteria used to determine the in
vivo critical PO2 and an in vitro Km are significantly different.

The majority of in vitro experiments designed to estimate the oxygen level necessary to
maintain mitochondrial metabolism measure either a change in oxygen uptake or a change in
the redox state of cytochrome oxidase (a,a3), the terminal step in oxidative phosphorylation.
The Michaelis constant (Km) is used to describe both of these measurements. For oxygen
uptake the Km is the concentration of oxygen at which the rate of oxygen consumption (VO2)
is half of the maximum rate (VChnm) when other substrates are saturating. For redox state
changes the Km is the concentration of oxygen at which the redox couple is reduced by half
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from the maximally oxidized state. Our in vivo experiments measured changes in NADH
fluorescence, which are assumed to directly reflect changes in the redox state of the
NADH/NAD', couple to estimate when changes in mitochondrial metabolism occur. The
oxygen tension at the time point corresponding to the first measurable change in NADH
fluorescence was used to estimate the point when mitochondrial respiration becomes 02
limited, and therefore the critical PO2.

Changes in oxygen uptake can not be directly compared to changes in the redox state
of cytochrome oxidase or to those of NADH/NAD*. Based upon studies in yeast cells, Jobsis
(1972) compared the rate of oxygen uptake and the oxidation state of cytochrome oxidase as a
fimction of the PO2. When the rate of oxygen utilization was half maximal, cytochrome
oxidase was only 20 % oxidized and the relation between oxygen uptake and cytochrome
oxidase redox state was non-linear through a wide range of oxygen tension. An additional
consideration in comparing our in vivo estimate of critical PO2 with Km values from
mitochondrial suspensions is that our measurements were made in the extracellular space.
Because a significant PO2 gradient across the plasma membrane to the mitochondria may exist
our estimate of critical PO2 will be greater than a critical PO2 measured with isolated cells and
mitochondria.

The most nearly comparable in vitro measurement to our in vivo critical PO2
measurement is the Km of cytochrome oxidase for oxygen in a cell suspension but this
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comparison like that of ojq^gen uptake is not direct for several reasons. First, there is an
unknown temporal relation between changes in NADH fluorescence (NADH/NAD+ redox
state) and changes in the redox state of cytochrome oxidase. Based upon the position of
NADH in the oxidative chain (it is the carrier of reducing equivalents to the cytochrome chain
at the mitochondrial membrane) redox state changes induced by oxygen limitation will occur
first at cytochrome oxidase followed by redox state changes of NADH. However, there are no
reports in the literature of the temporal relation between the two. If a delay exists between the
onset of NADH fluorescence changes and changes in the redox state of cytochrome oxidase
greater than our in vivo sampling rate (1/sec) our critical PO2 may be either higher or lower
depending upon the extent of the delay. Second, if we assume the delay is shorter than our in
vivo sampling rate (1/ sec), changes in NADH fluorescence and changes in the redox state of
cytochrome oxidase would be simultaneous by our measurement techniques. On the other
hand, our estimate of the critical PO2 will be slightly higher than a measured Km for
cytochrome oxidase, because the relation between the first measurable changes in redox state
and the Km is non-linear as described above. In studies of yeast ceUs, such as those seen in
Figure 2.2 in Chapter 2, the redox state of cytochrome oxidase begins to change about 1.5
mmHg but the BCm is about 0.3 mmHg. Based upon the yeast cell data the difference between
the first measurable changes in NADH fluorescence and the Km of cytochrome oxidase might
be as large as 1.2 mmHg.
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For the reasons described above it is difiBcuIt to compare our estimate of a critical PO2
in vivo to estimates of the Km of cytochrome oxidase for oxygen previously reported in vitro.
For this reason, the study described in this chapter was designed to measure the critical PCh in
a suspension of cells using the methods which were used in our in vivo measurements (NADH
fluorescence and porphyrin phosphorescence). The combination of NADH fluorescence and
an oxygen sensitive porphyrin compound provides an estimate of oxygen limitation for
mitochondrial metabolism in vitro that can be directiy compared to our in vivo data without
extrapolation. Cell suspemion measurements require such a large number of cells we were
unable to obtain enough spinotrapezius muscle cells for these measurements. As a result,
cardiac cells rather than skeletal muscle cells were used. The results from this study were
compared to our estimate of the critical PC)2 in vivo as well as to previously reported critical
PO2 (Km) measurements for cell suspensions.

4.2 Materials and Methods

4.2.1 Cardiac mvocvte dissociation and cell preparation

Nonfasted male Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 150 grams or
greater were anesthetized with carbon dioxide inhalation and euthanized by cervical
dislocation. A mid-line incision was made through the rib cage and hearts were removed
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leaving 2-5 mm of the aorta intact. The hearts were placed immediately in a petri dish
containing a physiological saline solution (PSS; composition mM: 5.0 KCl, 0.3 BCH2P04,
138.0 NaCl, 4.0 NaHC03, 0.3 Na2HP04, 10.0 HEPES, 55.0 Glucose, 1.0 Creatine, 1.0
Taurine) to remove excess red blood cells. The solutions used for cell isolation and subsequent
storage contained no added calcium. The heart was cannulated through the aorta on a
modified Langendorf perfusion apparatus. Reverse perfusion provided flow to the coronary
vessels and the left ventricle insuring rapid distribution of the perfusing media throughout the
coronary microvasculature. Additional PSS containing bovine serum albumin (BSA; Img/ml;
SIGMA) was perfused through the heart to remove any remaining blood. This rinse solution
was replaced with PSS containing BSA and Type II collagenase (Img/ml; SIGMA). Hearts
were pumped by manual compression (absence of Ca^~ causes cessation of spontaneous
rhythm) to assure adequate perfiision of the coronary circulation. When hearts became soft
and began to lose their distensibility, the collagenase solution was replaced with enzyme free
PSS. The primary consideration at this point was to allow adequate time for the collagenase to
act on the tissue but to limit the number of cells lost to the enzyme containing media. Aliquots
of rinse media and cells were obtained by placing 15 ml culture tubes beneath the heart and
collecting the runoff. These aliquots were stored at room temperature (25°C). Cells were
allowed to settle in the 15 ml culture tubes and 2 or 3 of these cell pellets were combined and
resuspended in PSS to bring the total volume up to 3 ml prior to addition to the
spectrophotometric cuvette resulting in a cell volume/suspension fluid volume ratio of about 1
to 30.
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4.2.2 Measurement of oxygen

Changes in oxygen tension were monitored using the phosphorescent probe. Palladium

meso-tetra [4-carboxyphenyl] porphine (Porphyrin Products, Logan, UT).

The use of

phosphorescence intensity of this probe to monitor oxygen was described by Ramsey et. al.
(1988) and the characterization of the probe for use as an oxygen sensor was described by
Shonat et. al. (1995). The probe has two excitation peaks in the visible spectrum (420 and 525
nm) and a single broad emission peak centered at 700 nm.

Light is absorbed by the probe

which excites the molecule into the triplet state. The triplet state returns to the ground state by
light emission or by energy transfer to other molecules (quenching). In biological systems the
principal quenching agent is oxygen. The quenching effect of oxygen on phosphorescence is
described by the Stem-Volmer relation:

where lo and Xo are the phosphorescence intensity and lifetime, respectively, in the absence of
oxygen; I and

t

are the intensity and lifetime, respectively, at a given oxygen concentration

[O2], and kq is the quenching rate constant.

Once To and kq are determined for a given set of

experimental conditions (temperature and pH) they are assumed to remain constant throughout
the experiment and the calculation of oxygen concentration can be made from either the
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intensity of the phosphorescence or the lifetime of the triplet state. For the pH range 7.3-7.5
and the temperature range of 25-35° C errors in PO2 estimates are below 5% for this probe
(Shonat, et al., 1992). Our in vitro conditions were designed to follow as closely as possible
those for our in vivo experiments allowing us to use the same to and k, values. For this study
the changes in intensity of phosphorescence were followed rather than changes in the lifetime
of the phosphorescence. Intensity measurements are easier to implement and the primary
variables that complicate intensity measurements in vivo (e.g., concentration of probe and
sample thickness) can be controlled in vitro.

4.2.3 Metabolic chanees/NADH fluorescence

The redox state of the cell suspensions was followed by monitoring changes in pyridine
nucleotide fluorescence, the primary component assumed to be mitochondrial NADH. It has
been shown both in vivo and in vitro that the primary contribution to 450 nm emission comes
from pyridine nucleotides (PN) of which NADH is the major component. The use of NADH
fluorescence to estimate the mitochondrial redox state in cells is based upon the property of
pyridine nucleotides to fluoresce in their reduced state but not in their oxidized state. Since the
redox state (reduced/oxidized) of these compounds is an indicator of the activity of the
metabolic pathways in which they act as co-enzymes, measurement of changes in NADH
fluorescence may be used as an estimate of the mitochondrial metabolic state of cells.
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4.2.4 Instrumentation

A di^am of the components used for these measurements and the light path is shown
in figure 4.1. Excitation of NADH fluorescence and Pd-porphyrin phosphorescence was
provided by two separate light sources. AFluoroPlex HI spectrofluorometer (Tracor Northern
Inc., Middleton, WI) was modified to provide excitation light fi-om a xenon bulb at 525 nm for
the Pd-porphyrin probe.

A fiber optic light guide was attached to the output of the

monochrometer of the FluoroPlex HI and the light output was directed onto a
spectrophotometric cuvette containing the cell suspension. Phosphorescence was detected by
a phototube placed on the side opposite the light source and a 650 nm long pass filter was
placed between the cuvette and the phototube. This arrangement provided good signal/noise
at the emission peak of 700 nm by preventing excitation light as well as scattered light fi'om
reaching the phototube.

Excitation for NADH fluorescence was provided by Hg lamp attachment fi-om an
Olympus miaoscope. The telescopic excitation guide fi-om an Olympus IMT-2 microscope
was used to obtain a narrow column of light (2 mm) at the center of one edge of the cuvette.
A second phototube (Hamamatsu, Model) was placed at the edge of the cuvette 90 degrees
fi-om the light path. A360nm(10nm band pass) filter between the cuvette and the collimating
lens provided excitation of NADH fluorescence. A 450 nm (10 nm band pass) filter was
placed between the cuvette and the phototube were used to collect the NADH fluorescence.

