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Figure 2.10 Schematic setup for measurement in cell suspensions
Light of a known spectrum (broadband spectrum) is irradiated into the cell suspension via a fiber optic
light guide. There it interacts with small particles, like mitochondria and cells (scattering) and
cytochromes (absorption). On its way through the cell suspension it is therefore changed in its spectral
characteristics. The backscattered part of the altered light is collected by the fiber optic lightguide and
sent into the spectrometer for quantification and calculation of difference spectra.
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Figure 2.11: Light fiber probe for Oxygraph-2k (O2k) chamber
Light fiber probe (blue) integrated into stopper (white) of the measurement chamber
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Figure 2.12 Setup of redox measurement in cell suspension

2.2.3.3.2 Experimental procedure

2.5 ml of cell suspension (2.5-5 million cells/ml) prepared as described above were filled into
the measurement chamber of the O2k. After ten minutes of equilibration with room air, the
chamber was sealed air-tight with the glass fiber integrated stopper and spectra were
recorded continuously. O, concentrations decreased according to mitochondrial respiration.
After reaching anoxia, the chamber was opened and the cell suspension reoxygenated. O,
partial pressure was calibrated by a two-point calibration procedure with defined O,
concentrations of room air (21% O, ~ pO, 158 mmHg) and anoxia (0% O, pO, 0 mmHg)
(see methods 2.2.4). Remission spectra recorded at specific O, concentrations were
subtracted from recorded normoxic spectra (18% O, pO, 137 mmHg) to calculate hypoxic

difference spectra.

2.2.4 High-resolution respirometry and O, kinetics

Mitochondrial respiration was determined at 37 °C by high-resolution respirometry using an
Oxygraph-2k (Figure 2.13). Due to the high sensitivity of the pO, sensor (O, consumption <2
pmol - s - cm?, signal-to-noise +0.02 mmHg [0.00 % O,]) and high temporal resolution, this
system allows analysis of the O, kinetics of cellular respiration. Cellular O, consumption (Joz)
was calculated from the time derivative of O, concentration (2 s time-intervals) and corrected

for the background of the instrumentation and the response time of the O, sensor (2-3.5 s). A
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two-point calibration was performed for all experiments by equilibration with 21% O, adjusted
to air pressure (pO, ~ 158 mmHg) and sodium dithionate (SDT) (zero O,). The O,
consumption compared to pO, exhibited biphasic kinetics. A typical recording is illustrated in
Figure 2.14. The linear part at high O, concentrations can partially be attributed to decreased
mitochondrial respiration, due to loss of function, and non-mitochondrial respiration, which
illustrates that O, consumption measurement alone does not allow for a complete description
of the reaction of the mitochondrial respiratory system to hypoxia [186]. Therefore, the O,
affinity of the cells was studied in transition from aerobic to anoxic states. Below a pO, of
1.1% O, (pO, 8.3 mmHg) a hyperbolic fit of the O,-dependent respiration allows
determination of p50 of mitochondrial respiration [117, 186]. p50 is the O, concentration at
which the cellular respiratory rate is half-maximal. This parameter was calculated plotting O,
consumption at specific O, concentration (Jo2) as a function of O, concentration (pO.) and
fitting the hyperbolic function Jo; = (Jmax” PO2)/(p50 + pO,) for the pO, range of 0 — 1.1% O,
(PO, 8.3 mmHg), where Jnax is the maximal O, consumption (Figure 2.15). All calculations
were performed with Datlab software (OROBOROS, Innsbruck, Austria) as described [198-
200]. All measurements in cell suspensions were performed in intact cells in medium 199. As
determination of p50 is adjusted to the currently measured air pressure, O, concentrations for
p50 value are given as pO, in mmHg and for comparison in % O, in brackets (assuming air

pressure of 750 mmHg).

-
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Figure 2.13 Oxygraph-2k (O2k) from Oroboros for high-resolution respirometry



Material and Methods 52

150 1 100
— ] b
:IO:’120-. g
= —
E 401 ]
e 907 =
9 <
® ] %
..g 60: =
. 8
S ] T Z
o [

T 0

0:10 0:20 0:30 0:40 0:50 0:60
Time [h:min]

Figure 2.14 Mitochondrial and non-mitochondrial respiration

The O, consumption in pulmonary arterial smooth muscle cells (PASMC) (black line) was calculated
by the first derivative of O, concentration (grey line). The decrease in O, consumption due to non-
mitochondrial O, consumption and cell damage is depicted by the hatched area.
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Figure 2.15 Determination of O, affinity (p50)

p50 was calculated plotting O, consumption (Joz) as a function of O, concentration and fitting the
hyperbolic function Jo; = (Jmax' PO2)/(p50 + pO,) for the pO, range of 0 — 8.3 mmHg (1.1% O), where
Jmax is maximal O, consumption.
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2.2.5 Mitochondrial membrane potential and mitochondrial matrix

superoxide measurement

Mitochondrial membrane potential was measured in a flow-through system in isolated cells
using JC-1 as a ratiometric indicator dye. Mitochondrial ROS production was measured with
MitoSox.

For measurements with JC-1 cells plated on coverslips were incubated for 20 minutes at
37 °C in medium 199 containing 1 ug/ml JC-1. MitoSox measurements were performed after
incubation with 5uM MitoSox for 20 min in PBS. For microscopic analysis coverslips were
then placed in a 0.5 ml volume glass-covered perfusion chamber, perfused (2 ml/min) with
Hepes-Ringer-Buffer (HRB: 5.6 mM KCI, 136.4 mM NaCl, 1.0 mM MgCl,, 2.2 mM CaCl,,
11.0 mM Glucose, 10 mM HEPES, pH 7.4) saturated with O, (21% O,, pO, 158 mmHg) and
maintained at 32.0 + 0.2°C by heating both the HRB and the chamber. Hypoxia was induced
by switching the perfusing medium from normoxic medium to medium of different levels of
hypoxia (bubbled with N,). For JC-1 measurements the excitation wavelength was set at 480
nm, and emitted light was collected with a CCD camera at 530 and 590 nm. Membrane
hyperpolarization leads to a reversible change in fluorescence emission from green (530 nm)
to red (590 nm) when JC-1 is excited at 480 nm [201]. MitoSox measurements were

performed at 510 nm for excitation and 580 nm for emission [201, 202].

2.2.6 Statistics

Results are presented as means + SEM. One-way ANOVA with Dunnett's post hoc test was
performed for comparison of respiration at different O, concentrations with respiration at a
pO. of 137 mmHg serving as control group. A one-way-ANOVA with the Student-Newman-
Keuls post hoc test was performed for the comparison of redox states of different
cytochromes, strength of HPV, mitochondrial membrane potential and ROS measurements.

A Student’s t-test was used for the comparison of two groups.
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3 Results

3.1 Remission spectrophotometry in isolated lungs and cell

suspensions

3.1.1 Evaluation of tissue cytochrome spectra

Mitochondrial cytochromes were identified in the isolated lung by addition of cyanide for
complete reduction of all mitochondrial cytochromes (Figure 3.1) and by comparison with
mitochondrial cytochrome reference spectra derived from literature (see appendix). The
spectral alterations in the lung at 0% O, (pO, 0 mmHg) were only partially congruent to the
mitochondrial spectra. For comparison of cytochromes that might contribute to the hypoxia-
induced sum spectrum, the spectra of non-mitochondrial cytochromes are depicted in Figure
3.1. Cytochrome bssg was reduced by SDT during anoxic ventilation (see 3.3.1), and
cytochrome P450 by ventilation with carbon monoxide (see 3.3.2). Hemoglobin was identified
by addition of blood (see 3.3.5). These cytochromes could partially contribute to the
spectrum derived during ventilation with anoxic gas ("0% O.").

NADPH oxidase

Cyanide
0% O,

-0.02 Mitochondrial
§ cytochrome
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£
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Figure 3.1 Cytochrome spectra in the isolated lung

Difference spectra of hemoglobin, cytochrome P450 and NADPH oxidase were acquired in isolated
lungs as described above. Data are from n=3 different lung preparations for each cytochrome.
Mitochondrial cytochrome reference spectra are derived from literature (see appendix). Spectral
alterations during ventilation with 0% O,, as well as after application of cyanide for demonstration of
mitochondrial cytochromes are given for comparison (n=5 lung preparations).
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3.1.2 Evaluation of scattering, reflection and water content in

tissue

In tissue remission spectrophotometry the spectrum is not only altered by absorption of light,
but also by wavelength dependent scattering and reflection (see Figure 2.5). Scattering
phenomenon was illustrated in milk as a scattering medium, where light is backscattered by
lipid droplets. Light of the same intensity at every wavelength was irradiated into milk and the
backscattered light exhibited a spectrum shown in Figure 3.2. The backscattering

phenomenon resulted in higher intensities of detected light at high wavelengths.
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Figure 3.2  Spectrum of white light backscattered by milk

Intensity of light at low wavelengths was lower compared to that at high wavelengths, indicating that
light at lower wavelengths is less backscattered. Spectrum is shown from one representative
measurement.

In tissue the light is additionally influenced by reflection at boundary layers, e.g. when
crossing compartments of high and low water content, and by alterations in density of tissue
due to ventilatory excursion or edema development. To evaluate the influence of tissue water
content, it was increased by increasing pulmonary venous pressure or decreased by non-
hypoxia-induced vasoconstriction with the thromboxane mimetic U-46619 (Figure 3.3). The
resulting spectra are given in Figure 3.3. and resembled lung remission spectra as detected

by measurement of light backscattered from lung tissue during normoxic ventilation.
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Figure 3.3  Influence of tissue water content on difference spectra

Decreased absorption (volume load, n=3 lung preparations) or increased absorption (vasoconstriction
by thromboxane mimetic U46619, n=5 lung preparations) was the result of lower or higher density,
respectively, of absorption particles (=tissue) in the measurement volume and/or result of increased
reflection.

