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A
Ab antibody
ATP adenosine triphosphate
a.u. arbitrary units

B
BAEC bovine aortic endothelial cells
BAtEC bovine atrial endothelial cells
BH4 tetrahydrobiopterin
Bk bradykinin
BSA bovine serum albumin

C
CaM calmodulin
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[Ca2+]i cytoplasmic free calcium ion 

concentration
CP 3-carboxy-2,2,5,5,-tetramethyl-

pyrrolidine-N-oxyl

D
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DTT DL-dithiothreitol
DETAPAC diethylenetriaminepentaacetic acid
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E
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ECP 3-ethoxycarbonyl-2,2,5,5,-tetramethyl-

pyrrolidine-N-oxyl
EDRF endothelium-derived relaxing factor
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immuno-sorbent assay
Em transmembrane potential
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F
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G
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sulfate

IN2 5,5-dimethyl-2,4-diphenl-4-methoxy-2-
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L
LDH lactate dehydrogenase

M
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N
NADH β-nicotinamide adenine dinucleotide, 

reduced form
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phosphate, reduced form
L-NAME Nω-nitro-L-arginine methyl ester
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imidazoline-3-oxide-1-oxyl

nNOS neuronal nitric oxide synthase
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R
ROS reactive oxygen species

S
SDS sodium dodecyl sulfate
S.E.M. standard error of mean
SIN-1 3-morpholinosydnonimine
SOD superoxide dismutase

T
T Tesla
TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidine-

N-oxyl
TRIS tris(hydroxymethyl)aminomethane hydro-

chloride

U
U units

X
XO xanthine oxidase
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Objective:  The biological messenger N is of significant importance for the functionality of

the cardiovascular system.  Pathological conditions are often attributed to an altered availability

of N.  The understanding of the regulation of N formation by endothelial cells (EC) and the

concomitant chemistry of N in health and disease is therefore essential but far from being

complete.  The objective of this dissertation was therefore to study in culture systems of bovine

atrial endothelial cells (BAtEC) the protection of N from the interaction with S by SOD-

mimetic nitroxides, and the effect of the membrane potential (Em) and cell growth/proliferation

on the activity of the endothelial nitric oxide synthase (eNOS).  Methods:  For the sensitive and

specific detection of N, the ozone-mediated N chemiluminescence (N-CL) was evaluated,

modified and adapted to various in vitro systems.  Due to the SOD-inhibitable degradation of N

by S, the N-CL was proposed as a novel approach to quantify the physiological low levels of

S.  Results:  The nitroxides 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, 3-carboxy-proxyl,

and 3-ethoxycarbonyl-proxyl increased the N concentration by their SOD-mimetic action in a

model system of 3-morpholinosydnonimine (SIN-1) and cultures of BAtEC.  EPR spin trapping

in SIN-1 solution revealed the formation of H adducts due to dismutation of S and not via

decomposition of peroxynitrite.  Changes in Em (by alteration of the extracellular K+ concentra-

tion) affected the endothelial N release; membrane hyperpolarization increased, membrane

depolarization decreased the N production.  Inhibition of the electrogenic Na+-K+ ATPase

induced synchronous oscillations in endothelial N liberation.  The systematic investigations on

EC growth/proliferation showed no change in total N production (in the presence of SOD).

However, the amount of bioavailable N (in the absence of SOD) was low in preconfluent,

highly proliferating BAtEC.  Expression of eNOS protein increased with culture duration with a

maximum at confluence.  Relative eNOS enzyme activity (N, 2, and L-citrulline production

per eNOS protein) was highest in preconfluent, highly proliferating BAtEC.  Conclusions:  The

interaction of S is critical for the half-life of N.  Facilitated by their SOD-mimetic properties

nitroxides might exert pharmacological potential under conditions of S -mediated diminution of

bioavailable N.  The Em-dependent modulation of endothelial N formation supports an

explanation for Em-mediated changes of vascular tone, as demonstrated for physiological cell

stimulation but also under pathological conditions.  Investigations on EC growth and proliferation

provided evidence that EC-derived S decreases bioavailable N in preconfluent, highly

proliferating BAtEC.  The expression of eNOS protein is dependent on the state of proliferation.