Measurements were continuous through the time period required to bring both parameters to a
steady state (plateau of porphyrin phosphorescence and NADH fluorescence signal). Both
signals were amplified and sent to an A/D converter (custom built signal conversion unit) and
displayed on a computer monitor using software written in-house. A record of the signal from
each phototube was written to a computer file for off-line analysis. This record included the
time when each data point was collected and time markers to indicate the addition of the
oxygen probe as well as the addition of glucose oxidase.

4.2.5 Experimental protocol

Cells were placed in a sealed quartz cuvette ( 1cm pathlength) in a PSS solution at
SS^C . The cuvette was place directly over a magnetic stir plate and the cells were held in
suspension by stirring constantly with a magnetic stir bar inside the cuvette. This also provided
mixing of the cuvette contents. Data coUection was started and the light paths were adjusted to
obtain the maximum signal. The oxygen probe. Palladium meso-tetra [4-carboxyphenyl]
porphine (TSPP; Porphyrin Products, Logan, UT) was added to the cuvette and allowed to
equilibrate for several seconds. Glucose oxidase was added to the cuvette in order to decrease
the time necessary to bring oxygen tension to zero. This was necessary for two reasons; First,
the cells were relatively metabolically quiescent (not contracting), and therefore, consumed
oxygen at a relatively slow rate. Second, in order for the excitation light to sufficiently
penetrate the cuvette the density of the cell suspension was low, with the previously stated cell
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volume/media volume ratio of 1 to 30. Addition of the glucose oxidase inaeased the rate of
oxygen consumption in the cuvette but did not effert the emission signal for NADH as
demonstrated by control experiments.

4.3 Results
4.3• 1 Effect of the oxygen probe (TSPP) and glucose oxidase (GO on NADH fluorescence

To investigate the potential interaction of both TSPP and glucose oxidase (GO) with
the NADH fluorescence signal we added NADH (2 piM) to a well stirred cell-fi'ee media
(PSS). TSPP and glucose oxidase were then added and changes in the NADH fluorescence
signal were followed. Figure 4.2 shows the results from one of these measurements. Addition
of TSPP resulted in a 20 % decrease in the NADH fluorescence signal. This decrease was
noted in all of our experiments and, based upon the absorption spectrum of TSPP which was
examined spectrophotometrically, is likely due to the absorption at the NADH excitation
wavelength (360 nm) as well as the absorption of the 450 nm NADH fluorescence by the
porphyrin probe. This decrease in NADH fluorescence signal does not aflfect our ability to use
changes in NADH fluorescence as an indicator of mitochondrial metabolism since we are able
to measure increases in NADH fluorescence after the addition of CN and GO despite partial
quenching of the signal by TSPP. The signal/noise ratio is adequate to detect subsequent
changes in NADH concentration. When an additional 2 [iM NADH was added to the media
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the change in fluorescence signal was easily detected with nearly a doubling in intensity as
would be expected if no fiirther absorption by TSPP occurred.

Glucose oxidase has no effect on the NADH fluorescence signal. When GO was
added to the media there was no significant difference in NADH fluorescence based upon a
comparison of the intensity of fifty points immediately prior to and after the addition of GO
(figure 4.2).

4.3.2 Cellular response to metabolic inhibitors and uncouplers

The metabolic response of isolated cardiac myocytes to cyanide and the protonophore
carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCC?) was examined in several trials
(n=4). An assumption that is implicit for calculating the critical PO2 is that the redox state of
the NADH/NAD* couple will become maximally reduced. To test this assumption, cyanide
was added to the cell suspension at the end of an experiment when the NADH fluorescence
signal was at its peak. Cyanide is an electron transport inhibitor that blocks the final step of
oxidative phosphorylation at cytochrome a,a3 , resulting in an increase in the NADH/NAD*
ratio to a maximally reduced state. Figure 4.3 shows the results fi"om one such trial where the
NADH fluorescence signal has been normalized to the average intensity of the first 50 data
points. Glucose oxidase was added to the cell solution prior to data collection. The NADH
fluorescence was unchanged for the first 75 seconds and then began to decline. A similar
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response was seen in all the trials. In the experiment shown in figure 4.3, NADH fluorescence
began to rise at 375 seconds in response to ojtygen limitation. When the NADH fluorescence
signal was at a plateau, cyanide (500 ^iM) was added to the cell suspension. In preliminary
tests in cell suspensions where ojtygen was not limited, the response to cyanide was a rapid (15
sec) increase in NADH fluorescence. However, after treatment with GO, cyanide caused no
further increase in NADH fluorescence indicating NADH/NAD* couple was already maximally
reduced. In all cases when cyanide was added at the peak of the GO induced NADH response
no fiirther increase in NADH fluorescence was observed (n=4). To insure that the cells were
still metabolically responsive, FCCP (1 |iM) was added to the cell suspension 60 seconds after
the cyanide. FCCP eliminates respiratory control and maximally oxidizes the NADH/NAD*
redox couple. The NADH fluorescence intensity declined to pre-oxygen limitation values after
45 seconds, with 76% of the decline occurring in the first 15 seconds.

4.3.3 CeUular response to substrate addition

As seen previously in the in vivo data presented in Chapter 3, the NADH signal in this
study declined through the sampling period until the PO2 reached a critical limiting level when
NADH fluorescence began to increase. The most likely explanation for this decline in vivo is
photo-bleaching of the NADH fluorescence. In addition to bleaching, some of the decrease in
NADH fluorescence intensity in this study may be due to decreased availability of metabolic
substrates. This is supported by the decrease in the rate of decline of NADH fluorescence that
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occurs upon addition of succinate (a citric-acid-cycle intermediate) to the suspension media
shown in Figure 4.4. This change in NADH fluorescence decline was seen in all trials when
succinate was added (n=3) and the slope of the regression lines fit to the data before and after
succinate were significantly different.

4.3.4 Critical PO?

For this study 9 measurements were made of oxygen tension and NADH fluorescence
fi^om a suspension of cardiac myoctes in order to determine the PO2 at which NADH
fluorescence began to increase above an established baseline level after the addition of glucose
oxidase. Figure 4.4 shows the result fi"om one of these measurements. The NADH signal is
reduced by about 20 % upon addition of the oxygen probe (TSPP) consistent with the
reduction noted previously using NADH in solution.

The critical PO2 calculated for the data shown in Figure 4.4 was 1.4 mmHg. In several
cases the NADH signal fluctuated prior to the increase and for this reason 100 points prior to
the onset of the NADH fluorescence increase were used to fit the "steady state" NADH data to
a line. The first of 2 consecutive data points to fall outside the 95% confidence interval was the
criteria used to establish the time at which the PC)2 had reached the critical level. The
intersection of a vertical line drawn through this point with the regression line fit to the oxygen
data was used to establish the critical P02-

86

Table 4.1 shows the results of the calculation of the critical PO2 using this method for 9 trials.
The critical PC)2 ranged from 0.5 to 1.9 mmHg with a mean of 1.1 ± 0.15 mmHg.
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Figure 4.1 Schematic representation of the system used for simultaneous measurement of
NADH fluorescence and oxygen probe phosphorescence in cell suspensions. Shown are
the major components as well as the light path. To maintain adequate mixing the cuvette,
containing a magnetic stir bar, rested on a magnetic stirring plate (not shown).
Measurements were followed in real time on a monitor and stored as data files. Oxygen
tension was calculated off-line using the Stem-Volmer relation.
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Figure 4.2 Fluorescence signal at 460 nm during the addition of NADH, TSPP, and
glucose oxidase. There was a 20 % decrease in NADH fluorescence upon addition of
TSPP and no change after addition of glucose oxidase.
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Figure 4.3 NADH fluorescence after the addition of glucose oxidase. NADH
fluorescence intensity increases as a result of oxygen depletion. The addition of cyanide
had no effect on the NADH fluorescence signal indicating the NAD*/NADH redox couple
was maximally reduced. A rapid oxidation of the NAD'^/NADH couple was induced by
the addition of the metabolic uncoupler FCCP.
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Figure 4.4 NADH fluorescence and oxygen tension during a period of oxygen depletion
by glucose oxidase. The critical PO2 was calculated based upon the time at which the
NADH fluorescence signal rose above the 95% confidence level. The oxygen data prior
to the addition of glucose oxidase are not shown.

Trial Number

Critical PO2

1

1.4

2

1.9

3

0.6

4

0.5

5

1.2

6

1.0

7

1.1

S

0.6

9

1.4

Mean

1.1

Standard Error

0.15

Table 4.1 Critical PO2 calculated from cardiac myocyte cell suspensions.
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4.4 Discussion

The purpose of this study was to determine the PO2 at which mitochondrial metabolism
becomes inhibited (critical PC)2) in a suspension of striated muscle cells employing the
measurement techniques used for our in vivo determination. The in vivo measurements relied
on the property of the oxygen probe to leak from the vasculature into the tissue space. Since
the probe is bound to albumin and myocytes are impermeable to molecules of this size (66,000
mw) the oxygen tension that is measured from the tissue site is an extracellular ojq'gen
measurement. Based upon the same reasoning we conclude that the oxygen measurements
made in the suspension studies are also extracellular. For cell suspensions there is an additional
consideration; that the majority of the isolated cells have an intact ceUular membrane. This
was tested in preliminary studies by exposing cells to dyes which do not penetrate intact cell
membranes and examining the cells using wide-field microscopy.

Based upon these

observations, at least 75% of the isolated cells maintained an intact cellular membrane after
isolation.

There are reasons to believe that measurements of the critical PO2 from single cells and
cell suspensions would provide a more precise measure of the critical PO2 referred to the
extracellular space than measurements made in vivo. A comparison of the critical PO2 obtained
from cardiac cells in suspension (1.1 ±0.15 mmHg) to the critical PO2 for spinotrapezius
muscle in vivo (2.4 ± 0.5 mmHg) is supportive of this possibility.