3.1.3 Evaluation of cellular cytochrome spectra

As basis for the identification of measured difference spectra in isolated cells previously
reported mitochondrial cytochrome difference spectra were used (Figure 3.4 and appendix).
Additionally, reference absorption spectra for single cytochromes were determined in the
closed chamber system. As a reference spectrum of cytochrome c, difference spectra were
acquired from purified bovine cytochrome c. The reference spectrum for cytochrome by, of
complex Il was measured by reducing cytochrome by, in isolated PASMC with antimycin A.
This provides difference spectra for cytochrome by, (b562) and b, (b566). Subsequently,
cytochrome aa3 difference spectra were calculated from maximally-reduced PASMC spectra
minus cytochrome by, and cytochrome c. Cytochromes a and a3 could not be distinguished,
as determined by differential reduction of cytochrome a with cyanide. Cytochrome ¢; and bsgg
of complex Il was also not visible. Results of measured reference spectra are provided in

Figure 3.4 and the appendix.
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Figure 3.4 Reference spectra and anoxic difference spectrum

Reference spectra for cytochrome aa3, by, and ¢ were derived as described above and are depicted
as red, green and blue areas, respectively. For comparison a measured reduced sum spectrum (black
line), acquired by calculation of the difference spectrum of anoxic minus normoxic spectra of PASMC
(= anoxic difference spectrum) is displayed. Data are from n=3 experiments. Reference spectra taken
from literature are shown as red, green and blue lines (lit. cyt. aa3, by, €).

The comparison of the measured anoxic difference spectrum with the reference spectra of
the single cytochromes suggests that mainly mitochondrial cytochromes contribute to the
measured anoxic difference spectrum. To support this hypothesis the spectrum was
compared to spectral alterations after application of cyanide which specifically reduces
mitochondrial cytochromes. The cyanide reduced spectrum was almost identical with the

anoxia derived spectrum (Figure 3.5).
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Figure 3.5 Mitochondrial reduction by anoxia and cyanide

Comparison of a fully reduced PASMC spectrum (PASMC anoxia, n=9 experiments) with a cyanide-
inhibited PASMC spectrum (PASMC cyanide, n=4 experiments). The difference spectrum of anoxia
minus cyanide spectrum illustrates congruence of both spectra.
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3.1.4 Evaluation of scattering interference in cell suspensions

In cell suspension scattering properties are dependent on mitochondrial and cellular shape,
as well as on their size. To simulate scattering changes cells were permeabilized by digitonin
(Figure 3.6) and typical scattering alterations could be detected (please compare to Figure
3.2). In contrast, dilution of cell suspension by addition of medium resulted in higher
intensities of the spectral light due to less absorption in the measurement volume (Figure

3.6), similar to the pattern provoked by increased tissue water content (Figure 3.3).
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Figure 3.6  Spectral changes induced by addition of digitonin or medium

Increasing concentrations of digitonin resulted in decreased scattering due to destruction of cells and
mitochondria. The typical wavelength dependent change in intensity can be seen. Dilution of the cell
suspension with medium resulted in increased intensities (=decreased absorption), as the
concentration of absorbing particles in the measurement volume decreased. Data are from n=3
experiments.

Scattering in cell suspension can influence the quantitative evaluation of absorption changes,
as it leads to the effect that the relationship between intensity of backscattered light and
absorption is not linear. The concentration of an absorbing protein (cytochrome c) was
compared with the intensity of the backscattered light. A linear correlation between the
concentration of cytochrome ¢ and the backscattered light intensity at 550 nm and 415 nm
was found (Figure 3.7). Therefore, if scattering is constant, changes of light intensity of

backscattered light correlate linearly to absorption changes.
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Figure 3.7 Cytochrome c concentration in comparison to light attenuation

Light attenuation at 415 nm and 550 nm (see spectrum cytochrome c in appendix) and linear
correlation between measured light intensity and cytochrome c concentration is depicted.
Measurements are performed with HL60 cells (6-7 Mio cells/ml, Cytochrome ¢ concentration was 0.2-
13.0 yl, n=25 of 4 separate experiments).

However, scattering changes cannot be excluded to occur during hypoxia. As scattering
alterations would have non linear impact on measured intensities depending on wavelength
(see Figure 3.2), the scattering alterations should be reflected by different results, when
analyzing the redox state at low or high wavelength ranges. This was excluded by
measurements in the low O, range, showing similar redox alterations, when analyzed in the

low and high wavelength range (Figure 3.8).
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Figure 3.8  Analysis of redox state at different wavelength ranges

Least square fitting, as described below, was performed in the low (415-460 nm, full bars) and high
(500 -620 nm, hatched bars) wavelength range and calculated reduction levels of the different
wavelength ranges were compared to each other (depicted as relative reduction referred to maximal
reduction measured at anoxia). No significant differences between the wavelength ranges for
cytochrome aa3 (red), by, (green) or ¢ (blue) could be detected (n=6).
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3.1.5 Semiquantitative analysis of cytochrome redox state based

on difference spectra

Difference spectra were calculated by subtraction of normoxic spectra from hypoxic spectra
(normoxia: in the isolated lung 21% O, [pO, 158 mmHg], in cell suspensions 18 % O, [pO;
135 mmHg] reached after equilibration), as described above.

Difference spectra were used to calculate changes in cytochrome redox states. Reference
spectra of single cytochromes were fit in the measured sum difference spectrum by multi-
wavelength least-square fitting (TechPlot, Sftek, Braunschweig, Germany). As shown in
Figure 3.9, the measured sum difference spectrum (= measured reduced spectrum, open
circles) was almost identical with the sum difference spectrum that was recalculated on the

basis of the single reference spectra (= fitted spectrum, black line).
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Figure 3.9  Fitting of mitochondrial spectra

Fitting of single mitochondrial spectra into anoxic difference spectra of isolated pulmonary arterial
smooth muscle cells (PASMC). Data are from n=3 experiments.
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3.2 Mitochondria as oxygen sensors

3.2.1 Mitochondrial complex IV in oxygen sensing of HPV

3.2.1.1 Hypoxia-induced inhibition of the mitochondrial electron transport system

and HPV in the isolated lung

Isolated blood-free perfused lungs were ventilated with different O, concentrations, resulting
in alveolar O, concentrations (PAO;) of 0-15% O, (pO, 0-113 mmHg) for 10 minute periods,
alternating with 15 minute periods of normoxic ventilation (21% O,, pO, 158 mmHg). The
different O, concentrations were applied in each lung preparation in random order. Increases
in pulmonary arterial pressure (A PAP) during hypoxic ventilation were detected at a PAO, of

<10% O, (pO2 = 75 mmHg) (Figure 3.10).
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Figure 3.10 O, dependency of HPV

The strength of HPV is given as the maximum increase in pulmonary arterial pressure (APAP) during
10 minute periods of hypoxic ventilation for the depicted O, concentrations. Data are from n=5 lung
preparations. * indicates significant differences compared to normoxic ventilation (21% O,, pO, 158
mmHg). * p<0.05, ** p<0.005, *** p<0.001.

Parallel determination of difference spectra by remission spectrophotometry showed first
detectable changes at a PAO, of 10% O, (pO, 75 mmHg). Further spectral alterations were
observable at a PAO, of < 5 % O, (pO2 < 38 mmHg) in the range of 520-590 nm and at a
PAO, of 0 % O, (pO, 0 mmHg) in the ranges of 410-460 nm and 500-630 nm (Figure 3.11).
As reference, a difference spectrum after total reduction of mitochondrial cytochromes with
cyanide, as well as reference spectra for cytochrome ¢ (420/550 nm), by, (430/563 nm), and

aa3 (445/603/605 nm) are provided.
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Figure 3.11 Hypoxia-dependent alterations of remission spectra

Difference spectra were assessed by subtraction of normoxic from hypoxic spectra for repetitive

hypoxic ventilation maneuvers corresponding to Figure 3.10. Spectra in the presence of cyanide (80
MM) and bolus of thromboxane mimetic U46619 (0.5 nM) were recorded at the end of each

experiment. Reference spectra for single cytochromes are depicted for comparison. Data are from n=5
lungs.

When comparing the reference mitochondrial and non-mitochondrial spectra (Figure 3.1 and
3.11) to the hypoxia-induced spectral alterations, only the spectral alterations in the
wavelength range of 600 - 610 nm could be clearly assigned to reduction of cytochrome aa3
correlating to an inhibition of complex IV. The other hypoxia-induced spectral alterations
showed overlapping features of mitochondrial cytochromes, non-mitochondrial cytochromes
and spectral alterations caused by scattering changes in consequence of vasoconstriction
(see thromboxane spectrum Figure 3.3 and Figure 3.1). The reduction of mitochondrial
cytochrome aa3, peaking at 445 nm and 603/605 nm could only be detected at a PAO, of 0 %

0O, (pO2, 0 mmHg), so that at higher O, ranges, mitochondrial respiration seemed to be largely
unrestricted.
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3.2.1.2 Hypoxia-induced inhibition of the mitochondrial electron transport system
and HPV in isolated PASMC

3.2.1.2.1 Redox changes in isolated PASMC

As remission spectroscopy in intact lungs is limited by the fact that the sum spectra of all
pulmonary cells is detected, but PASMC are thought to be the sensor cells of at least acute
HPV (lasting seconds to minutes), cytochrome redox alterations in isolated PASMC were
measured by combination of respirometry and spectrophotometry and compared with the

strength of HPV. Difference spectra from PASMC under different O, concentrations showed

similar alterations as observed in isolated lungs at anoxic ventilation (Figure 3.12).
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Figure 3.12 0O,-dependent alterations of remission difference spectra in PASMC
Hypoxic difference spectra of pulmonary arterial smooth muscle cells (PASMC) were assessed by
subtraction of normoxic from hypoxic spectral values. Negative intensity represent absorption peaks at

specific wavelengths for single cytochromes (cytochrome c [420/550 nm], by, [430/563 nm], and aa3

[445/603/605 nm]). Fitting of single cytochromes to quantify absorption is shown in Figure 3.13. Data
are from n=9 experiments (from n=6 independent cell preparations).
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At 0 % O, (pO2, 0 mmHg) clear alterations of mitochondrial cytochromes, congruent with
alterations induced by cyanide (see Figure 3.5) could be detected. At higher O,
concentrations far smaller redox changes, exceeding the level of signal-to-noise ratio at
about 5% O, (pO, 38 mmHg) could be seen. Compared to spectral alterations in the isolated
lung, no changes in the wavelength range of 410-440 nm could be detected at mild hypoxia.