The specific eNOS enzyme activity is upregulated in proliferating BAtEC (probably via post-

translational modifications) and downregulated in quiescent BAtEC (probably via substrate or

cofactor limitations).
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Zielstellung:  Der biologische Botenstoff N ist von signifikanter Bedeutung für die Funk-
tionsfähigkeit des Herz-Kreislauf-Systems.  Pathologische Bedingungen sind oft auf eine
veränderte Verfügbarkeit von N zurückzuführen.  Das Verständnis der Regulierung der N-
Bildung durch Endothelzellen (EC) und die nachfolgenden chemischen Reaktionen von N im
gesunden und kranken Organismus ist deshalb essentiell, jedoch längst nicht vollständig.  Das
Ziel dieser Dissertation war deshalb Untersuchungen zum Schutz von N vor der Wechsel-
wirkung mit S (durch SOD-mimetische Nitroxide), sowie zum Effekt des Membranpotentials
(Em) und des Zellwachstums (Proliferation) auf die Aktivität der endothelialen N Synthase
(eNOS) an Kulturen von Atrium-Endothelzellen des Rindes (BAtEC).  Methoden:  Zum
empfindlichen und spezifischen Nachweis von N wurde die ozon-vermittelte N-Chemo-
lumineszenz (N-CL) evaluiert, modifiziert und an verschiedene in vitro Systeme angepaßt.  Die
N-CL wurde auf Grundlage des durch SOD hemmbaren Abbaus von N durch S als ein
neuartiger Ansatz zur Bestimmung physiologisch niedriger Konzentrationen an S vorgeschlagen.
Ergebnisse:  Die Nitroxide 4-Hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, 3-Carboxy-proxyl
und 3-Ethoxycarbonyl-proxyl erhöhten die N-Konzentration durch ihre SOD-mimetische
Wirkung in Modellsystemen von 3-morpholinosydnonimine (SIN-1) und Kulturen von BAtEC.
Mittels ESR-Spin-Trap Untersuchungen an Lösungen von SIN-1 wurde die Bildung von H-
Addukten durch Dismutierung von S bestätigt, Peroxynitrit wurde als Quelle ausgeschlossen.
Modulierung des Em (durch Veränderung der extrazellulären K+-Konzentration) beeinflußte die
endotheliale N-Freisetzung; Hyperpolarisierung erhöhte, Depolarisierung verminderte die N

Produktion.  Inhibierung der elektrogenen Na+-K+ ATPase induzierte synchrone Oszillationen der
endothelialen N-Freisetzung.  Die systematische Untersuchung zu EC-Wachstum und Prolife-
ration zeigte keine Änderung der N-Produktion (in Gegenwart von SOD).  Jedoch war die
Menge von verfügbarem N (in der Abwesenheit von SOD) niedrig in präkonfluenten, stark pro-
liferierenden BAtEC.  Die Expression von eNOS-Protein erhöhte sich mit der Kultivierungsdauer
und erreichte ein Maximum bei Konfluenz.  Die relative eNOS-Enzymaktivität (N-, 2-, und
L-Citrulline-Produktion pro eNOS-Protein) war am größten in präkonfluenten, stark
proliferierenden BAtEC.  Schlußfolgerungen:  Die Wechselwirkung mit S ist kritisch für die
Halbwertszeit von N.  Nitroxide können, vermittelt durch ihre SOD-mimetischen Eigen-
schaften, unter Bedingungen einer S-bedingten Verminderung von verfügbarem N pharma-
kologische Wirksamkeit besitzen.  Die Em-abhängige Modulierung der endothelialen N-
Freisetzung unterstützt eine Erklärung für die Em-bedingten Veränderungen des Gefäßtonus,
nachgewiesen für physiologische Zellstimulierung, aber auch unter pathologischen Bedingungen.
Untersuchungen zu EC-Wachstum und Proliferation lieferten den Beweis für die Verminderung
von bioverfügbarem N in präkonfluenten, stark proliferierenden BAtEC  durch endogen gebil-
detes S.  Die Expression von eNOS-Protein ist vom Proliferationsstatus abhängig.  Die spezi-
fische eNOS-Enzymaktivität ist in proliferierenden BAtEC erhöht (wahrscheinlich durch post-
translationale Veränderungen) und in nichtproliferierenden BAtEC erniedrigt (wahrscheinlich
durch Substrat- oder Kofaktormangel).
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1.1. The endothelium

The endothelium, a single layer of cells lining the intimal surface of all blood vessels and the

heart, was originally thought to only serve as a semi-selective barrier for the components of the

circulating blood.  However, during the last two decades it has been clearly established that the

endothelium is an endocrine organ producing biologically active agents [179].  A major function

of these humoral factors is the regulation of the vascular tone and the contractility of the cardiac

muscle [25].  They also maintain the balance between coagulation and blood fluidity and regulate

vascular growth [41, 179].  With the cumulating knowledge about the importance of the

endothelium in health and disease it became obvious that further understanding of the molecular

mechanisms the physiological and pathological function of the endothelium can lead to a novel

approaches to cure cardiovascular diseases.