93

The critical PQz reported here for cardiac cells in suspension is 1.1 ±0.15 mmHg.
There are no reports in the literature of critical PO2 measurements for cardiac myocytes in
suspension using the technique described here or in terms of the Km of cytochrome oxidase for
oxygen. However, the phosphorescence technique has been used in studies of mitochondria
isolated from liver to measure the Km of cytochrome oxidase for oxygen (W^son et al., 1987).
The BCm for well coupled mitochondria measured using this method was ~ 0.7 tiM but ranged
from 0.5-0.9 |iM depending upon the pH (7.2-7.4).

In other studies using oxygen

microelectrodes, measurements of the Km in suspensions of cultured kidney cells (0.8|iM,
Wilson et al., 1977), neuroblastoma cells (0.5 ^iM, W^son et al., 1979), and sarcoma 180
ascites tumor cells (> 1 fiM, Wilson et al., 1979) consistently range from 0.5 to 1.0 |iM (0.30.7 mmHg). There are other reports in the literature of a much lower Km. Oshino et al.,
(1974) reported a BCm in well coupled isolated mitochondria of less than 0.05 nM. Erecinska
and Wilson (1982) have posited that these differences in reported Km values is evidence that
the Km can change as a result of variations in metabolic parameters and the consequent
alteration in the baseline redox state of cytochrome oxidase. As an example of these variations
in metabolic parameters they cite the difference between the steady state [NAD'/NADH] in
isolated mitochondria (range of 0.01-0.1) and in cells in suspension (range of l-lOO).

There is a 0.6 mmHg difference between our estimate of critical PO2 (1.1 ±0.15
mmHg) and the lowest Km (0.5 mmHg) measured by Wilson et al. (1987) in isolated
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mitochonclria using the phosphorescence technique to measure oxygen tension. The method
used in our study (the first significant change in NADH fluorescence fi'om baseline) to estimate
the critical PO2 may account for part of this difference. Based upon the shape of the curve
relating oxygen concentration and cytochrome oxidase reduction in yeast cells (see Figure 2.2)
(Jobsis, 1972), the rate of change of the redox state of cytochrome oxidase remains relatively
constant until the oxygen concentration falls below approximately 1.5 tiM and then changes
rapidly as the oxygen level falls to zero. The Km of cytochrome oxidase for oxygen in the
yeast cells is about 0.3 |iM. Our critical PO2 measurement which is based upon the first change
in NADH fluorescence above baseline is comparable to the region of the cytochrome oxidase
redox curve where it first begins to decrease. Therefore, we would expect our estimate of
critical POj to be somewhat higher than the reported BCm values.

In addition to the differences described above between methods used to estimate
critical PO2 and those used for Km measurements, there is also an oxygen gradient that exists
between the extracellular space and the mitochondria in cell suspensions that must be
accounted for. Using the value for the mean Km of cytochrome oxidase for oxygen reported by
Wilson etal., (1987)of0.5 mmHg and a mean critical P02of 1.1 ±0.15 mmHg, the mean PO2
diflference between the extracellular space and the mitochondria of cardiac cells would be 0.6 ±
0.15 mmHg. Rumsey et al (1989) calculated a decrease in oxygen concentration fi'om the
plasma membrane to mitochondria for cardiac myocytes of 0.18 to 1.4 mmHg. The variation
in the gradient reflects differences in assumptions regarding the distribution of mitochondria
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relative to the plasma membrane and mitochondrial density. Our data yield a range for the
calculated oxygen gradient of -0.2 to 1.2 mmHg which is consistent with Rimisey's
calculations.

In summary, we have made a critical PO2 measurement in a suspension of rat cardiac
myocytes using techniques similar to those used in vivo in skeletal muscle. These data are
consistent with the Km reported for isolated mitochondria using the same oxygen sensitive
phosphorescent probe assuming a minimal oxygen gradient between the extracellular space and
the mitochondria. Based upon the analysis above, the estimate of a critical PO2 using the
method of this study is assumed to be slightiy higher than the Km. This assumption is verified
by comparing our critical POj data (1.1 ±0.15 mmHg) to the Km for other cell types in
suspension (liver, neuroblastoma and tumor cells, range 0.3-0.7 mmHg) where the Km was
measured using different techniques (oxygen microelectrodes). The results here validate the
use of indogenous NADH fluorescence changes and exogenous phosphorescent probe changes
to estimate the critical PO2.

These data are significantly different fi^om our in vivo data (2.4 mmHg, ± 0.5). Based
upon the analysis above and comparisons to Km measurements we assume that these
differences are due to differences in the availability of oxygen for cells in suspension and cells in
an organized tissue in vivo. However, it is possible that there are differences between cardiac
and skeletal cells which may contribute to the difference we report between the critical PO2 for
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skeletal muscle in vivo and cardiac myocytes. In a study described in Chapter 5 we were able
to test this assumption by making critical PO2 measurements from individual skeletal muscle
cells and cardiac myocytes using the measurement techniques described here in conjunction
with spectrofluorometry.
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CHAPTER 5
Critical PO2 in isolated cardiac and skeletal myocytes as
determined by spectral imaging

5.1 Introduction

The experiments described here were designed to determine the relation between the
extracellular oxygen tension and the mitochondrial metabolic redox state in isolated individual
striated muscle cells. A comparison of the in vivo critical PO2 measurements described in
Chapter 3 to those made in vitro described in Chapter 4 indicate a significant difference
between the two critical oxygen levels. These differences are likely due to the difference in the
accessibility of oxygen to cells in suspension and cells in an organized tissue in vivo. As was
mentioned previously, it is possible that there are differences between cardiac and skeletal cells
which may contribute to the difference we report between the critical PO2 measurements.
Using spectral imaging microscopy we have examined the relation between NADH
fluorescence changes and oxygen tension in individual rat spinotrapezius muscle fibers and
cardiac myocytes.
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Based upon the results from our in vivo studies (Chapter 3) we know the extracellular
oxygen tension in the spinotrapezius muscle at which mitochondrial metabolism becomes
oxygen limited, the so-called critical PO2, is quite low (2.4 ± 0.5 mmHg). The critical PO2 for
cardiac myocytes in suspension was measured using methods similar to those used in vivo and
the mean critical PO2 (1.1 ±0.5 mmHg) was significantly lower than observed in vivo (P<
0.05). However, structural or fimctional diflferences between cardiac and skeletal muscle could
account for this observation. The study described in this chapter allowed us to make a direct
comparison between single cell and in vivo estimates of a critical PO2. In addition, we
compared the single cell critical PO2 measurements in individual cardiac myocytes to those
made in cell suspensions described in Chapter 4. As far as we are aware this is the first report
of a critical PO2 or estimate of apparent Km for oxygen measured at the level of a single cell.

In this study, spectral imaging microscopy was used to monitor the phosphorescence
intensity changes of an oxygen sensitive metalo-porphyrin probe added to the perfusion media
(Vanderkooi et al, 1987) during a reduction in oxygen tension . The decrease in PO2 was
produced by the addition of glucose oxidase to the glucose containing cell media
Simultaneously, changes in the redox state of a single cell was assessed by following changes in
NADH fluorescence (Chance and Connelly, 1957). The relation between the fall in oxygen,
indicated by an increase in the phosphorescence intensity, and the rise in NADH fluorescence
was used to calculate a critical PO2.
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5.2 Materials and Methods

5.2.1 Skeletal Muscle Cell Preparation

Nonfasted male Sprague Dawley rats (Harlan, Indianapolis, EN) weighing 125 grams or
less were anesthetized with carbon dioxide inhalation and euthanized by cervical dislocation.
An incision was made along the left dorsal side and the skin separated from the underlying
tissue by blunt dissection and the spinotrapezius muscle was isolated from the surrounding
muscle using blunt dissection and scissors. This is a thin muscle with an average thickness of
about 200 microns and we removed a portion approximately 2.5 cm in length and 1 cm in
width. The muscle was placed in a 1.5 ml culture tube containing 1 ml of a physiological
saline solution (PSS; composition mM: 5.0 KCl, 0.3 KH2P04, 138.0 NaCl, 4.0 NaHC03,
0.3 Na2HP04, 10.0 HEPES, 55.0 Glucose, 1.0 Creatine, 1.0 Taurine) and Type n collagenase
(Img/ml PSS) and cut into smaller pieces along the long axis using a scissors. After incubating
for 10 minutes at room temperature (25° C) the cells were resuspended in the tube by gentle
shaking and spun in a low speed centriftige for 1 minute. A small volume (100 |jL) of the
supernatant, containing cells and media, was added to a specially designed microscope cell
chamber to which 500 jJ.. of PSS had been added. The cell chamber consisted of a 2-piece
aluminum plate which could be heated by a circulating water bath. The center of the chamber
held a 25 mm #1 glass coverslip. The cells were allowed to settle onto the glass cover slip of
the chamber prior to initiation of an experiment.
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5.2.2 Cardiac Muscle Cell Preparation

Cardiac cells were prepared as described in section 4.2.4, "Tissue Dissociation and Cell
Dissociation", of Chapter 4. Briefly, hearts were surgically removed and an aortic cannulation
was made to provide a modified Langendorf perfusion.

A saline solution containing

coUagenase was used in the isolation of single cardiac myocytes.

5.2.3 Instrumentation: Digital Imaging \ficroscope

An Olympus IMT-2 inverted microscope equipped with a 200 watt Hg lamp as the
illumination source was used for single cell spectral imaging (figure 5.1). Excitation for both
NADH fluorescence and TSPP phosphorescence was accomplished by passing the light firom
the Hg lamp through a 365 nm (10 nm band pass) filter. An electronic shutter in the excitation
light path could be triggered both manually and by computer control. Imaging optics included
an Olympus 60X 1.4 NA oil immersion objective and a 6.7X telescopic eyepiece to focus the
image onto the input slit of a grating monochrometer (Aries 250IS/SM spectrograph, Chromex
Inc., Albuquerque, NM). A grating blazed at 150 lines/in provided a spectral band width of
approximately 350 nm.