Fitting of mitochondrial cytochromes into measured remission difference spectra was
performed for each O, concentration. While a reduction of cytochrome by, was only
detectable at O, concentrations of < 1% O, (pO2, < 8 mmHg), cytochrome ¢ was already
reduced at 5% O, (pO, 38 mmHg) in PASMC. For cytochrome aa3, reduction was observed
at < 3% O, (pO, = 23 mmHg) (Figure 3.13). The O, dependency of redox alterations

paralleled respiration determined by high-resolution respirometry (Figure 3.13).
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Figure 3.13 0O, dependency of cytochrome redox alterations in PASMC

Reduction of cytochromes aa3, by, ¢ in pulmonary arterial smooth muscle cells (PASMC) between 15-
0% O, (pO, 113-0 mmHg). For comparison, the reduction in respiration from Figure 3.14 is depicted.
Data are from n=16 experiments from n=8 independent cell preparations. *, #, T indicate significant
differences of cytochrome aa3, by, and ¢ compared to normoxia (p<0.05).

Taking into account the higher sensitivity of redox measurements in isolated PASMC due to
lower interference by scattering and cytochromes of other cell types, the results are

comparable to alterations of mitochondrial cytochromes in isolated lungs. Substantial
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inhibition of mitochondrial respiratory chain could be detected in both experimental setups at
0% O, (pO2 0 mmHg). However, in PASMC small reduction of cytochromes was also
detected at O, concentrations of 5 and 3% O, (pO, 38 mmHg and 23 mmHg) resembling
hyperbolic inhibition kinetics similar to respiration. Redox changes at higher O,

concentrations are beyond sensitivity of the method and obscured by signal-to-noise ratio.

3.2.1.2.2 Respiration in isolated PASMC

Another very sensitive measure for the activity of the mitochondrial respiratory chain is the
determination of respiration. High resolution respirometry allows measurement of respiration
at very low O, concentrations and thus determination of O, concentration at half-maximal
respiration (please see 2.2.4).

O, concentration at half-maximal respiration (p50) for PASMC was calculated to be a pO, of
0.8 £ 0.0 mmHg (0.1 % O,). From these values respiration at any O, concentration can be
calculated and compared to maximal respiration at normoxia (21% O,, 158 mmHg). Hence
the first significant inhibition of respiration was found at pO, levels of < 105 mmHg (< 14%

0O,) in PASMC (Figure 3.14). Thus inhibition of respiration occurs in an O, range, when HPV

occurs.
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Figure 3.14 0O, dependency of respiration in PASMC

Mean and SEM of original recording from pulmonary arterial smooth muscle cells (PASMC) (n=9).
Respiration at different O, concentrations, calculated from p50. Bar indicates significant decrease in
respiration compared to 21% O, (158 mmHg).
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3.2.2 Mitochondrial complex lll in oxygen sensing of HPV

In the next step measurements focused on the regulation of cytochrome by, compared to
cytochrome aa3 and c during hypoxia. After analysis of hypoxia-induced redox alterations, it
became evident, that cytochrome by, was reduced only at O, concentrations < 1% O, (pO; <
8 mmHg), whereas cytochrome aa3 and ¢ became already significantly reduced at
concentrations < 3% O, (pO; < 23 mmHg) and 5% O, (pO, 38 mmHg), respectively (Figure
3.13). When comparing the redox state of cytochrome by, directly with cytochrome aa3 and
¢, a higher oxidation state of cytochrome by, compared to cytochrome aa3 and c could be
found at 1 and 3% O, (pO; 8 and 23 mmHg) (Figure 3.15).
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Figure 3.15 Differential regulation of mitochondrial cytochromes in PASMC
Comparison of redox alterations of cytochrome aa3, by, ¢ in pulmonary arterial smooth muscle cells
(PASMC). Data are from n=16 individual experiments from at least n=8 independent preparations.
* indicate significant differences of cytochrome aa3, by, or ¢ compared to normoxia (p<0.05).
# indicate significant differences of cytochrome aa3 and ¢, compared to cytochrome by, (p<0.05).
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The higher oxidation state of cytochrome by, could indicate an electron leak at complex Ill.
Thus mitochondrial ROS production was measured. These experiments revealed an O,-

dependent ROS production, correlating with redox state of cytochrome by,.
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Figure 3.16 Hypoxia-dependent alterations of mitochondrial superoxide
concentration in PASMC
Data are from n=3 individual experiments.

As mitochondrial membrane hyperpolarization is known to favor ROS production,
mitochondrial membrane potential was determined. These experiments revealed an O,-

dependent increase of mitochondrial membrane potential, correlating with cytochrome redox

states.
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Figure 3.17 Hypoxia-dependent changes of mitochondrial membrane potential in
PASMC
Data are from n=3 individual experiments.
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3.2.3 Comparison of PASMC to arterial smooth muscle cells of the

systemic vasculature

When comparing the hypoxia-induced reduction of mitochondrial cytochromes in PASMC
with that of ASMC and RASMC, the reduction level of PASMC, ASMC and RASMC did not
differ significantly (Figure 3.18).
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Figure 3.18 Comparison of redox alterations of cytochrome aa3, b, c in PASMC,
ASMC and RASMC

Data are from at least n=7 individual experiments from at least n=4 independent preparations.
* indicate significant differences of cytochrome aa3, by, or ¢ compared to normoxia (p<0.05).
# indicate significant differences of cytochrome aa3 and c, compared to cytochrome by, (p<0.05).
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However, hypoxia inhibited respiration less in RASMC compared to PASMC and ASMC,
represented by higher pO, at half maximal respiration (p50) depicted in Figure 3.19. Half-
maximal respiration (p50) for PASMC was calculated to be a pO, of 0.8 £ 0.0 mmHg (0.1 +
0.0% O,), 0.8 £ 0.1 mmHg (0.1 £ 0.0% O,) for ASMC, and 0.6 £ 0.0 mmHg (0.1 = 0.0% O5)
for RASMC (Figure 3.19).
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Figure 3.19 O, affinity of PASMC, ASMC, and RASMC

Calculated as the O, concentration at half maximal respiration (p50; n=5-9 experiments). * indicate
significant difference compared to PASMC and ASMC.

As increased ROS production was detected in PASMC during hypoxia, ROS production was
next determined in RASMC and ASMC.

Although similar to PASMC cytochrome by, was more oxidized in hypoxia compared to
cytochrome ¢ in RASMC (Figure 3.18), in contrast to PASMC no increase in ROS production
could be detected in RASMC.
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Figure 3.20 Hypoxic mitochondrial superoxide concentration in PASMC, ASMC and
RASMC

O, concentration was reduced from normoxia to 1% O, (pO, 8 mmHg). * indicates significant
difference compared to normoxia (** p<0.005).
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As a possible explanation for the different ROS production of PASMC and RASMC the
finding may serve, that mitochondrial membrane potential in RASMC was not increased
during hypoxia.
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Figure 3.21 Hypoxic mitochondrial membrane potential in PASMC, ASMC and
RASMC

O, concentration was reduced from normoxia to 1% O, (pO, 8 mmHg). * indicate significant difference
compared to normoxia (*** p<0.001). Data are from n=3 individual experiments.

In summary, in PASMC redox alterations and inhibition of mitochondrial respiration occurred
at O, concentrations at which hypoxia-induced ROS production and mitochondrial membrane
hyperpolarization could be detected. The respiration of RASMC was slightly less inhibited by
hypoxia than the respiration of PASMC or ASMC and neither ROS production, nor
mitochondrial membrane hyperpolarization could be found in RASMC during hypoxia.

With regard to the isolated lung, mitochondrial respiration was slightly inhibited at O,
concentrations, at which HPV occurred in isolated lungs. Spectral alterations in the isolated
lung that can be attributed to mitochondrial cytochromes were similar to the redox changes
measured in PASMC, but multiple spectral alterations that can be assigned to scattering
phenomena and non-mitochondrial cytochromes overlapped mitochondrial cytochromes.
Therefore, inhibition of respiration and mitochondrial cytochrome redox alterations could be

responsible for hypoxia-induced events in PASMC and for initiation of HPV in isolated lungs.

In order to confirm the findings and to overcome the limitations of hypoxic measurements in
the isolated lung, in the next approach HPV was manipulated by mitochondrial inhibitors and

correlated to redox changes and respiration under these conditions.
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3.2.4 Correlation of HPV to respiration and redox state during

application of mitochondrial inhibitors

3.2.4.1 Correlation of HPV with redox state of mitochondrial cytochromes
3.2.41.1 Application of cyanide

Inhibition of complex IV by cyanide resulted in a dose-dependent decrease of HPV. In the
absence of cyanide, the strength of HPV was 3.0 + 0.5 mmHg at a PAO;, of 3 % O, (pO, 23
mmHg) (n=4). The decrease of the strength of HPV during application of cyanide paralleled
the reduction of mitochondrial cytochromes, particularly of cytochrome c (Figure 3.22).
Cytochrome by, was significantly less reduced than cytochrome aa3 and c¢ by cyanide
treatment (Figure 3.22). In parallel with inhibition of HPV, cyanide induced a vasoconstriction

during normoxic ventilation determined as a PAP increase of 0.8 £ 0.2 mmHg (n=4).
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Figure 3.22 HPV and redox state at different cyanide concentrations in the isolated

lung
Data are given in percent of maximal reduction or maximum strength of HPV, respectively (% max.

response) * significant difference compared to cytochrome c¢ (p<0.05).