1.1.1. Endothelium-derived vasoactive factors

One important function of the endothelium, the modulation of the vascular tone, was discussed

in 1980 by Furchgott and Zawadzki.  They reported that acetylcholine-induced relaxation of

rabbit aortic rings is dependent on the presence of an intact endothelium and mediated by a labile

humoral factor [69], later named endothelium-derived relaxing factor (EDRF) and identified as

nitric oxide (N) or a closely related compound.  While N is the predominant vasodilator,

acting through the stimulation of the soluble guanylate cyclase in smooth muscle cells, other

substances are also important [202].  Prostacyclin, similar to N, is a potent vasodilator and

inhibits platelet aggregation [157, 159].  Endothelium-derived hyperpolarizing factor (EDHF),

another diffusible factor, was found to cause Em-mediated relaxation of smooth muscle cells [56].

On the other hand, several endothelium-derived prostanoids, such as thromboxane A2, cause

vasoconstriction and promote platelet aggregation.Endothelin-1 is a peptide produced by EC with

powerful vasoconstricting property [198].  The endothelium-derived free radical S acts as a

vasoconstrictor through the inactivation of EDRF/N [201].

1.1.2. Heterogeneity of endothelial cells

All vascular EC share functional and structural properties.  Characteristics such as cobblestone

morphology, expression of EC-specific proteins (e.g., factor VIII/von Willebrand factor) or the

release of specific vasoactive agents (e.g., endothelin) are used to differentiate EC from other cell

types.  However, there is increasing evidence that EC differ between vascular beds and species

[19].  For example, it is suggested that venous EC produce less relaxing factors, including N,

than arterial EC.  This important aspect has to be considered, for example, when human umbilical
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venous EC are used for in vitro studies.  There are also clear differences between conduit arteries

and resistance vessels in their ability to generate N.  Since the main focus of cardiovascular

research is on diseases that are linked to atherosclerotic changes in large and coronary arteries,

investigations on EC of these beds are of special importance.  The predominant knowledge of

endothelial physiology was gained from in vitro investigations on arterial and aortic EC,

including relaxation studies and biochemical and molecular biological investigations on eNOS.

Although EC from the endocardium are in some respect distinct from EC of the aorta [25], this

cell type has close similarities to the coronary endothelium.  Extensive characterization of cell

biological [25, 153] and electrophysiological [132, 154] aspects and the documented ability to

release vasoactive substances, including EDRF/N [110, 214], made endocardial EC an

appropriate object for investigations on the regulation of eNOS activity.  Additional advantage in

the use of cardiac EC compared to aortic EC include the more abundant appearance of receptors

for adenosine, thrombin, histamine, and acetylcholine [154] and the respective responsiveness to

these physiological stimuli.

1.1.3. Endothelial dysfunction in cardiovascular disease

The endothelium contributes to cardiovascular homeostasis in health and disease [41, 142,

196].  Due to their location at the interface between vessel wall and circulating blood, EC are the

most prominent targets for mechanical forces and cardiovascular risk factors.  Thus, it is not

surprising that their function may become impaired at an early stage in the disease process.  The

phenomenon of endothelial dysfunction, often attributed to EC activation, can be defined as an

imbalance between relaxing and contracting factors, anti- and procoagulant mediators or growth-

inhibiting and -promoting factors [196].  Endothelial (dys)function has been mostly evaluated by

assessment of N-mediated endothelium-dependent vasorelaxation [51].  Alterations of N

production and/or “bioavailability”¢ are now accepted as a major component, and have repeatedly

been shown to be involved in the development of cardiovascular disease, such as atherosclerosis

and hypercholesterolemia, ischemia/reperfusion injury, thrombosis, and hypertension [88, 158].

The understanding of the molecular, biochemical and cellular mechanisms of the regulation of

eNOS activity and the chemistry behind N is therefore essential to find new ways for the

treatment of these cardiovascular diseases.

                                                
¢ The term of “bioavailable NO” describes the portion of produced N which is able to exert biological function,
such as stimulation of guanylate cyclase.  It therefore represents authentic N and not the reaction products of N.
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1.2. Free radicals in the cardiovascular system

Reactive oxygen species (ROS), including free radicals and a number of related species, such

as H2O2, ONOO-, or lipid peroxides are produced by all living cells [47].  Circulating cells of the

cardiovascular systems, such as neutrophils or macrophages, turn into significant sources of free

radicals when activated [14, 90].  The generation of free radicals by EC is low under normal

conditions and compensated by the action of antioxidative enzymes (e.g., SOD, catalase) and

biomolecules (e.g.��JOXWDWKLRQH��DVFRUEDWH�� �WRFRSKHURO�.  However, it has been shown that the

endothelium can generate substantial amounts of S [195], in particular after stimulation with

cytokines [147], increase of [Ca2+]i [97], and stimulation of protein kinase C [148].  Both

excessive production and diminished inactivation of S, in combination with secondary reactions,

are responsible for the development of oxidative stress in vivo and in vitro [18, 52, 212].