Mapping of wavelength to position on the CCD chip was

accomplished by reflecting light fi"om the Hg lamp to the monochrometer. The grating was
scanned to position the 405 nm line of the Hg lamp at one end of the output spectrum and the
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577-579 doublet near the middle. Wavelength position was also verified by sequentially
placing narrow bandpass filters in the emission path of the microscope and observing their
position in the output spectrum. The spectral output was imaged onto a liquid cooled CCD
camera (Photometries Model CH250, Tucson, AZ) equipped with a 512 X 512 element (27^
jim/pixel) back illuminated ima^g chip (Techtronix). The output image contains spectral
information fi^om the cell along the X-axis (see figure 5.3). The Y-axis contains information on
the position of the cell relative to the imaging slit. The image size was reduced in the Y-axis
resulting in images that were typically 512 X 200 pixels. Each pixel in the image has a
numerical value associated with it that represents the intensity of the light at that location.
These values can be used to plot the fluorescence intensity during an experimental procedure.
The AT-200 has approximately 50% quantum eflBciency at the peak wavelength for
endogenous NADH fluorescence (450 nm) providing good signal to noise. The large dynamic
range allows concurrent imaging of the relatively weak NADH signal and that of the oxygen
probe. An exposure time of 500 msec was set using the ima^g software. This exposure time
limited photobleaching of the fluorophores particularly the relatively weak PN fluorescence.
Digitized output fi-om the CCD camera was stored as an image file on a 386 PC. Image
analysis was performed on a Silicon Graphics Personal IRIS computer, and the subsequent
analysis of spectra on a 486 Gateway computer using Microsoft Excel (Microsoft Co.,
Redmond, WA) and SigmaPlot for Windows (Jandel Scientific, San Rafael, CA).
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5.2.4 Experimental Protocol

These experiments were designed to determine the relation between oxygen tension
and changes in the mitochondrial metabolic state of isolated single myocytes. For each
experiment, media and cells were added into the incubation chamber and after the cells settled
onto the glass coverslip a single cell was selected for experimentation. Cells were selected
based upon morphological criteria: the appearance of an intact membrane and elongated shape.
In addition, a spectral image was obtained to verify cell viability since non-viable cells typically
exhibit green fluorescence due to oxidized flavoproteins (Eng, et. al, 1989) and to insure that
the blue NADH fluorescence signal was present. The stage was then positioned so that the cell
was aligned with the center of the imaging slit. This procedure typically required 30-60
seconds. TSPP and glucose oxidase (to accelerate oxygen consumption) were then added
sequentially to the media after which emission spectra were collected every 15 seconds.

Changes in the mitochondrial metabolic state were assessed by exciting with light at
365 nm and following the intensity changes for NADH fluorescence as indicated by changes in
the spectral emission at 450 nm. It has been shown both in vivo (Chance et al., 1962) and in
vitro (Nuutinen, 1984) that the primary contribution to 450 nm emission comes from pyridine
nucleotides (PN) of which NADH is the major component. The use of NADH fluorescence to
follow the redox state of tissue is based upon the property of pyridine nucleotides to fluoresce
in their reduced state but not in their oxidized state. Since the redox state (reduced/oxidized)
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of these compounds is an indicator of the activity of the metabolic pathways in which they act
as co-enzymes, measurement of changes in NADH fluorescence may be used to monitor the
metabolic state either in vivo or in vitro.

Changes in oxygen tension were followed simultaneously with NADH. The TSPP was
excited by the 365 nm band and changes in the spectral image at 700 nm were monitored. 700
nm is the peak of the phosphorescence emission wavelength of Palladium meso-tetra [4carboxyphenyl] porphine (TSPP) (Porphyrin Products, Logan, UT) when excited at 365 nm.
This is not a typical excitation wavelength since the absorption peaks for this probe are at 420
and 530 nms. However, there is suflScient absorption at 365 nm (on the shoulder of the 420
peak) to provide relatively strong phosphorescence compared to NADH fluorescence to allow
for these measurements. The theory and application of this technique was described in Chapter
4, section 4.2.2 "Measurement of Oxygen".

Both NADH fluorescence

and Pd-porphine phosphorescence were measured

simultaneously using the spectral imaging system described above. Images were collected at
the rate of I every 15 seconds. Image collection at a higher rate was not possible because of
the limited space available in RAM and the time necessary to write the data to memory. Two
types of spectral images were taken for each experimental series: 1) An image of the media
used as a background subtraction; and 2) the experimental image series with a cell image
focused on the input slit of the spectrograph.

104

5.2.5 Data analysis and Statistics

Using the spectral characteristics of the Hg lamp we determined the position in the
images for the Pd-porphine and NADH emission peaks. Each image set was viewed to
determine the position of cell and out-ofcell areas which varied slightly depending upon the
orientation of the cell to the imaging slit. Spectral information from the region of the image
identified as a cellular area was used to determine NADH intensity changes.

Spectral

information from the region of the image identified as out-of-cell was used to determine
changes in the phosphorescence intensity of the probe. Because the oxygen probe surrounds
the cell and since there is some blurring of light from the cell, each region has two peaks.
However, the dominant peak in the cellular region is from NADH fluorescence and the
dominant peak in the non-cellular region is fi'om the oxygen probe. These data when displayed
in graphic form produce 2 lines each with 2 peaks, one at 700 nm (TSPP emission) and one at
450 nm (NADH emission). Peak values were recorded for each image in the data set. Since
each image represents an individual time point, two intensity values were recorded at each time
point. The highest value recorded for the TSPP peak was assumed to be the intensity at zero
oxygen and this value was used to compute the oxygen tension using the StemA/^olmer relation
(Chapters, equation 1).
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The NADH fluorescence data in these studies exhibit an initial phase during which the
NADH fluorescence intensity declines at a slow rate in a linear manner. This is likely due to
photobleaching durir^ the period of excitation. The data during this initial period were fit to a
line and the 95% confidence interval for the line fit was used as the baseline by which to assess
any subsequent significant increase in intensity. Because the sampling rate was 4/minute there
were occasionally substantial PO2 and NADH fluorescence changes between individual time
points (see figure 5.5). In these cases, a straight line (A) was dravra between the first NADH
data point to fall outside the confidence interval and the previous data point. The intersection of
this line and the upper 95% confidence interval line (B) was used to define the time point for
the initial change in NADH fluorescence. A vertical line (C) was drawn fi^om the intersection
of lines A and B to the x-axis. Finally a line (D) was drawn between the two oxygen data
points which corresponded in time with the two NADH fluorescence data points.

The

intersection of lines C and D defines the PO2 at which NADH fluorescence first begins to
change (the critical PO2).

These data were used to make three different comparisons; 1) the skeletal muscle cell
data were compared to the cardiac myocyte data; 2) the skeletal muscle cell data were
compared to our in vivo critical PO2 data; 3) the cardiac myocyte data were compared to our
cardiac cell suspension critical PO2 data. All comparisons were made using the unpaired
Student's t-test. Significance was assessed at the P< 0.05 level and all data are expressed as
means ± SE unless otherwise noted.
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5.3 Results

5.3•1 Cell viability and spectral characteristics

Our ability to estimate a critical PCh from single cells is dependent upon the isolation of
viable, metabolically functioning myocytes. One of the criteria used to determine viability was
morphology. Figure 5.2 is a phase contrast photomicrograph of several spinotrapezius cells.
In the center of the picture is a short cell fragment. A distinct myofibrilar pattern is visible as
light and dark bands of longitudinal striping in several of the cells. These cells were typically
40-50 miaons in diameter with length variable between 150 and 500 microns.

In addition to morphology we used spectral output as a way of determining viability of
cells for imaging. Figure 5.3 shows a cardiac myocyte (A) and the spectral emission from the
cell (B) with 360 nm excitation. Beneath the spectral image is a plot showing fluorescence
intensity. The shape of this intensity plot is typical for NADH fluorescence from single ceUs
(Eng et al, 1989) with a broad emission spectra and a peak at 460 nm.
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5.3.2 Critical PO? - Spinotrapezius muscle cell

Figure 5.4 shows representative critical PCh data from a single rat spinotrapezius
muscle fiber. The data from each of the spectral images has been reduced to single data points
for emission intensities at 450 (NADH) and 700 (TSPP) nm at 15 second intervals. The
decrease in NADH fluorescence that occurs in the first 45 seconds is typical for these
measurements and has been discussed in earlier chapters is likely due to a combination of
photobleaching and substrate limitation. The critical PO2 for this experiment as estimated by
the method described above was 1.8 mmHg. Table 5.1 shows the results from 6 experiments.
The mean critical PO2 for spinotrapezius cells was 1.25 ± 0.22 mmHg.

5.3.3 Critical PO? - Cardiac mvocvte

Figure 5.5 shows representative critical PO2 data from a rat cardiac myocyte. NADH
fluorescence intensity falls slowly through the sampling period, rising above the 95%
confidence interval at a PO2 of 0.7 mmHg. These data also demonstrate the gradual decline in
NADH fluorescence seen in other experimental series. Table 5.2 shows the results from 7
experiments. The mean critical PO2 was 1.0 ± 0.22 mmHg.
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5.3.4 Critical PC)2 - Comparisons

Figure 5.6 shows a comparison of the mean critical PO2 for both cardiac and skeletal
myocytes. The mean critical PC)2 for the cardiac cells was 1.0 ± 0.22 mmHg. The mean
critical PO2 for the spinotrapezius cells was 1.25 ± 0.22 mmHg.

These data are not

significantly different.

Figure 5.7 shows a graph comparing the mean critical PO2 for single cardiac ceUs and
for cardiac cells in suspension. The mean critical POs for single cells was 1.0 ± 0.22 mmHg
compared to 1.1 ±0.15 mmHg for cells in suspension. These data are not significantly
different.