Similar results were found in isolated PASMC. After adding cyanide to the cell suspension
the cytochromes became increasingly reduced in normoxia and therefore the difference from
normoxia to the fully reduced cytochromes in anoxia was decreased. The maximum
response was defined as the reduction between normoxia and anoxia without presence of

cyanide. Except for 10uM cyanide, cytochrome reduction paralleled HPV.
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Figure 3.23 HPV and redox state at different cyanide concentrations in PASMC
Inhibition of HPV compared to the maximal reduction of mitochondrial cytochromes at different
cyanide concentrations in isolated pulmonary arterial smooth muscle cells (PASMC).

Data are from n=3 experiments.

3.2.41.2 Application of 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO)

Interference of electron transfer at the Q; site of complex Ill by HQNO resulted also in an
inhibition of HPV. In isolated lungs HQNO reduced cytochrome by, and oxidized cytochrome
c to a similar extend as it inhibited HPV (Figure 3.24). In normoxia no change of PAP could
be detected.
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Figure 3.24 HPV and redox state at different HQNO concentrations in the isolated

lung
Data are given in percent of maximal reduction or maximum strength of HPV, respectively (% max.

response). Data are from n=4 isolated lungs.
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After application of HQNO in cell suspensions normoxic spectra were taken as reference
spectra. The difference of these spectra to maximally reduced anoxic spectra decreased with
increasing concentrations of HQNO, as HQNO inhibited electron flow through the respiratory

chain. Cytochrome reduction correlated with strength of HPV.
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Figure 3.25 HPV and redox state at different HQNO concentrations in PASMC
Inhibition of HPV compared to the maximal reduction of mitochondrial cytochromes at different HQNO
concentrations in isolated pulmonary arterial smooth muscle cells (PASMC).

Data are from n=3 experiments.

3.2.4.1.3 Application of rotenone

Inhibition of complex | by rotenone inhibited HPV, but resulted in no detectable redox change
during normoxia or hypoxia (PAO, of 3 % O,, pO, 23 mmHg) in the isolated lung (n=4, Figure
3.26). Additionally to the inhibition of HPV, rotenone induced a dose-dependent normoxic
decrease in PAP of maximally 0.5 £ 0.2 mmHg at 170 nM (n=4).
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Figure 3.26 HPV and redox state at different rotenone concentrations in the isolated

lung
Data are given in percent of maximal reduction or maximum strength of HPV, respectively (% max.

response).
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However, as rotenone inhibits electron entry into the respiratory chain, effects on redox state
would result in increased oxidation, which might only be seen under conditions of reduced
cytochromes. In cell suspension, the mitochondrial cytochromes of PASMC could be less
reduced in anoxia after application of rotenone than without rotenone. The difference in
maximal possible reduction correlated well with the inhibition of HPV in intact lungs (Figure
3.27).
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Figure 3.27 HPV and redox state at different rotenone concentrations in PASMC
Inhibition of HPV compared to the maximal reduction of mitochondrial cytochromes at different
rotenone concentrations in isolated pulmonary arterial smooth muscle cells (PASMC)

Data are from n=5 experiments.

3.2.4.1.4 Application of FCCP

Uncoupling of mitochondrial respiration with FCCP resulted in no detectable alteration of
redox state in isolated lungs. In isolated cells difference of normoxia and anoxic reduction
increased with 4uM FCCP. Regarding HPV and normoxic vasoconstriction, FCCP induced

dose-dependent alterations that did not correlate with redox state (Figure 3.28).
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Figure 3.28 HPV and redox state at different FCCP concentrations in PASMC

HPV and normoxic PAP compared to the maximal reduction of mitochondrial cytochromes at different
FCCP concentrations in isolated pulmonary arterial smooth muscle cells (PASMC).

Data are from n=4 experiments.

3.24.2 Correlation of HPV with mitochondrial respiration during application of
cyanide, HQNO, rotenone and FCCP

In contrast to the cytochrome redox state in isolated lungs and cell suspensions of PASMC,
inhibition of respiration by cyanide, HQNO and rotenone only partially correlated to
alterations of the strength of HPV. During application of cyanide HPV was more decreased
than respiration, whereas HQNO and rotenone inhibited respiration more than the strength of
HPV. In presence of FCCP both, respiration and HPV initially increased, but their changes
did not correlate in the further course of experiments (Figure 3.29, respiration is given during

normoxia and at hypoxia [1% O», pO, 8 mmHg]).
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Figure 3.29 HPV and mitochondrial respiration in isolated PASMC in presence of
mitochondrial inhibitors
Data are from n=5 experiments each.

3.3 Identification of non-mitochondrial cytochromes

3.3.1 Cytochrome bss3 of the NADPH oxidase

Hypoxic difference spectra revealed only redox alterations of cytochromes of the
mitochondrial chain, as identified by comparison to cyanide spectra and fitting of single
mitochondrial spectra in sum difference spectra (see Figure 3.5 and 3.9). Reduction of
cytochrome bssg of NADPH oxidase could be induced by addition of SDT to completely
anoxic PASMC (Figure 3.30). The difference spectra in presence of SDT were in agreement

to previously published cytochrome bssg spectra [203, 204].
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Figure 3.30 Spectrum of cytochrome bsss of the NADPH oxidase

Comparison of fully reduced PASMC spectra (PASMC anoxia) with PASMC spectra after application
of cyanide (PASMC cyanide) and cytochrome bssg (PASMC SDT). Reduction of cytochrome bssg was

achieved by addition of sodium dithionite (SDT) to fully reduced PASMC (PASMC SDT). Data for SDT
are from n=3 experiments.

In the isolated lung reduction of cytochrome bssg of NADPH oxidase could be induced by
perfusion of anoxically ventilated lungs with SDT (Figure 3.31). Mitochondrial cytochromes

were pre-reduced with cyanide and do therefore not interfere with cytochrome bsgs.
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Figure 3.31

Identification of difference spectrum of NADPH oxidase in isolated lungs
Spectra at different O, concentrations and with additional perfusion with SDT are given. Mitochondrial

cytochromes are inhibited with cyanide. For comparison a spectrum of cytochrome bsgg, obtained by
addition of SDT to anoxic PASMC is depicted. n=3.
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3.3.2 Cytochrome P450

To limit amount of used CO these experiments were performed in isolated mouse lungs, as
less amount of toxic gas was necessary for ventilation. In isolated lungs cytochrome p450
could be identified by addition of CO to the inhaled gas (Figure 3.32). In contrast to isolated
lungs, in isolated PASMC absorption changes of cytochrome P450 could not be illustrated by
addition of CO (Figure 3.32).
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Figure 3.32 Carbon monoxide (CO) in isolated lungs and PASMC

CO was applied at a concentration of 10% (pCO 75 mmHg) in a gas mixture with 21% O, (pO, 158
mmHg), balanced with N, in PASMC and additionally 5% CO, (pCO,40 mmHg) in isolated lungs. n=3.
For comparison mitochondrial cytochrome spectra obtained by addition of cyanide to the perfusate of
the isolated mouse lung preparation are given, as well as difference spectra of oxygenated
hemoglobin added to the perfusate minus oxygenated hemoglobin during ventilation with CO (10%,
pCO 75 mmHg).

3.3.3 Soluble guanylate cyclase

In isolated lungs and PASMC a b-type cytochrome peaking at 423 nm was detected during
application of CO (Figure 3.32). It resembles CO difference spectra of hemoglobin (Figure
3.32) or sGC (see Table 3). Therefore in isolated PASMC the cytochrome peaking at 423 nm
might reflect CO binding to sGC, whereas in isolated lungs also residual hemoglobin might

contribute to spectral changes.
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3.3.4 Myoglobin

Considering published spectra from literature (see Table 3) no myoglobin could be detected

in PASMC, neither during anoxia, nor during CO application.

3.3.5 Hemoglobin

Spectrophotometric measurements in isolated lungs were obscured by multiple tissue
chromophores and scattering alterations. The most prominent cytochrome besides
mitochondrial cytochromes was hemoglobin. Even in buffer-perfused lungs residual
hemoglobin, which might result in the occurrence of a b-type cytochrome, cannot be
excluded. It was possible to fit hemoglobin and mitochondrial cytochromes in sum difference
spectra obtained from isolated lungs that showed clear signs of hemoglobin presence. When
comparing the fitting result of fitting the hemoglobin spectrum together with that the
mitochondrial spectra versus fitting the hemoglobin spectrum or mitochondrial spectra alone,
the best fitting result was achieved by addition of all spectra to the fitting algorithm (Figure
3.33).
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Figure 3.33 Fitting of hemoglobin in isolated lungs

Fitting of mitochondrial cytochromes (fit only mitos) and hemoglobin spectrum (fit only Hb) in sum
difference spectrum (anoxic ventilation) of isolated lungs during anoxic ventilation. Fitting of both,
mitochondrial and hemoglobin spectra (fit mito + Hb), resulted in best agreement with measured

anoxic spectrum. Data are from n=5 experiments.

Analysis of the fitting results revealed that the strength of HPV corresponded to the

oxygenation of hemoglobin (Figure 3.34) and amount of residual hemoglobin (Figure 3.35).
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hemoglobin
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Figure 3.35 Comparison of HPV and amount of hemoglobin

Hypoxic pulmonary vasoconstriction (HPV) of different experiments (exp. 1-5) is illustrated in
comparison with amount of deoxygenated hemoglobin (Hb) at specific O, concentrations. Data are
from n=5 lung preparations (exp. 1-5) of lungs that showed signs of residual hemoglobin of different

amount.