Uncompensated generation of ROS causes modifications at various levels, including alterations

of proteins, lipids, or DNA, which finalizes in cell damage and death [114].  Thus, high levels of

free radicals were connected to a series of degenerative processes, whereas more recent work

suggests that low levels found under physiological conditions play a key role in a variety of

signal transduction mechanisms [30, 226].

1.2.1. Nitric oxide

In an attempt to identify the substance behind EDRF, several chemical properties of this factor

were characterized, which led Furchgott and Ignarro in 1986 to propose that EDRF is identical

with the gaseous free radical N.  For example, it was determined that EDRF is destroyed by S

and protected by SOD [84, 201], in agreement with the diffusion-limited interaction of N and

S [123].  Hemoglobin was found to inhibit endothelium-dependent relaxation [175], based on the

high affinity binding of N and hemoglobin [93].  Subsequently, Palmer et al. used chemilumi-

nescence and bioassay techniques to provide evidence that N is derived from EC [174, 175].

Besides authentic N, nitroso compounds (e.g., nitrosothiol) were found to exert vasorelaxant

properties [163], probably via release of temporary stored N.  The half-life of nitrosothiols

(determining the release rate of N) is strongly influenced by other reactants, such as free thiols

or the presence of transition metals.  The formation of nitrosothiols (e.g., nitrosoglutathione) in a

biological environment is described as a direct interaction of N with a thiol in the presence of

an electron acceptor or by radical-radical combination of N with a thiyl radical [35].
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1.2.1.1. Physico-chemistry of 	

The universal and unique role of the free radical N as a biological signaling molecule is

based on its physico-chemical properties which determine the mechanisms of the interaction with

its targets [230] and the nature of its movement [131].  As a gas at room temperature and under

atmospheric pressure, N has a low solubility in water (1.982 mM and 1.535 mM at 22 °C and

37 °C, respectively).  Its hydrophobicity enables not only a rapid diffusion in a physiological

environment (diffusion constant of 3300 µm2/s, Ref. 145) but also the unhindered passage

through lipid membranes, such as the plasma membrane of a cell.  In general, the diffusion rate of

N is in comparison to most of its reactions fast enough to allow the travelling of N through a

biological environment [131].

Compared to other free radicals, N has a rather low overall reactivity.  It reacts predomi-

nantly with molecules that have orbitals with unpaired electrons, which are typically other free

radicals or transition metals like heme iron [230].  Although it was mistakenly believed (and

sometimes still is) that the oxidation of N by molecular oxygen is the main pathway of N

degradation, this reaction is under physiological conditions of minor importance [15].

Scheme 1.1 shows a simplified overview of the most important chemical reactions of N in a

biological environment.  Since the oxidation by O2 follows a second order kinetics in respect to

N, the reaction rate is a function of the square of the N concentration (Equ. 1.1).  The half-

life of N in an air-saturated aqueous solution (225 µM O2) would be, e.g., approximately 1.5 h

at a concentration of 100 nM N and 15.5 h at 10 nM N [15].  Although the oxidation rate of

N in solution is 104 times faster than in the gaseous phase, the latter might be of importance at

the liquid/gas interface of in vitro systems.  The formation of 2 and 3 by hydrolyzation of

previously formed NO2 seems rather unlikely (Equ. 1.2).  However, both nitrogen oxides can be

generated by alternative reactions.  Nitric oxide and S combine rapidly to peroxynitrite

(Equ. 1.3).  Concomitant protonation and isomerization of ONOO- is a source of 3 (cf. 1.2.3).