Figure 5.8 shows a graph of the mean critical PO2 for single spinotrapezius muscle
cells and for the spinotrapezius muscle in vivo. The in vivo measurement used here for
comparison was made in the tissue interstitial space. The mean critical PO2 for single cells was
1.25 ± 0.22 mmHg compared to 2.4 ± 0.5 mmHg in vivo. These data were significantly
different at the level of P < 0.05.
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Figure 5.1 Schematic representation of the system used for spectral measurements from
single myocytes.

Figure 5.2 Phase contrast micrograph of several rat spinotrapezius muscle cells. The
longer cell in the center of the micrograph is typical of the cells used for imaging.

Ill

Figure 5.3 (A) NADH fluorescence from a cardiac myocyte. A pattern of fluorescence
can be seen running longitudinally along myofibrils. The darker area in the center of the
cell is the nucleus. (B) Spectral emission from a cardiac myocyte. (C) Spectral emission
intensity plotted as a function of wavelength. The broad peak at 460 nm is typical for
NADH fluorescence.
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Figure 5.4 NADH fluorescence and oxygen tension fi-om a single spinotrapezius muscle
cell during a period of oxygen depletion. Glucose oxidase was added prior to data
acquisition.
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Figure 5.5 NADH fluorescence and oxygen tension from a single spinotrapezius muscle
cell during a period of oxygen depletion. Glucose oxidase was added prior to data
acquisition.
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Figure 5.6 Comparison of the critical PO2 measured in single skeletal and cardiac
myocytes. Data were not significantly different.
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Figure 5.7 Comparison of the critical PO2 measured in single cardiac myocytes and
cardiac myocyte suspensions. Data were not significantly different.
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Figure 5.8 Comparison of the critical PO2 measured in single rat spinotrapezius myocytes
and from the spinotrapezius muscle in vivo. In vivo measurements were made in the
extracellular tissue space in a post-capillary venular region using similar techniques. Data
were significantly different (* = P<0.05).

Spinotrapezius single fiber critical PO2
1
2
3
4
5
6

1.83
0.77
0.88
1.95
0.73
1.34

Mean

1.25

Standard Error

0.22

Table 5.1 Critical PO2 for single isolated rat spinotrapezius muscle cells.

Cardiac myocyte single cell critical PO2
1
2
3
4
5
6
7

1.46
0.00
1.68
0.80
0.80
1.60
0.91

Mean

1.04

Standard Error

0.22

Table 5.2 Critical PO2 for single cardiac myocytes
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5.4 Discussion

The goal of this study was to determine the critical PO2 from individual cardiac and
skeletal myocytes and to compare these values to those obtained from studies of cell
suspensions and an in vivo blood perfused muscle preparation. All of these studies used the
same measurement techniques to determine the critical

NADH florescence changes were

monitored and used to assess changes in the mitochondrial metabolic state. Oxygen tension
was determined using a Pd-porphyrin compound (TSPP) whose phosphorescence intensity and
lifetime are oxygen dependent. Because we used the same methods and statistical criterion to
determine the critical PO2 we are able to directly compare the three studies.

5.4.1 Comparison of spinotrapezius and cardiac myocyte critical PQ?

An analysis of the data from this study shows that the critical PO2 for the
spinotrapezius muscle ceUs and the cardiac myocytes is not statistically different (1.3 ± 0.22 vs.
1.0 ± 0.22 mmHg respectively). This is an interesting finding since there are several factors
which if considered separately might result in differences in the critical PO2 between the two
cell types.

There are differences in the concentration of both mitochondria and myoglobin in the
two muscle types, with cardiac myocytes higher in both (Wittenberg, 1970). If we cor«ider
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only mitochondrial density, cells with a higher concentration of mitochondria (cardiac) will
have a higher oxygen consumption per unit of cell volume resulting in a steeper oxygen
gradient between the cell surface and the mitochondria and the critical PO2 for cardiac cells
would be higher than that for skeletal cells. However, the oJQ'gen uptake per unit volume of
mitochondria is the same for cardiac and skeletal cells when respiratory conditions are
equivalent (Hoppeler et al., 1987) as they were in these studies. The rate of oxygen uptake
was low and differences in mitochondrial density were minimized, consistent with the observed
similarities in critical PO2. Based upon this analysis, the critical PO2 at increased respiratory
rates, such as might be seen in a working muscle b vivo, should be higher for cardiac cells than
for the less mitochondrially dense spinotrapezius cells.

The presence of myoglobin may affect the critical PO2 in several ways.

First,

myoglobin is thought to buffer extreme changes in oxygen levels by providing a readily
available pool of oxygen for the mitochondria. The P50 (equilibrium oxygen pressure at half
saturation) for myoglobin in cardiac myocytes is 2.3 mmHg (Wittenberg and Wittenberg,
1989) and therefore, cells with a high myoglobin content would be able to maintain a sufiBcient
oxygen supply to maintain oxidative phosphorylation at an extracellular oxygen tension that
might be metabolically limiting for cells with less myoglobin. Thus, the extracellular critical
PO2 for cells with a high myoglobin content could be lower than for cells with a low

concentration of myoglobin. Second, myoglobin has been shown to facilitate oxygen diffiision
through the sarcoplasm in muscle (Wittenberg, 1970) and this also allows the extracellular PO2
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to be lower in cells with a higher concentration of myoglobin (cardiac) before metabolism
becomes oxygen limited . This property is particularly important at low oxygen tensions, i.e.,
near the critical PO2 when the difiusion of free oxygen may not be suflScient alone to maintain
oxidative metabolism.
Another factor which affects the measurement of critical PO2 is the distance oxygen
must difiiise through the cell to the mitochondria. Spinotrapezius cells in this study were in
some cases 2 times the diameter of cardiac cells (100 vs. 50 microns). If we consider only cell
size and ignore differences in mitochondrial density, oxygen limitation will occur first in the
mitochondria furthest from the cell surfece. Because the oxygen difiusion pathway is longer
for spinotrapezius cells, the extracellular critical PC)2 will occur at a higher oxygen tension than
for the smaller diameter cardiac cells.

Despite the differences cited above between cardiac cells and spinotrapezius cells, our
results indicate that the critical PO2 for the two cell types is very similar under these
experimental conditions. This suggests that regardless of the differences in mitochondrial
density, myoglobin content ,and cell size, these factors tend to balance one another. The result
is that the oxygen concentration that is required at the cell surface in order to maintain
oxidative metabolism is the same.
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5.4.2 Comparison of critical PC)2 between single cells and cells in suspension

There was no significant difference between the critical PC^ measured at the level of a
single cardiac myocyte (1.0 ± 0.22 mmHg) and that measured in a suspension of cardiac cells
(1.25 ± 0.22 mmHg). Measurement of the critical PC)2 in a single cell type using similar
techniques yields similar results whether the measurement is made fi^om a population of cells
(suspension) or fi-om single cells.

5.4.3 Comparison of spinotrapezius muscle critical PQ? measured in vivo and in single cells

It has been suggested by Rosenthal et al. (1976) and Jobsis et al. (1977) that the critical
PO2 in vivo is dififerent fi^om that measured in vitro. In the study described in Chapter 3 we
determined the critical PO2 in vivo, but there was no in vitro data obtained by the same
measurement techniques with which we could directly compare those data. This study allowed
us to make this comparison.

There was a significant difference between the critical PO2 for the skeletal muscle in
vivo and at the single cell level (2.4 ± 0.5 mmHg vs. 1.3 ± 0.22 mmHg). Although the number
of successfii measurements in single ceUs was relatively small (n = 6) our data indicate that
there are differences between in vivo and in vitro estimates of critical PO2 of = 1.1 mmHg.
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As was stated in Chapter 4, there are reasons to believe that measurements of the
critical PO2 from single cells and cell suspensions would provide a more precise measure of the
critical PO2 referred to the extracellular space than measurements made in vivo. In vivo,
oxygen is supplied from red blood cells which are contained within vessels and these vessels
have a limited surface area in direct contact vwth the parenchymal cell wall. As a consequence,
the critical PO2 measured from a 20 micron spot in the tissue could be the mean value for
regions of different oxygen tension. Since NADH fluorescence will rise first in regions of
lowest PO2 the actual critical PO2 is probably lower than our measured in vivo value. In the
well mixed conditions of the cell suspension studies, assuming no cell-to-cell contact, the entire
cell surface is exposed to oxygen. The oxygen tension to which the cell as a whole is exposed
is more homogenous in the suspension studies than in vivo as a result of mixing in the cuvette
and the low cell density in the suspending fluid.

5.4.4 Measurement induced error in estimating critical PO?

Our ability to estimate the critical PO2 requires that we can determine the oxygen
tension at which NADH fluorescence first begins to change. Because the images are collected
at 15 second intervals we have interpolated between points to determine the critical PO2. It is
possible that in some cases we have overestimated and in others underestimated the critical
PO2. However, these errors should average out over the entire series of experiments. It is
interesting to note that the standard error for the cardiac cell critical PO2 measurement in this
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study (0.22 mmHg) is only 7% higher than the standard error of the measurement made in
cardiac cell suspensions (0.15 mmHg) where the sampling rate was 1/sec.