Therefore in isolated lungs oxygenation state and amount of hemoglobin might modulate

HPV.
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4 Discussion

Although mitochondria have long been thought to be involved in the O, sensing process
underlying HPV [84, 108, 119, 122, 135], the possible mechanisms of their contribution are
not yet resolved. In particular, the high O, affinity of mitochondria, ATP maintenance during
HPV and contradictory findings of pharmacological complex |V inhibition have been
considered to limit the importance of inhibition of mitochondrial respiration as a possible O,
sensing mechanism [104]. Increased or decreased ROS production mainly at complex |
and/or Il are thought to be more promising pathways [14, 74, 86].

However, due to methodological limitations, it had thus far not been investigated if
mitochondrial respiration and cytochrome redox state of the O, sensing cells of HPV are
compromised during hypoxia-induced alterations in isolated lungs and HPV.

In the present study, remission spectroscopy was adapted to intact, isolated and blood-free
perfused rabbit lungs to quantify redox alterations of mitochondrial cytochromes under
graded hypoxia. Furthermore, combining this method with high resolution respirometry
allowed correlation of the strength of HPV, as well as hypoxia-induced alterations in PASMC

with respiration and cytochrome redox state of PASMC.

The current experiments yielded the following results:

¢ hypoxia induced HPV at O, concentrations < 10% (pO, < 75 mmHg) in isolated lungs
and an increase of mitochondrial membrane potential, as well as mitochondrial matrix
ROS production at O, concentrations < 3% (pO; < 23 mmHg) in isolated PASMC.

e mitochondrial respiration of PASMC was inhibited at O, concentrations < 14% (pO, <
105 mmHg), reaching = 3 £ 0 % inhibition at O, concentrations of < 3% (pO, < 23
mmHg).

e cytochrome aa3 of complex IV was significantly reduced by = 11 + 3 %, cytochrome ¢
by 210 x4 % at < 3% O, (pO; <23 mmHg) in PASMC.

o cytochrome by, was less reduced compared to cytochrome aa3 and c at O,
concentrations < 3% (pO, < 23 mmHg)in PASMC.

¢ RASMC differed from PASMC in that hypoxia inhibited their respiration less than that
of PASMC and did not induce an increase of mitochondrial membrane potential or
ROS production.

e application of cyanide, HQNO and rotenone resulted in dose-dependent inhibition of

mitochondrial cytochrome reduction, correlating with the strength of HPV.
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These findings suggest that hypoxia causes inhibition of complex IV resulting in alterations of
cytochrome redox state, that initiate mitochondrial matrix superoxide release from complex
[ll, by concomitant increase in mitochondrial membrane potential. This conclusion is based
on the following facts: 1) the hypoxia-induced decrease of mitochondrial respiration
paralleled HPV in isolated lungs; 2) the cytochrome reduction of cytochrome ¢ and aa3
(complex 1IV) and respiration in PASMC correlated to the hypoxia-dependent increase in
mitochondrial superoxide levels as well as mitochondrial membrane potential; 3) cytochrome
byn (complex 1ll) was less reduced during hypoxia compared to cytochrome ¢ and aa3; 4)
these alterations were specific for PASMC, as RASMC displayed a lower decrease in
respiration and no rise in matrix superoxide release and mitochondrial membrane potential;
5) pharmacological inhibition of mitochondria revealed analogous kinetics of cytochrome

redox state and the strength of HPV.

4.1 Remission spectrophotometry

When measuring spectral alterations in lung tissue by remission spectrophotometry, the sum
spectrum of all tissue cytochromes is detected. This included mitochondrial cytochromes, but
also cytochrome bssgs of NADPH oxidases, cytochrome P450 and cytochrome b of
hemoglobin. In order to identify mitochondrial cytochromes in the isolated lung, the measured
spectra were compared to published reference spectra and to difference spectra after
application of specific inhibitors of the cytochromes. When comparing the spectral alterations
in the lung at 0% O, (pO, 0 mmHg) with the spectra of the cytochromes, clear attribution to
mitochondrial cytochromes could only be found in the wavelength range of 600-610 nm for
cytochrome aa3. In the other wavelength ranges, the spectra of different cytochromes
showed overlapping features, making it difficult to distinguish mitochondrial from non-
mitochondrial cytochromes. To decrease the influence of hemoglobin as a prominent non-
mitochondrial cytochrome, lungs were flushed with perfusate until the hemoglobin spectrum
was no longer visible. Only these lungs were used for qualitative evaluation of oxygen
dependency of mitochondrial cytochromes. However, the possibility that the difference
spectrum of residual hemoglobin contributed to the spectral changes cannot be completely
discounted. In measurements of lungs that showed signs of hemoglobin, the amount and
oxygenation state of hemoglobin was semiquantitatively analyzed by fitting of the known
hemoglobin difference spectra in the sum difference spectrum. Addionally, cytochrome bsgg
of NADPH oxidase peaking at 427 and 558 nm could not be distinguished from mitochondrial

cytochrome by, with absorption maxima at 430 and 563/566 nm. However, reduction of
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cytochrome bssg could only be detected by addition of SDT to anoxic tissue or cells, so that
contribution of this cytochrome to the sum hypoxic spectrum is unlikely (see also 4.5).

In tissue remission spectrophotometry the spectrum is not only altered by absorption of light,
but also by wavelength dependent scattering and reflection. For scattering by particles
similar to or larger than the applied wavelength (e.g. as it occurs in milk or biological tissue),
the Mie theory of scattering applies [205, 206]. This phenomenon results in higher intensities
of backscattered light at high wavelengths, as seen in the measurement of backscattered
light in milk. Light is additionally influenced by reflection at boundary layers in tissue. This
occurs, for example, when crossing compartments of high and low water content.
Furthermore, particularly in lung tissue, the density of scattering and absorption particles
varies with ventilatory excursions and edema, such that the detected spectrum could be
altered. If the scattering properties, reflection and tissue density do not change, they are
constant during normoxia and hypoxia and can be eliminated from the measured spectrum
by calculation of difference spectrum. The measured difference spectrum then only reflects
absorption characteristics of the tissue. To eliminate the influence of ventilation, spectra were
averaged over one minute. However, tissue water content can change during measurement
and affect scattering, reflection and - due to density - absorption properties and thus result in
spectral alterations that are not due to redox changes. Such spectral alterations have been
proven in the present work to occur by variation of tissue water content elicited by increasing
pulmonary venous pressure or reducing the intravascular fluid load and tissue density by
induction of vasoconstriction with the thromboxane mimetic U-46619. The resulting spectra
resembled remission spectra of lung tissue. This suggests decreased absorption (during
volume load) or increased absorption (during vasoconstriction by thromboxane) due to lower
or higher density of absorption particles in the measurement volume and/or increased
reflection. Therefore, changes in tissue water content either by alteration of vascular tone or
pulmonary edema must be taken into account when evaluating the redox spectra. The latter
effect was avoided in the current study by only using lungs that showed no signs of edema.
The first effect cannot be avoided and must be considered during interpretation of the
respective results.

Therefore spectral alterations in the wavelength ranges of 410-440 nm and 520-590 nm may
belong to non-mitochondrial cytochromes or scattering artefacts and only qualitative
evaluation of spectral alterations in the lung seem to be adequate. However, when a high
amount of hemoglobin is present and included into the fitting algorithm, semiquantitative
evaluation of hemoglobin is possible due to its unique absorption characteristics at 590 nm
and prominent absorbing character. The results of the less prominent cytochromes, with

absorption features that overlap highly with other phenomena, particularly cytochrome by,
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interfering with hemoglobin at 560 nm and vasoconstriction induced alterations at 430 nm,

cannot be evaluated in the isolated lung.

In contrast to the situation in the isolated lung, in cell suspensions of PASMC only
mitochondrial cytochromes could be demonstrated. Reference absorption spectra for single
cytochromes were determined in the closed chamber system by application of mitochondrial
inhibitors and bovine cytochrome c. They resembled previously reported mitochondrial
cytochrome difference spectra [207] (see also appendix). Thereby cytochrome aa3, by, and ¢
could be identified. Cytochromes a and a3 could not be distinguished, as determined by
differential reduction of cytochrome a with cyanide. This effect is suggested to be caused by
a much greater contribution in absorption from cytochrome a compared to cytochrome a3
(80-90%) [185]. Cytochrome c; and bsgy of complex Il was also not visible as reported
previously [185].

In PASMC only mitochondrial cytochromes aa3, by, and c contribute to the sum difference
spectrum measured during anoxia, as 1) it was found that recalculation of a sum spectrum
with the derived reference spectra resembled the measured spectrum and 2) the spectral
alterations after application of cyanide, which specifically reduces mitochondrial
cytochromes, was almost identical with hypoxia-derived spectra.

For application of the fitting algorithm, therefore, cellular cytochromes of lower absorption
coefficients that did not contribute detectably to the measured spectrum were neglected.
Nevertheless, cytochrome bssg could be identified by reduction with SDT during anoxia,
cytochrome P450 and sGC by CO. Other non-mitochondrial cytochromes (hemoglobin and
myoglobin) could not be detected in PASMC (see 4.5).

Based on the identified mitochondrial difference spectra, changes in redox state were
determined as follows: Attenuation of light intensity (i.e. difference spectrum) in cell
suspensions is a non-linear function of absorption and scattering. However, for small
changes of absorption and sufficient narrow-band consideration, the approach of Lambert-
Beer, Apy oc In(lo2)/1s(y), A= Hapy + Hsry, can be applied as first order approximation (A4:
wavelength, A: light attenuation, lo: intensity of incident light, Is: intensity of the backscattered
light, pacy: absorption, ps,: scattering). According to this approximation, light attenuation
depends linearly on absorption and scattering. The linear relationship between light
attenuation and absorption was confirmed in the present experiments by successfully
correlating difference spectra of cytochrome c with exogenously applied cytochrome c
concentration in cell suspension. Absorption depends on chromophore concentration and
redox state, scattering on particle size and concentration. Therefore, light attenuation (i.e.,
difference spectrum) is directly proportional to absorption when scattering is constant and

conclusively directly proportional to changes in the redox state, when chromophore
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concentration is constant. Changes in scattering cannot be completely controlled, as hypoxia
may induce alterations of the shape of cells and/or mitochondria. However, since scattering
effects are wavelength dependent, prominent scattering variations would result in differential
absorption in the low and high wavelength ranges (415-460 nm and 500-620 nm,
respectively), due to non-linear light attenuation in the low wavelength range. This was
excluded in experiments with analysis of different wavelength ranges. However, only spectral
measurements were included, in which differential calculation of low and high wavelength
ranges showed identical results and spectral alterations of scattering could not be identified
visually. The negligibility of the scattering effects was described previously in a similar
system by Hollis et al. [185].