In conclusion, we have made measurements of the critical VO2 from individual cardiac
myocytes and spinotrapezius ceUs. The critical PCh in single cardiac cells is the same as that
for single spinotrapezius cells and for suspensions of cardiac cells. The critical POa measured
from individual spinotrapezius cells was significantly different from the critical POj measured in
vivo. This difference does not necessarily reflect a difference between the in vivo and in vitro
critical PO2 but may be a result of the heterogeneity of oxygen tensions in vivo leading to an
overestimate of the critical POi.
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Chapter 6
Imaging of single cell NADH localization with
mathematical deconvolution

6.1 Introduction

In the preceding chapters we described experiments in which we estimated the oxygen
tension necessary to maintain oxidative metabolism (the critical PO2) in striated muscle in vivo
and in vitro. Changes in NADH fluorescence intensity were used to determine oxygen
limitation of mitochondrial metabolism.
experiments depends in part

The interpretation of the results from

these

upon the assumption that the observed changes in NADH

fluorescence are a good indicator of mitochondrial metabolism and specifically the redox state
of oxidative phosphorylation. The controversy surrounding this assumption was discussed in
Chapter 2 and primarily centers on the contribution of cytosolic NADH to the total NADH
fluorescence signal. If changes in cytosolic NADH do not foUow changes in mitochondrial
NADH then the contribution of cytosolic NADH to the total NADH fluorescence signal
becomes significant in the interpretation of NADH fluorescence changes. On the other hand, if
changes in cytosolic NADH track the changes in mitochondrial NADH there is no need to
determine the amount of the cytosolic contribution to the signal since the overall effect will be
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additive. It is not important to determine which of these scenarios occurs during metabolic
redox state changes if mitochondrial NADH is the primary source of the fluorescence signal,
and there is a considerable amount of indirect evidence which supports this assumption. The
studies by Eng et al. (1989) used video imping techniques to follow NADH fluorescence
changes in cardiac myocytes during application of mitochondrial metabolic inhibitors and
uncouplers. These studies support the assumption that the NADH fluorescence changes which
occur under these conditions originate from areas identified as containing mitochondria.
However, the imaging techniques that were available to Eng and co-workers could not account
for blurring of light that is inherent in wide-field miaoscopy, and therefore were less than
definitive in determining the origin of the fluorescence changes.

In addition, they used

metabolic inhibitors and uncouplers which may not necessarily reflect changes which occur
during oxygen limitation.

The study described here was designed to determine with more certainty the origin of
NADH fluorescence changes during oxygen limitation. We were able to expand on the studies
of Eng et al. (1989) using established mathematical deconvolution techniques to increase the
resolution of our imaging system. A description of this technique and its application in this
study is described in detail below (Section 6.2). This enhanced resolution provided images in
which the NADH fluorescence change associated with mitochondria in rat cardiac myocytes
and spinotrapezius muscle cells during a period of limited oxygen availability can be determined
with more certainty than with previously used techniques.
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6.2 Materials and Methods

6.2.1 Cardiac myocyte isolation

Cardiac cells were prepared as described in section 4.2.4, "Tissue Dissociation and Cell
Dissociation", of Chapter 4. Briefly, hearts were surgically removed and an aortic cannulation
was made to provide a modified Langendorf perfusion.

A saline solution containing

collagenase was used in the isolation of single cardiac myocytes.

6.2.2 Spinotrapezius myocyte isolation

Spinotrapzius cells were prepared by the method described in section 5.2.1, "Skeletal
Muscle Cell Preparation" of Chapter 5. Briefly, the muscle was removed using blunt
dissection and placed in a collagenase containing saline solution. The muscle was then cut
longitudinally into smaller pieces and incubated in the enzyme solution for 10 minutes at 37° C.
The freshly dissociated cells were spun in a low speed centrifuge for 1 minute and the cells
contained in the supernatant were used for the imaging experiments.
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6.2.3 Image Deconvolution and Analysis

As was stated in the introduction for this chapter, studies by Eng and co-workers
(1989) attempted to determine whether changes in NADH fluorescence that occur during the
addition of metabolic inhibitors and uncouplers originate from mitochondria. The technique
they used could not account for the blurring of light that is inherent in Iwide-field microscopy.
Therefore, a definitive determination of the origin of the fluorescence changes has not been
made.

Two methods are currently available to reduce the blurring of detail that occurs as a
result of light fi-om above and below the plane of interest in a 2D image; confocal microscopy
and image restoration (deconvolution) both of which have advantages and disadvantages. For
these experiments, the lengthy exposure of living ceUs to UV excitation light necessary for
NADH fluorescence image acquisition using confocal microscopy would be damaging to cell.
In addition, commercial confocal microscopes are not equipped with UV lasers or optics that
are compatibel with these wavelengths. Finally, confocal microscopes are significantly less
efficient at collecting emitted fluorescent light than a conventional microscope with a state of
the art CCD camera (Carrington, et al., 1990). For these reasons image deconvolution was
our method of choice for these experiments.
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The deconvolution technique used in these studies is described by Camngton et al.
(1990). The specific format for limited 3-D imaging used here for PN fluorescence images has
been described by Lynch, et al., (1995) and is described briefly below. Both methods
incorporate information regarding the exact way in which a microscope's optics spread and
blur light fi-om a point source (the point spread function, PSF) as a fiinction of focus and depth
of field (figure 6.1). By using an empirically measured PSF, distinct for each filter set, the
algorithm attempts to reassign light closer to its correct origin (see Appendix I). The power of
this technique comes fi*om its ability to use information about the imaging process to produce
images inherently more accurate in terms of exact fluorescence distribution than a single nonprocessed 2D image and which can be operated upon using standard image analysis to provide
information about distinct subcellular regions (e.g. mitochondria vs. cytosol) (Lynch et al.,
1991). For a detailed description of the mathematical deconvolution approach see Carrington
et al., 1990. Preparation for deconvolution includes corrections for extraneous fluorescence
not associated with the cell (background), electronic noise in the CCD camera and associated
electronics (dark current), illumination shading in the illumination source and optics (flat field),
and photobleaching of the sample during through-focus image collection. For additional
information on image preparation see Appendix H. Each image set was restored using the PSF
specific to the optics and filter set used for each fluorophore.

Additional parameters were

specified to maximize the quality of the restoration, including the number of iterations for the
algorithm. Software used for image processing and analysis was developed by the Biomedical
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Imaging Lab at the University of Massachusetts Medical Center, Silicon Graphics Inc. and in
house.

6.2.4 Digital Imaging Microscope

An Olympus IMT-2 inverted microscope with a 200 watt Hg lamp as the fluorescence
illumination source was used for single cell imaging. An electronic shutter in the light path
could be triggered both manually and by computer control. Imaging optics included a 60X 1.4
NA oil immersion objective and a 6.7X eyepiece to focus the image onto the CCD camera chip
(described below). The standard filter set for PN fluorescence included an excitation filter at
365 nm (10 nm bandpass) and an emission filter at 450 nm (20 nm bandpass) with an
appropriate dichroic mirror. The filter set for the mitochondrial specific vital dye DASPMI
consisted of an excitation filter at 540 nm (15 nm bandpass) and an emission filter at 580 nm
(long pass) with an appropriate dichroic mirror.

A liquid cooled CCD camera (AT-200,Photometries, Tucson AZ) was used to collect
fluorescent light emission fi-om the cells. The AT-200 employs a Tektronics TK-512 chip
which has an 80% quantum eflSciency rating at 500 nm and is extremely sensitive to low light
levels (e.g., endogenous NADH fluorescence). This system also has a wide dynamic range
which is important in the simultaneous measurement of weak fluorescence (NADH) and the
relatively strong phosphorescence (TSPP). Exposure time for the camera was set using the
imaging software and was controUed by a shutter mounted on the face of the CCD camera.
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This shutter was synchronized with the light source shutter (above) to provide cellular
illumination only during image acquisition, thereby limiting photobleaching of the PN
fluorescence. In these studies acquisition times ranged from 100-500 msec.

Acquisition of images at precise positions along the Z axis is necessary for adequate
deconvolution of 3-D image sets. For this purpose the microscope was equipped with an eddy
current sensor (Kamen Instrumentation, Colorado Springs, CO) mounted to the objective
turret and positioned beneath the microscope stage (see Appendix A).

This sensor is in a

feedback loop with a stepper motor (0.01 |.mi/step) attached to the fine focus of the
microscope. This system provided the ability to acquire multiple optical sections fi-om different
planes of focus within the ceU at precise Z-axis locations. The resolution of the sensor is less
than 0.1 micron which is greater than the 0.25 miaon steps that were required for the 3-D
image sets. For acquisition of the mitochondrial probe data set, images were evenly spaced at
0.25 micron increments. For acquisition of the PN fluorescence data set, 7 images were
acquired; 1 at the plane of interest, 2 images spaced 0.25 microns above and below the plane of
interest and 4 images spaced flirther apart. This so-called limited 3-D imaging technique
reduces the number of images required for image restoration and results in an image at the
plane of interest that is enhanced in image contrast and improved in numerical accuracy
(Lynch, et al., 1996). The advantage of this method is that bleaching of the low intensity PN
fluorescence caused by extended illumination is minimized.
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Imaging software provided with the CCD camera enabled the acquisition of single
focal plane images (512 X 512 picture elements (pixels)) with user defined acquisition times.
An area was chosen for analysis that included both cellular and non-cellular regions. Once the
image size was determined, image coordinates, exposure times (100-500 msec), and the
number and spacing of optical sections were entered into the 3-D image acquisition software.
These parameters (except for the number and spacing of optical sections) remained constant
for the 3 image sets required for each experiment. Since camera readout time and subsequent
deconvolution time are proportional to image size, images less than 512X512 pbcels (typically
250 X 300 pixels) resulted in faster data acquisition and reduced the time required for image
restoration. The 3-D image collection software was written in-house and in addition to image
size and acquisition time it allows the user to select the number of images taken along the z
axis and the distance between these images.

6.2.5 Experimental Protocol

Suspensions of myocytes were placed in a 1.5 ml centrifuge tube and the mitochondrial
specific dye DASPMI was added to the cells. The dye loading was complete after 2 minutes at
which time the cells were centrifuged at low speed for 1 minute. The supernatant was removed
and the cells were re-suspended in fi-esh media and 1 ml of the suspension was added to the cell
chamber on the microscope stage and allowed to settle. The ceU chamber consisted of a 2piece aluminum plate which could be heated by a circulating water bath. The center of the
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chamber held a 25 mm # 1 glass coverslip. Cells were selected for imaging based upon
morphological considerations described above.

A DASPMI image set was acquired followed by a PN inu^e set. Either glucose
oxidase or cyanide was then added to the solution and a second PN image set was acquired.
Glucose oxidase is used to lower the oxygen tension in solution. Cyanide blocks oxidative
phosphorylation by binding to the heme Fe atoms in the cytochrome a,a3 complex and
preventing the transfer of electrons from cytochrome a,a3 to oxygen.