According to the above derived linear relationship between light attenuation, absorption and
redox state, measured difference spectra were used to calculate changes in cytochrome
redox states. Reference spectra of single cytochromes were fit in the measured sum
difference spectrum by multi-wavelength least-square fitting. As the recalculated sum spectra
were almost identical with the measured difference spectra, it can be concluded that the
provided reference spectra were sufficient for semiquantitative evaluation of the contribution

of the single cytochromes in the sum difference spectra.

4.2 Mitochondrial complex IV in oxygen sensing of HPV

In this study, mitochondrial respiration was inhibited at O, concentrations < 14% O, (pO; <
105 mmHg) in PASMC, correlating with the onset of HPV at < 10% O, (pO; £ 75 mmHg) in
isolated lungs. Therefore, although the high O, affinity of mitochondria has been considered
to exclude the inhibition of mitochondrial respiration as a possible mechanism underlying
HPV in the past [104], inhibition of electron transfer to O, at complex IV can act as an O,
sensor. However, the O, affinity is in the range of previously reported O, affinities [199],
which results in very small inhibition of respiration under mild hypoxia (€3 £ 0 % at = 3% O,,
pO, = 23 mmHg). This is in line with the previously suggested hypothesis, that the inhibition
of mitochondria may initiate a second messenger for O, sensing (e.g. a change in ATP/ADP
ratio), rather than energy depletion during hypoxia acting as an O, sensing mechanism ([103,
106, 120], see introduction).

The redox alterations of complex IV (cytochrome aa3) in isolated PASMC found in the
investigations of this thesis support the findings of the respiration experiments that inhibition
of complex IV can act as an O, sensor, as they 1) resembled the hyperbolic kinetics of
respiration and 2) became significantly reduced at 3% O, (pO, 23 mmHg) in parallel with

hypoxia-induced mitochondrial membrane hyperpolarization, ROS production, and calcium
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increase in PASMC [208]. In isolated lungs the reduction of complex IV is difficult to detect
due to interference of multiple spectral alterations, including non-mitochondrial cytochromes,
other cell types beside PASMC and scattering artefacts. The spectral changes detected in
the isolated lung at a PAO, of 10% O, (pO2 75 mmHg) could not be observed in PASMC,
which favors the suggestion that the spectral alterations in the wavelength range of 405-440
nm in isolated lungs under mild hypoxia (10% O,, pO, 75 mmHg) are not attributed to
cytochrome by, reduction in PASMC, but rather related to other cytochromes of the b class
(hemoglobin, cytochrome bssg) in other cell types or scattering-induced alterations due to
vasoconstriction, as evoked by application of the thromboxane mimetic. However, reduction
of mitochondrial cytochrome aa3, peaking at 445 nm and 603/605 nm, could be clearly
distinguished from other spectral alterations and could only be detected at a PAO, of 0 % O,
(pO2. 0 mmHg). Visual evaluation of the spectral alterations provided the same result as fitting
of the spectra of cytochrome aa3, by, ¢ and hemoglobin in the hypoxic difference spectra of
isolated lungs.

Therefore, despite the difficulties of discrimination of the mitochondrial cytochromes in the
isolated lung, it can clearly be stated that complex IV reduction is detectable at anoxic
ventilation. Integrating the results of PASMC, in higher O, concentrations small redox
alterations of mitochondrial cytochromes can be expected, but are probably beyond the
detection limit in the isolated lung. In summary, this study could show a small, but significant
inhibition of respiration and reduction of complex IV in PASMC at O, concentrations, which
induce HPV and/or hypoxia-induced cellular alterations.

In PASMC first hypoxia-induced alterations of mitochondrial membrane potential, ROS
concentration and cellular calcium concentration were detectable at 3% O, (pO, 23 mmHg),
which correlated to a reduction of cytochrome ¢ by 10 £ 4 %, cytochrome aa3 by 11 + 3 %
and respiration by 3 + 0 %. Levels of hypoxia at which these alterations were detected in
PASMC are well in line with the onset of HPV in the intact organ, since comparable O,
values have been suggested to occur at the level of precapillary PASMC [3]. The range of
onset of mitochondrial hyperpolarization and superoxide increase is similar to previous
studies investigating the onset of hypoxia-induced cellular membrane depolarization,
intracellular calcium increase and contraction of PASMC [21, 25]. Specifically the hypoxia-
induced calcium increase in rabbit PASMC was reported to occur at a pO, of 16-21 mmHg
(2-3 % O,) [63] and of < 50 mmHg (7% O,) with glucose free medium [26]. Therefore this
study shows that inhibition of electron transfer at complex IV and reduction of respiration
occur at O, concentrations that induce HPV, and it can be proposed that these alterations
are initial steps of mitochondrial O, sensing in PASMC. The degree of inhibition seems to be
too small for metabolic inhibition, but may result in signal initiation, for example, by AMP-

dependent protein kinase activation [108], regulation of mitochondrial calcium release [209]
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or ROS metabolism via regulation of cytochrome redox state. A subcellularly
compartmentalized decrease of ATP, initiating a change in the redox state of the cell, has
been suggested early to initiate HPV, due to the finding, that metabolic inhibition with 2-
deoxyglucose (2-DOG) and reduced glutathione (GSH) inhibit the hypoxia-induced inhibition
of K, channels, with the limitation however, that the effect of GSH was not selective for
PASMC [24, 52]. The relevance for the localization of the mitochondria was recently
emphasized [100], showing ATP- and magnesium dependent regulation of hypoxia sensitive
Ky channels by near-by mitochondria [54]. Also in the O, sensing process of the carotid body
mitochondrial complex IV has been suggested to serve as O, sensor for chemosensory
discharge, as well as HIF-1a stabilization [179].

In contrast, in fibroblasts of patients with decreased respiration due to impaired function of
complex IV (Leigh Syndrome), no impairment of HIF-1 stabilization was found, suggesting
that ATP production is not required for O, sensing [210].

Specifically in HPV, the importance of complex IV was questioned due to failure of cyanide to
inhibit HPV in some investigations (see introduction, Table 1). However, this seems to be at
least partially a dose dependent effect. In this study, cyanide inhibited HPV in the
concentration range of 1-80 uM (see 3.2.4.1.1).

4.3 Mitochondrial complex lll in oxygen sensing of HPV

Due to the reported contradictory findings regarding pharmacological inhibition of complex IV
and studies with agents interfering with ROS pathways, an increased or decreased ROS
production mainly at complex | and/or Ill of mitochondria by a yet unresolved mechanism has
been proposed as a pathway for O, sensing [14, 74, 86].

In the present investigations, results are in favor of increased ROS production at complex I,
because 1) increased oxidation state of cytochrome by, compared to cytochrome aa3 and ¢
was found, and 2) increased mitochondrial membrane potential and ROS production

correlated to changes of mitochondrial redox state.

Cytochrome by, exhibited no signs of reduction even at severe hypoxia, whereas cytochrome
¢ and aa3 had already been reduced. Although cytochrome by, has the lowest absorption
coefficient according to these measurements, discernable changes were detectable
according the equation for critical difference in the O, range of < 3% O, (pO. < 23 mmHg).
This finding is in agreement with a hypoxia-induced increase in mitochondrial superoxide
production at the semiubiquinone site at complex Ill and thus HPV as previously suggested

[118, 118, 130, 133, 134, 211]. Furthermore, the results are in accordance with recent data
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from Moncada and colleagues, who demonstrated a more pronounced reduction of
cytochrome aa3 and ¢ compared to cytochrome by, in a monocyte cell line during inhibition of
respiration by endogenous NO [212]. Increased mitochondrial membrane potential was
suggested to support the resulting increase in ROS production [128], as also seen in the
study presented in this thesis. Increased mitochondrial membrane potential may be caused
by increased glycolytic ATP production [130]. Another hypothesis assumes that the
mitochondrial proton leak decreases with low O, levels, leading to higher mitochondrial
membrane potential than expected during hypoxia and, consequently, also to higher
superoxide production [213].

Although it is not clarified yet how mitochondrial membrane hyperpolarization is achieved,
the finding of the hyperpolarization is in line with previous studies by Michelakis et al. [23].
However, in contrast to the investigations in this thesis, Michelakis et al. [23]measured a
decrease in ROS production in pulmonary artery rings. One difference between the studies is
the use of fluorescent dyes specific for intracellular, but not mitochondrial ROS production.
As illustrated in the introduction, this contradictory finding may be explained by the possibility
that changes in ROS are dependent on subcellular localization, time course and degree of
hypoxia. In general, the results of the present study support the conclusion that increased
mitochondrial ROS production occurs under conditions of high membrane potential, highly
reduced ubiquinone pool and decreased respiration (see introduction).

As a possible mechanism for ROS production at the quinol oxidase (Q,) site of complex lll,
an unstable semiubiquinone could bypass the Q-cycle and directly reduce O,, forming
superoxide [214]. Inhibition of complex IV has been proposed to be insufficient for this
mechanism, as complex IV inhibition results in cytochrome c; reduction, which may
decrease electron inflow in complex Ill, due to a pivoting interaction of the iron-sulfur
complex with cytochrome ¢4 and the Q, site depending on its redox state [133].

Thus, ROS production from complex Ill during complex IV inhibition appears to require an
additional defect that increases oxidant production from the Q, site of complex Ill. Functional
alterations of the Q, site can disrupt electron flux in this portion of complex Il leading to
“bypass reactions” of the Q, site that enhance ROS production, with the rate-limiting step
being the formation of a reactive species (probably a semiubiquinone), but not availability of
O, [214]. However, it is not yet certain, which functional alterations of the Q, site this could
be under condition of hypoxia.

Another hypothesis questions this mechanism of semiubiquinone directly reducing O,, as it
doubts the existence of relevant amount of free semiubiquinone at the Q, site. It proposes a
reverse reaction of electron transfer from reduced cytochrome b onto O, via ubiquinone
[211]. Conditions of ROS production would be favored by a partially oxidized ubiquinone pool

to provide sufficient amounts of the redox mediator and a moderately high membrane
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potential to increase the fraction of reduced heme b.. In organs like the lung, where the
ubiquinone pool is normally too oxidized for efficient ROS generation, already moderate O,
limitation could directly increase the fraction of reduced ubiquinone to the critical level of
about 75% ubiquinol. This would result in a burst of ROS production setting off the hypoxia

signaling cascade [211].

Although the current work cannot exclude the relevance of ROS production from complex |
for O, sensing, Q, site of complex Ill has been suggested to be the dominant ROS
production site, because ROS products are directed into the intermembrane space away
from the antioxidant defenses of the matrix [133]. In this regard it has to be considered, that
the measurements with MitoSox are limited for evaluation of this kind of mitochondrial ROS
production, as MitoSox mainly determines mitochondrial matrix ROS production. Additionally
MitoSox has to be judged critically under the conditions of this study, as its accumulation
depends on mitochondrial membrane potential [215]. An effect, which may prove beneficial in
this regard, may be that residual MitoSox in the cytosol and intermembrane space could
contribute to the ROS signal and therefore also detect ROS released into the intermembrane
space. This could explain the discrepancy with the measurements of Schumacker, who
recently showed that ROS increased in cytosol and intermembrane space, but decreased in
mitochondrial matrix in PASMC and systemic cells [216]. Furthermore it is also generally
accepted, that the Q, site of complex Il also releases ROS to the mitochondrial matrix site by
an unresolved mechanism, and that the quinone reductase (Q;) site can produce ROS, albeit
to a much lower degree than at the Q, site due to a higher stability of the semiubiquinone
[132]. A convincing approach recently used siRNA against the iron-sulfur-complex of
complex lll, also demonstrating that the Q, site of complex Ill is required for hypoxic
stabilization of HIF-1 [140].

4.4 Comparison of PASMC to arterial smooth muscle cells of the

systemic vasculature

The present study found no evidence for differences between PASMC and ASMC with
regard to redox alterations or O, affinity. ASMC exhibited a smaller increase in mitochondrial
membrane potential, no increase in ROS concentration and no calcium release [208].
RASMC, that also showed no hypoxia-induced increase in calcium or ROS concentration,
differed from PASMC in the higher O, affinity and missing hypoxic mitochondrial membrane
hyperpolarization, but not in mitochondrial redox state. Thus, it can be speculated, that for

sufficient ROS release, an increase in mitochondrial membrane potential above a certain
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threshold in combination with increased oxidation state of cytochrome by, is necessary. Only
in the case of PASMC, when mitochondrial membrane potential and ROS release is
increased, a hypoxia-induced intracellular calcium increase was detected [208]. The larger
inhibition of respiration in hypoxia of PASMC compared to RASMC may promote these
changes. However, specific downstream regulation of PASMC, (e.g. by different ion channel
expression [217]) or specific regulation of ion channel function [218] may also underlie the
differences between the cell types. The similar hypoxic behavior of PASMC and ASMC may
be due to the fact, that ASMC are - like PASMC - exposed to rather high pO, in vivo with the

aorta carrying well oxygenated blood.

A role of the culture conditions for the observed effects was largely excluded as only cells
from passages 1 and 2 were used, no differences between these passages were detectable,
and cultured cells showed expected physiological responses, e.g. with regard to the hypoxia-

induced intracellular calcium increase [208].

4.5 Mitochondrial inhibition and HPV

The data presented in this study favor the conclusion that inhibition of respiration and
reduction of mitochondrial cytochromes initiate signaling cascades in HPV. Differential
regulation of the cytochromes may be essential for the signaling mechanism, as cytochrome
by was less reduced in hypoxia compared to cytochrome aa3 and c.

This hypothesis was investigated using inhibitors of the mitochondrial respiratory system that
specifically prevent HPV (see introduction).

Application of cyanide in intact lungs decreased the strength of HPV to a similar degree as it
induced mitochondrial cytochrome reduction. Cytochrome by, was significantly less reduced
than was cytochrome c, suggesting that a differential regulation of redox states occurs also in
the intact lung under condition of complex IV inhibition. In presence of HQNO, a dose-
dependent reduction of cytochrome by, and oxidation of cytochrome c correlated well with the
inhibition of HPV in isolated lungs. Rotenone did not result in any detectable changes of
redox state during ventilation with normoxic or hypoxic gas of 3% O, (pO, 23 mmHg) in the
isolated lung. This can be explained by the fact that rotenone inhibits electron inflow into the
respiratory chain and, therefore, no further oxidation could be detected [184] when the
cytochromes are already completely oxidized in normoxia. Because mitochondrial
cytochromes were also not significantly reduced at 3% hypoxia (pO, 23 mmHg) in isolated
lungs, inhibition of reduction (i.e. oxidation) could also not be measured during rotenone

treatment in isolated lungs at this O, concentration. In contrast, cytochromes in isolated
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PASMC were fully reduced in anoxia, and inhibition of electron inflow into the respiratory
chain by application of rotenone resulted in decreased maximal possible reduction (i.e.
higher oxidation compared to completely reduced anoxic cytochromes without rotenone).
Furthermore in PASMC maximal possible reduction of the cytochromes during anoxia was
decreased in a concentration-dependent manner by rotenone, and this inhibition correlated
to HPV inhibition in the isolated lung. As anoxia cannot be achieved in the isolated lung, the
effect of rotenone can only be measured and correlated to HPV in PASMC. In presence of
cyanide and HQNO cytochrome redox state correlated to the strength of HPV in isolated
lungs and to decreased redox alterations from normoxia to anoxia in PASMC. Small
discrepancies between redox alterations in PASMC and inhibition of HPV may be due to
different pharmacodynamics in isolated lungs and isolated cells.

In contrast to cytochrome reduction, the level of mitochondrial respiration in PASMC did not
correlate to the strength of HPV, which supports the hypothesis that inhibition of
mitochondrial respiratory chain initiates HPV, but subsequent regulation of cytochrome redox
state is essential for signal transduction of HPV. The role of cytochrome by, was also
highlighted by the inhibitor studies, as relative cytochrome by, oxidation is found during
cyanide inhibition in the isolated lungs.

It remains unclear, how the differential regulation of cytochrome redox state and respiration
is achieved.

Results of FCCP application support the importance of an intact mitochondrial membrane as
a prerequisite for HPV. In high concentrations FCCP inhibited HPV, but did not change
respiration or cytochrome reduction substantially. Therefore, it is concluded that, disruption of
mitochondrial membrane potential by the uncoupling substance FCCP caused inhibition of
HPV inhibition.

4.6 Identification of non-mitochondrial cytochromes

In isolated cells, only spectral alterations caused by mitochondrial cytochromes could be
detected upon application of hypoxia. This was verified by comparison of hypoxic spectra
with a) cyanide spectra, b) published mitochondrial spectra and c) spectra derived after
application of inhibitors specific for complex Il or IV. Nevertheless, non-mitochondrial
cytochromes could be identified in PASMC and isolated lungs by application of certain
interaction partners causing spectral shifts of nhon-mitochondrial cytochromes. In particular,
reduced spectra of NADPH oxidase were visible after application of SDT to anoxic PASMC.
It has been previously described that reduction of cytochrome bssg of NADPH oxidase is only

observed to be rapid under anaerobic conditions when stimulated by NADPH [193].
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Otherwise it is slow and incomplete even after several minutes of anoxia, due to
conformational properties that allow electron inflow into the complex only in the presence of
0O, [219]. There was a question whether reduction of cytochrome bssg provides insight into
activity of NADPH oxidases at all [220].

Application of CO allowed demonstration of cytochrome P450 in isolated lungs, but not in
isolated PASMC. As cytochrome P450 has, however, been shown to 1) be present in
PASMC, 2) produce HETE [221], and 3) play a modulatory role in K, channel activity [168],
the concentration of cytochrome P450 may be too low to be identified in the experiments
with addition of CO by the spectroscopic methods in the current study. In isolated lungs, no
spectral alterations could be found at 450 nm during hypoxic ventilation, which indicates that
binding of endogenous CO to cytochrome p450 does not occur in hypoxia. It therefore has to
be taken into account that binding of endogenously produced CO could be obscured by
relative low levels of cytochrome P450 compared to cytochrome aa3, peaking at 445 nm.
Furthermore, it cannot be excluded that cytochrome P450 plays a modulatory role in HPV via
CO metabolism in the isolated lung. Substrate binding to cytochrome P450 (e.g. during
activation of NADPH-dependent cytochrome P450 reductase-heme oxygenase signaling)
may change the difference spectrum of the cytochrome P450, with a decreased or increased
absorption at 420 nm ("type I" difference spectrum) or at 430 nm ("type II" spectrum) [222].
Such alterations could not be distinguished from other cytochromes in the isolated lung, but
could also not been identified in isolated PASMC. Therefore, within the limitations of the
detection method, this study did not provide any evidence that cytochrome P450 played a
role in O, sensing in PASMC. This is in line with a previous study excluding a role of the
cytochrome P450 reductase-hemoxygenase-BK¢,-pathway as O, sensing mechanism by use
of genetically modified mice [177]. Although cytochrome P450 seems not to be involved in O,
sensing, the importance of the cytochrome P450-induced production of EETs as a modulator
for HPV and pulmonary hypertension is well known [172], but may be beyond the detection
limit of the applied spectrophotometric method in the isolated lung.