This results in a

reduction of all the members of the oxidative pathway up to and including the NAD'/NADH
redox couple. Cell images were acquired for each experimental period and written to RAM to
speed image acquisition. At the end of the data set acquisition, images files were transferred to
the hard disc drive of the controUer PC, and later transferred to a Silicon Graphics workstation
for image restoration and analysis.

6.3 Results

6.3.1 Time course of NADH fluorescence change in response to cyanide

The time course of NADH fluorescence change after the addition of CN is shown
in figure 6.2. These data fi'om skeletal muscle cells (n=8) have been normalized to the
fluorescence signal 1 minute prior to the addition of CN.

Except for one trial, the
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fluorescence intensity doubled after 1 minute of treatment with CN and typically remained
elevated for several minutes after. Based upon this time course the imaging experiments
were begun 1 minute after CN addition.

6.3.2 Images of NADH fluorescence before deconvolution

Figure 6.3 is a 3 image set of a single skeletal cell showing, from left to right, the
cell before CN, after CN and a "difference" image of the first two. Every pixel in an
image has a numerical value associated with its intensity. The difference image is the
result of

subtracting the intensity of each pixel in the pre-CN image ft"om the

corresponding pbcel in the post-CN image. Regions of the cell where the change was
greatest have a higher numerical difference and are displayed brighter. For this technique
to be successfiil the cell must not move between images. This set of images demonstrates
the fluorescence change that occurs after CN.

In addition, a longitudinal pattern of

fluorescence which appears to lie along the myofibrils is more clearly evident in the
difference image. This fluorescent pattern can be compared to that of a skeletal cell
labeled with a fluorescent dye (Rhodamine 123) acquired using confocal microscopy
shown in figure 6.4. This dye preferentially distributes into the mitochondrial membrane
and is used to identify the distribution of mitochondria in the cell. The fluorescence
pattern in the confocal image appears to be similar in distribution to the NADH
fluorescence seen in the adjacent image.
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The pattern in fluorescence we observed might also be produced by a so-called
interfilter effect. This can occur when fluorescence is obscured by cellular elements, in
this case the myofibrils, and since some of the fluorescence is blocked it creates the
appearance of a fluorescent pattern. We tested this possibility by injecting a skeletal cell
with fluorescenctly labeled dextran which difiuses throughout the cell. There was no
pattern in the fluorescence and we concluded therefore there was no interfiltering.

6.3.3 Comparison of unrestored and restored images

The images in figure 6.3 provide some information on the distribution of NADH
fluorescence but there is a great deal of out of focus light which makes it diflBcult to
determine with any reliability the origin of the fluorescence.

Using the mathematical

procedure of image deconvolution, blurring in the images is reduced. This results in a
higher contrast image that can be more easily operated upon using standard image analysis
to provide information about distinct subcellular regions (e.g. mitochondria vs. cytosol).
Figure 6.5 shows an image of the NADH fluorescence fi^om a skeletal cell after image
restoration (deconvolution). The deconvolution procedure provides images which are
more accurate in terms of exact fluorescence distribution than a single non-processed 2-D
image and are comparable in contrast to the confocal image shown in figure 6.4.
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6.3.4 Comparison of mitochondrial distribution to NADH fluorescence

The comparison of the distribution of NADH fluorescence during a metabolic
perturbation to the distribution of mitochondria requires 3 sets of images. The 2 NADH
image sets are used to produce a difference image set. This image set can be compared to
the DASPMI image set. Figure 6.6 shows the central image plane from each set for a
single skeletal muscle cell. The change in NADH fluorescence appears to be co-localized
with the regions identified as containing mitochondria. This was consistently observed for
all cells studied.

6.3.5 Comparison of NADH fluorescence change with CN and glucose oxidase

The changes in NADH fluorescence induced by CN addition are assumed to be
similar to changes which occur as the result of oxygen limitation. To test this assumption
we acquired images after the addition of glucose oxidase. The pattern of the fluorescence
change is the same as was seen in the images acquired using CN.
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Figure 6.1 This image of a point spread function (PSF) illustrates the way in which the
optics of a microscope spreads and blurs light from a point source, in this case a 0.25
micron bead. The inset shows a computer generated side view of the PSF. The pattern is
not symmetrical about the central image plane.

Time (minutes)

Figure 6.2 Time course of NADH from skeletal muscle cells following inhibition of
mitochondrial respiration. Cyanide was added at time zero as indicated by the arrow.
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Figure 6.3 Three pre-deconvolution images of NADH fluorescence from
a single skeletal
myocyte. The image on the left was acquired prior to the addition of cyanide. The image
in the center was acquired after cyanide addition. The image on the right is a "difference"
image showing the increase in NADH fluorescence.
The longitudinal fluorescence pattern
is more prominent in the difference image suggesting the majority of the increase occurred
in these regions.
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Figure 6.4 Confocai image of a skeletal muscle cell labeled with the mitochondrial
sensitive dye Rhodamine 123. The longitudinal pattern of fluorescence is similar to the
pattern seen in the NADH fluorescence images acquired using wide-field microscopy.
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Figure 6.5 NADH fluorescence image of an isolated skeletal muscle cell after image
restoration. Shown is the central image plane from a 3-D data set which was deblurred
using an iterative image restoration process. This image of NADH fluorescence is
comparable in resolution to the Rhodamine labeled cell shown in figure 6.4.
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A: iVITTOCHONDRIA MASK

B; PYRXDINE NUCLEOTIDE

Figure 6.6 (A) Cell labeled with the mitochondrial partitioning dye DASPMI. This
mitochondrial "mask" was used to compare to the NADH fluorescence difference image.
(B) NADH fluorescence image of cell A. Both images were taken from the central plane
of their respective images sets. Comparisons were made based upon the co-localization of
the fluorescence for the two images. Bar = 20 microns.
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6.4 Discussion

Pyridine nucleotides (NADH and NADPH) are metabolic co-factors that fluoresce in
their reduced but not in their oxidized form. The redox state of these co-factors is indicative of
the activity of the metabolic pathways in which they are involved. NADH fluorescence has
been utilized by previous investigators to monitor the redox state of isolated mitochondria, cells
and intact tissue (Chance and Jobsis, 1959). We monitored changes in NADH fluorescence to
determine the minimum oxygen tension

necessary to maintain mitochondrial oxidative

metabolism in an in vivo skeletal muscle preparation (Chapter 3). Our interpretation of the in
vivo results assumes that changes in pyridine nucleotide (FN) fluorescence
periods of anoxia from

that occurs during

the tissue as a whole is related to changes in the mitochondrial

respiratory rate. This assumption was examined in studies by Eng et al. (1989). They applied
metabolic inhibitors and uncouplers to isolated cardiac myocytes while following NADH
fluorescence using imaging techniques. These studies support the assumption that NADH
fluorescence

changes during alterations in mitochondrial metabolism are primarily

mitochondrial in origin. However, these studies were not definitive because the imaging
techniques that were used could not account for out of focus light which reduces image
resolution.
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Using mathematical deconvolution techniques we were able to obtain images of myocyte
NADH fluorescence and mitochondrial labeling with much of the out of focus light reassigned
to its source. This resulted in images that were not only enhanced in their resolution when
compared to the original non-restored images but were more accurate numerically. These
images were then compared to the mitochondrial distribution in the cell. Mitochondria were
identified by labeling with a fluorescent

dye which preferentially distribute into mitochondrial

membranes. Images of this fluorescence were deconvolved using the same technique used for
the PN fluorescence images.

We attempted to quantify the change in fluorescence that was associated with
mitochondrial regions but for this type of analysis to be successful, the images that are
being compared must align exactly in all three axis. Several factors make exact alignment
(on the order of 0.5 microns) of the images difficult. The cells are so large (50 micron
diameter) that alignment in the z-axis is extremely difficult. Any movement in the cell
between image sets can afifect the alignment in any or all of the 3 axis. In addition, the
difference in the wavelength of light observed between the two image sets results in a
slight shifl of the images in the x and y-axis.

Although quantitative analysis of the change in NADH fluorescence in mitochondria relative to
the toal change was limited by the technical constraints discussed above, the qualitative image
data are consistent with the direction of change being associated with the mitochondrial
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change. The changes in cell NADH fluorescence elicited by CN and removal of oxygen (GO)
act as a reliable reporter for the change in mitochondrial NADH and therefore, for metabolic
respiration (Eng et al., 1989).

In summary, image sets of both cardiac myocytes and skeletal muscle cells were acquired
before and after the addition of either CN and glucose oxidase. These images were then
compared to the distribution of mitochondria as determined from labeling of the cells with a
mitochondrial specific dye (DASPMI). Based upon a qualitative analysis of these images, the
assertion that changes in NADH fluorescence reliably report on the redox state of mitochondria
was confirmed. These data fiirther support the use of NADH fluorescence changes to report
on the changes in oxidative metabolism in cells.
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Appendix I

Measurement of oxygen tension from phosphorescence quenching of
porphyrin compounds.

Optical techniques have been developed in recent years to measure oxygen tension both in vitro
(Vanderkooi, et al 1987) and in vivo (Shonat, et al, 1992; Torres and Intaglietta, 1993) by
following the phosphorescence lifetime of palladium-porphyrin compounds. More recently this
technique has been carefiilly examined and characterized for use in microcirculatory studies
(Shonat, et al, 1995).

Phosphorescence is the emission of light that occurs during the transition of an electron from
the excited triplet state to the singlet ground state.

A molecule which is capable of

phosphorescence, such as palladium-porphyrin, will upon absorption of suflScient energy be
excited into the triplet state. This molecule will return to the ground state either by photon
emission (phosphorescence) or by a non-emitting light transfer of this stored energy to an
adjacent molecule (quenching). If enough molecules are excited simultaneously, the emission
that results can be characterized by an exponential decay function (Vanderkooi et al, 1987)
shown in equation A-1;

/(/) =/„exp(-//r)

A-1
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where I(t) is the phosphorescence intensity as a fiinction of time, lo is the maximum intensity at
t=0, and V is the lifetime of the phosphorescence. If no quenching occurs (^,then r =

T.
q

When quenching molecules are present the lifetime of the phosphorescence for the population
of phosphorescent molecules is shortened.