Spectral alterations that indicate involvement of sGC during O, sensing could not be
detected in PASMC. Although a b-type cytochrome peaking at 423 nm correlating to spectral
alterations caused by sGC (see Table 3) could be detected during application of CO in
PASMC, these alterations were not present during hypoxia. NO binding would be expected
to shift the absorption maximum of sGC from 431 nm (non-bound) to 398 nm (bound) [223],
but could not be found in PASMC. Hypoxia can shift the absorption maximum of sGC from
416 to 430 nm with maximal difference at 437 nm [189]. Although it is not possible to
distinguish these alterations from other b-type cytochromes, (e.g. cytochrome by, of complex
[l1), sGC seems unlikely to play a role in PASMC given that the hypoxic spectrum resembles

the cyanide spectrum. However, cyanide is not expected to cause spectral shifts of sGC.
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The current investigations revealed no signs of the presence of myoglobin, neither in
isolated lungs, nor in PASMC. It was not too long ago, when the existence of myoglobin in
mammalian smooth muscle cells was discovered. However, it remains unclear, if this is also
true for smooth muscle cells of pulmonary arteries, as in the cited study mRNA of myoglobin
was not demonstrated in lung tissue [224].

The presence of hemoglobin measured in the isolated lung was found to be the only relevant
non-mitochondrial cytochrome for modulation of HPV. Although methodologically
challenging, it was successfully established that oxygenation state and amount of
hemoglobin correlate with HPV. This fits the finding, that free oxygenated hemoglobin can
scavenge NO, thereby enhancing HPV [225], yet deoxygenated hemoglobin can produce NO
[226]. Considered with the results of the current thesis, it can be concluded that the sigmoidal
stimulus-response relationship between pulmonary arterial pressure and the level of hypoxia
could be the result of enhanced HPV in mild hypoxia by oxygenated Hb and attenuated HPV
in severe hypoxia by deoxygenated Hb. It is important to mention, that even in visually
hemoglobin-free perfused isolated lungs, spectral signs of persistent existence of
hemoglobin are proven by spectrophotometry. Therefore even small amounts of hemoglobin,
which went undetected in previous studies, could result in the different dynamics of HPV in

isolated lungs versus pulmonary arteries or PASMC.

4.7 Conclusion

In conclusion, a new spectrophotometric technique was established in the presented work.
This allows for the first time, to the best of the author's knowledge, the detection of O,-
dependence of mitochondrial respiration and redox state in isolated lungs, PASMC, ASMC
and RASMC. As summarized in Figure 4.1, a small but significant decrease in mitochondrial
respiration (1) and reduction of cytochrome ¢ and aa3 of complex IV (2) was found in the O,
range of HPV and/or hypoxic reactions of PASMC. Thus, despite the high O, affinity of
mitochondria, inhibition of mitochondrial respiration may act as a sensor in acute pulmonary
O, sensing by O, deprivation at the physiological electron transfer site (complex IV). This
may result in an increased electron backup and leak at complex lll, indicated by an increased
oxidation level of cytochrome by,. Together with increased mitochondrial membrane potential
(3a) this can result in subsequent ROS production (3b) and increased cytosolic calcium
levels. The higher O, affinity of RASMC and lower hypoxic mitochondrial membrane potential
compared to PASMC and ASMC supports the hypothesis of differential mitochondrial
behavior in different cell types. Modulation of HPV by hemoglobin (4) may play an important
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role in isolated lungs. Alternative yet unidentified or established non-mitochondrial
cytochromes were not detected, and thus are unlikely to be involved in O, sensing underlying

HPV.
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Figure 4.1 Proposed mitochondrial pathway of oxygen sensing in HPV
For explanation please refer to the text.
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5 Summary

Hypoxic pulmonary vasoconstriction (HPV) is an essential mechanism of the lung to match
blood perfusion to alveolar ventilation and optimize pulmonary gas exchange. Mitochondria
have been suggested as possible O, sensors of HPV. With regard to mitochondria the
hypothesis of an increased or decreased production of reactive oxygen species (ROS) at
complex | or Il competes with the hypothesis of a localized small decrease of ATP
production. Against this background, the present study investigated the O, dependent
regulation of mitochondrial cytochrome redox state and respiration in isolated lungs and

pulmonary arterial smooth muscle cells (PASMC).

Methodological limitations of the past were overcome by detection of mitochondrial
cytochrome redox state under hypoxic and normoxic conditions using remission
spectrophotometry in intact lungs and in PASMC. High-resolution respirometry was used to
determine the respiration simultaneously in isolated cells. These alterations were compared
to HPV and hypoxia-induced cellular responses, such as mitochondrial matrix superoxide
release and mitochondrial membrane potential. Aortic and renal arterial smooth muscle cells
(ASMC, RASMC) served as controls.

The hypoxia-induced decrease of mitochondrial respiration paralleled the increase in the
strength of HPV in isolated lungs. In PASMC, reduction of respiration and mitochondrial
cytochrome ¢ and aa3 (complex V) matched an increase in matrix superoxide levels, as well
as mitochondrial membrane hyperpolarization. Cytochrome by, (complex Ill) was relatively
more oxidized during hypoxia compared to cytochrome ¢ and aa3. In contrast to PASMC,
RASMC displayed a smaller decrease in respiration and no rise in superoxide or
mitochondrial membrane potential. Pharmacological inhibition of mitochondria revealed

analogous kinetics of cytochrome redox state and the strength of HPV.

The data of this thesis thus suggest inhibition of complex IV as an essential step in
mitochondrial O, sensing of HPV. Concomitantly, increased superoxide release from
complex Il and mitochondrial membrane hyperpolarization may initiate the pathway
underlying HPV.

In isolated lungs, HPV may be modulated by oxygenation state of hemoglobin, whereas

there is no evidence for carbon monoxide playing a role via cytochrome P450.
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6 Zusammenfassung

Die hypoxische pulmonale Vasokonstriktion (HPV) ist ein wesentlicher Mechanismus der
Lunge, um die Perfusion an die alveolare Ventilation anzupassen und so den pulmonalen
Gasaustausch zu  optimieren.  Mitochondrien sind dabei moglicherweise die
Sauerstoffsensoren der HPV. Derzeit bestehen konkurrierende Hypothesen bezuglich eines
mitochondrialen Sensing-Mechanismus: Eine erhdhte oder erniedrige Produktion von
Sauerstoffradikalen am Komplex | oder lll oder eine lokalisierte, leichte Abnahme der ATP
Produktion kénnten die Signalkaskade einleiten. Vor diesem Hintergrund, untersuchte die
vorliegenden Arbeit die sauerstoffabhangige Regulation des Redox-Status’ mitochondrialer
Cytochrome und der mitochondrialen Atmung in der isoliert perfundierten und ventilierten

Lunge und in glatten Muskelzellen pulmonalarterieller Gefalle (PASMC).

Methodische Limitationen bisheriger Untersuchungen wurden durch die Anwendung von
Remissionspekirometrie  Gberwunden, wodurch der Redox-Status mitochondrialer
Cytochrome wahrend Hypoxie und Normoxie in intakten Lungen und PASMC bestimmt
werden konnte. Mit hochauflésender Respirometrie wurde gleichzeitig die Atmung in
isolierten Zellen erfasst. Veranderungen dieser Parameter wurden mit der Starke der HPV
und Hypoxie-induzierten zellularen Antworten in isolierten Zellen, wie Superoxidfreisetzung
in der mitochondrialen Matrix und dem mitochondrialen Membranpotential, verglichen. Zur
Kontrolle wurden glatte Gefassmuskelzellen der Aorta und der Nierenarterie (ASMC,
RASMC) herangezogen.

Eine hypoxie-induzierte Abnahme der mitochondrialen Atmung erfolgte gleichzeitig mit
Beginn der HPV in der isolierten Lunge. In isolierten PASMC ging die Abnahme der Atmung
und Reduktion der mitochondrialen Cytochrome ¢ und aa3 (Komplex IV) mit einem Anstieg
der Superoxidkonzentration in der mitochondrialen Matrix, sowie einer mitochondrialen
Membranhyperpolarisierung einher. Cytochom by, (Komplex Ill) war bezogen auf Cytochrom
¢ und aa3 unter Hypoxie mehr oxidiert. Im Gegensatz zu PASMC, zeigten RASMC eine
niedrigere Abnahme der Atmung und keinen Anstieg von Superoxid oder dem
Membranpotential unter Hypoxie. Wahrend pharmakologischer Inhibierung der

Mitochondrien korrespondierte der cytochromale Redox-Status mit der Starke der HPV.

Die Daten der vorliegenden Arbeit legen daher nahe, dass die Inhibierung von Komplex IV
ein wesentlicher Schritt beim mitochondrialen Sauerstoffsensing der HPV ist. Gleichzeitig

konnte ein Anstieg der Sauerstoffradikalfreisetzung von Komplex Il und des mitochondrialen
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Membranpotentials die der HPV zugrunde liegende Signaltransduktion initiieren. In isolierten
Lungen ist die HPV ausserdem moglicherweise durch den Oxygenierungstatus des
Hemoglobin moduliert, wahrend es keinen Hinweis darauf gibt, dass Kohlenmonoxid mittels
Cytochrome P450 Interaktion eine Rolle spielt.
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8 Appendix

8.1 Published reference spectra
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Figure 8.1: Published reference difference spectra
Reference spectra (reduced minus oxidized) are derived from the following sources: Liao et al. [227],
Huang et al. [228], Palmer et al. [229] and University College London:

http://www.medphys.ucl.ac.uk/research/borl/research/NIR _topics/spectra/spectra.htm. Stand:

10.10.2010

8.2 Measured reference spectra
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Figure 8.2 Measured reference difference spectra

Reference spectra (reduced minus oxidized) derived by application of mitochondrial inhibitors (see

3.1.3)
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