Because the quenching of phosphorescence is difilision limited, it can be described by the
Stem-Volmer relation as modified for fluorescence and phosphorescence lifetimes;
A-2
where kq is the quenching constant and Q is the concentration of the quenching compound.
This equation can then be modified for use in biological systems where the primary quenching
agent is oxygen;

Toll = \^Tjk^PO.

A-3

where PO2, the partial pressure of oxygen, has replaced Q and lo, has been modified to reflect
the conversion of oxygen concentration to PO2.

Porphyrin compounds have 4 properties that make them useful as triplet state probes of oxygen
(Vanderkooi et al 1987);

1) their phosphorescence is sensitive to oxygen, 2) th^ are

chemically stable, 3) their phosphorescence emission is in the red or near infixed where
biological tissues absorb only slightly, and 4) they are non-toxic in concentration suflScient for
the measurement.

Based upon the characterization of various probes in vivo, it was
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determined that palladium meso-tetra [4-carboxyphenyl] porphine (Porphyrin Products, Logan,
UT) gave the most consistent results in the physiological range of pH and temperature.

The local environment of the probe determines the way in which the molecule responds to
excitation and therefore the constants that are used to calculate oxygen tension. Therefore, it is
important to maintain the immediate environment so that the probe is not aflfected by the
combination of water and lipid soluble environments to which it is exposed in vivo. When the
probe is combined with an excess of albumin, a complex is formed which maintains a constant
local environment which is then independent of the global suspending media or the probe
concentration (self-quenching is reduced). The albumin tends to confine the complex to the
vasculature although enough probe passes into the interstitium to make tissue measurements
possible.
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Appendix II

Preparation for image restoration

Point Spread Function
The point spread function (PSF) describes the way in which the optics of a microscope spreads
and blurs light from a point source. The PSF is assessed by acquiring a 3D image set using a
fluorescent point source (microsphere) whose diameter is at the limit of resolution of the light
microscope (0.30|im diameter). A PSF data set is required for each filter set (PN and TMRE)
since small chromatic differences can occur between specific wavelengths of light. With a
knowledge of the PSF for the optics in use, the deconvolution algorithm can reassign out of
focus light in the PN and TMRE image sets to more accurately describe the origin of that light.

Flat Field and Dark Current

Two additional images are required for image processing. First, two-dimensional flat field
images (512X512 pixels) are collected for each filter set.
of a solution of the fluorophore

These are 2D fluorescence images

of interest, either NADH or TMRE. These images report on

any non-uniformity in the CCD chip as well as in illumination in the optics (shading) and are
used in factoring out these variations during the preparation of image data sets for restoration.
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Also a dark current image with the same X-Y dimensions as the cellular data sets is required.
The dark current image is taken with the light source to the camera blocked and is the baseline
readout noise from the CCD chip and associated readout electronics.

Background correction

In addition, an out of cell area is defined by the software user and the average pixel intensity
within this region is calculated and subtracted from the image set to correct for non-cellular
background fluorescence.

One of the consequences of these corrections is that for the majority

of the non-cellular region of the image set the pixel intensity becomes zero. Because the
deconvolution algorithm only operates on pixels greater than zero this decreases the time
required for restoration.

Integrated Optical Density correction
The final step before restoration of the image sets is a compensation for fluctuations
output from the mercury lamp and any changes in fluorescence

in the light

due to photobleaching. For

each plane in the image set the integrated optical density (lOD) is calculated. The lOD is the
sum of the intensities for all the pixels in an image plane.

The central plane in the image set is

used as a standard and the lOD's of the remaining planes are scaled, either increased or
decreased, so that all planes in the image set have the same lOD values. By equalizing the
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lOD's throughout the image set, any differences in the images due to photobleaching or light
source fluctuations

are corrected.

Eddy Current Sensor

The sensor uses the principle of impedance variation caused by eddy currents induced in a
conductive non-magnetic metal target material. The coupling between a coil in the sensor and
a target is dependent upon their displacement (gap).
between the sensor and electronics.

A sensor cable transmits the signal

The electronics package consists of an oscillator,

amplifiers, and a demodulator that provides an analog voltage directly proportional to
displacement. The analog voltage is converted to a digital signal and used by the computer to
drive a stepper motor attached to the fine focus of the microscope. Calibration of the sensor is
required to obtain voltage output/unit of displacement. This calibration was performed using
an objective micrometer with lOfim scale bars. With the sensor mounted along the X-axis of
the stage, 20 measurements were taken of the voltage output/lOjim steps and averaged to get a
voltage/distance calibration scale. The sensor output is independent of its orientation so that
repositioning the sensor below the stage does not effect the calibration.

The CCD camera makes it possible to image PN fluorescence with short exposure times. This
is desirable to prevent photobleaching of the NADH fluorescence,
exposure to potential photo damage fi-om the UV light.

as well as limiting their
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Appendix III
Intravital microscope system
Illuminator Subunit

The illuminator subunit consists of two light sources and optics that allow the two light
beams to be combined for illumination of the tissue sample. A Hg-arc lamp (HBO 100 W/2,
Osram, Germany) was the light source for the NADH fluorescence

measurements.

An

interference filter appropriate for NADH fluorescence excitation (366 nm) was positioned in a
custom made filter wheel between the lamp and the stage. An electronic shutter (Type 846HP
Newport, Fountain Valley, CA) blocked the light beam during the period between
measurements to reduce the amount of time the tissue was exposed to ultraviolet light. The
filter wheel and shutter can be controUed either manually or by computer as can all the filter
wheels and shutters in the system. The light beam was focused onto the lower pinhole which
served as a secondary point source for the lower objective.

Whole field illumination was provided by a 75-W Xenon-arc lamp (Type XBO 75 W/2
Osram, Germany). This lamp was used for general illumination and visulation of the tissue
with the video camera. Light passed through a collector lens in the lamp housing (model 770,
Opti-Quip), through an electronically controlled shutter (model 846HP, Newport, Fountain
Valley, CA) and through an interference filter

(500 nm) which was positioned in a custom
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made filter wheel.

The beam fi^om this lamp bypassed the lower pinhole and was projected

onto the backplane of the lower objective.

Optical Subunit

The optical train consists of the lower and upper objectives and the stage. For these
experiments both the lower objective/condenser and upper objectives were infinity corrected
(lower, model H32, NA 0.60, Leitz, Wetzlar, FRG; upper, model H20, NA 0.40, Leitz,
Wetzlar, FRG). The microscope stage (Type EK 8b/S2, Martzhauser GMbH, Wetzlar, West
Germany) was motorized and computer controlled providing precise movement in the x- and
y-axes.

Camera Subunit

The camera subunit consisted of a video camera (COHU Type 5200, San Diego, CA)
equipped with a UV-sensitive tube (Hamamatsu type N983:E5272 Chalnikon, Bridgewater,
CA). Light collected by the upper objective was directed to a quartz beam splitter that
reflected about 50% of the light to the camera. The camera was used without a lens to provide
fixed magnification over a range of positions.

The output of the camera was connected

through a video timer unit (Type VTG-33, FOR-A Japan) to a HQ video recorder (Type SL300, Sony, Japan), and a high resolution monochrome monitor (Type TC1217, RCA
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Lancaster, PA). Although not used in these experiments, the video tape can be replayed for
off-line measurements of vessel diameter and red blood cell velocity.

Detector Subunit and associated optics

The detector subunit consists of 5 photomultiplier tubes (PMT, Type EMI 9928A,
Middlesex, UK) to which the remaining 50% of the light is projected. Only 2 of these tubes
were used for these experiments. The tube used for the NADH fluorescence measurements
was enclosed in a thermocooled housing (Model 33, Pacific Instruments, Concord, CA).
Cooling serves to decrease noise fi"om the PMT, thus, improving the signal/noise ratio for these
low light level measurements.

The light beam was projected onto a pinhole that was parfocal with the photosensitive
cathode of the camera tube. The upper pinhole was also in confocal arrangement with the
lower pinhole. For the phosphorescence measurements a single PMT was used and the light to
the cooled PMT was blocked. Light passed through an interference filter

(560 nm) to the

active PMT. For NADH measurements the light was divided by a long-pass dichroic mirror
(400 nm cut-on wavelength).

Wavelengths shorter than 400 nm were passed to a

photomultiplier tube used to monitor the excitation light. Longer wavelengths were passed
through an interference filter
thermocooled PMT.

(460nm) at the NADH emission wavelength and then to the
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Detector Electronics

The PMT current was converted to a voltage signal, amplified and digitized at 1 MHz
by a high-speed , 12-bit A/D converter ( R1200 Rapid System Inc., Seattle, WA). The data
was displayed on the computer monitor and stored as binary files on the computer hard disk.

Phosphorescence Subunit

Excitation for the phosphorescence measurements was provided by a strobe flash unit
(EG & G, MVS, Salem MA) equipped with a flashlamp (FX 249) and litepak (FY712). The
flashlamp was mounted to a metal sleeve which has at its other end a 530/560 dichroic mirror.
This sleeve lies between the stage and the upper pinhole.

A short («:10 |isec) duration

epillumination light pulse at 530 nm was reflected from a 530/560 dichroic mirror to the tissue
sample. Emitted phosphorescence passed back through the 560 nm long pass dichroic and a
560 nm interference filter.

A photomultiplier tube (PMT, type EMI 9928A, Middlesex, UK)

was used to detect the emitted light. The PMT current was converted to a voltage signal,
amplified and digitized at I MHz by a high-speed , 12-bit A/D converter ( R1200 Rapid
System Inc., Seattle, WA). This signal was then used by software written in-house to calculate
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an online oxygen measurement that could be viewed on a computer monitor. In addition, the
data including all collection parameters were stored in a 386 PC for off-line analysis.
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