The fast attack of N by H leads to nitrite (Equ. 1.4).  Differences in the formation of 2 and

3 exist between in vivo and in vitro systems.  A major part of N generated in vivo will be

NO  + H O HNO  + HNO2 2 2 3
                    ???

k  = 7 × 10  M s
k  = 6 × 10  M s

aq

gas

7 -2 -1

3 -2 -1

2 NO + O 2 NO·
2 2
                     

=  [NO] [O ]k 2

2

d
d

[NO]
t

in vitro

Equ. 1.1

k = 1 × 10  M s10 -1 -1 NO + OH HNO· ·                      
2

Equ. 1.3 k = 1.9 × 10  M s10 -1 -1 NO  +  O ONOO· ·
2
-                    -

Equ. 1.4

Equ. 1.2

in vivo

·NO + HbO MethHb + O                 
2 2 k = 3 × 10  M s7 -1 -1

Equ. 1.5

· ·NO + NO N O                     
2 2 3 k = 2 × 10  M s9 -1 -1

N O  + H O 2 HNO2 3 2 2
                      k = 1 × 10  s3 -1

Equ. 1.7

Equ. 1.6

Scheme 1.1  Main chemical reactions of 	 in vivo and in vitro.

The overview shows selected reactions of N in vitro and in vivo [15, 64, 102, 121, 135].  The ratio of nitrate and
nitrite, the main oxidation products of N, depends very much on the biological environment.  For details see text.
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converted to 3 by oxyhemoglobin (Equ. 1.5).  After N2O3 is formed as an intermediate of the

reaction of N with NO2 (Equ. 1.6), hydrolization causes the formation of 2 as the main

oxidation product in vitro (Equ. 1.7).

1.2.1.2. Detection of 	

Measurement of N in biological specimen is difficult because of the small amount present

(usually < 10-10 mol), the fast interaction with S (at least partially prevented by SOD), and under

certain conditions the loss of N during sample handling (fast transfer of N from the liquid to

the gas phase).  Commonly used methods are presented in Table 1.1 with respect to their

sensitivity and the minimum sample size required.  They are based on the chemiluminescence

reaction of N with ozone (1, 7), spectroscopic changes of a trapping compound after interaction

with N (2-4, 8), or the redox properties of N (5, 6, 9).  Since the non-volatile oxidation

products of N (e.g., 2, 3) accumulate in solution, their concentration can exceed the

steady-state concentration of N several times.  Although non-specific, N is therefore

estimated in the predominant number of studies by 2 and/or 3 detection methods to

overcome the sensitivity limitation (7-9).

The restrictions of each assay favor the combinatorial use of different methods, depending on

the biological object investigated and its environment, the required sensitivity range and the time

frame of the experiment.  For in vitro studies, the N-CL has advantages on the basis of its

sensitivity and specificity.  This technology was utilized in numerous studies as the primary

method for the investigation on N, including measurements of (i) N in the headspace of cell

culture preparations [225], cell lysates [20], isolated NOS enzyme [94], or N donors [23],

Nr. Method volume [ml] sensitivity [M] Ref.

1 N-CL (w/o reflux) 1.0 < 10-12 155, 225

2 EPR-nitroxides 0.25 10-9 111

3 EPR-hemoglobin 0.25 10-9 81

4 UV/VIS-hemoglobin 1.0 10-11 117

5 Clark electrode 0.1 5 × 10-11 104

6 porphyrinic sensor 10-6 10-20 144

7 N-CL (w/ reflux) 1.0 < 10-12 163, 175, 176

8 Griess reaction 1.0 3 × 10-10 238

9 HPLC 0.01 5 × 10-12 112

Table 1.1  Methods for the detection of 	 and NOx.

Direct (1-6) and indirect (7-9, via NOx) detection methods for N are shown with the required sample volume, the
sensitivity limit, and selected references of reports which described or used the respective method.



Introduction

11

(ii) both N and NOx in the supernatant [9] and effluent of cells after passage through a reducing

environment [53, 155, 228], and (iii) free N in the cell effluent without chemical reduction of

NOx [162].  Based on the chemistry responsible for the degradation of N in biological systems

(cf. 1.2.1.2), the specific detection of N instead of NOx should be approached if possible.

1.2.1.3. The enzymatic formation of 	

Nitric oxide synthases:  Nitric oxide and L-citrulline are formed by a five-electron oxidation of

a guanidino nitrogen on the amino acid L-arginine [158].  The reaction is catalyzed by a group of

enzymes called nitric oxide synthases (NOS).  Three isoforms of NOS have been purified,

cloned, and characterized from mammalian organisms [63, 82, 166]:  the neuronal NOS (nNOS,

Type I), the inducible NOS (iNOS, Type II) and the endothelial NOS (eNOS, Type III).  Whereas

eNOS and nNOS are constitutive enzymes, iNOS is induced in many organs by cytokines,

lipopolysaccharide (LPS) and other agents.  All isoforms share an overall 50 % amino acid

sequence identity and a similar overall catalytic pathway.  Scheme 1.2 illustrates a general model

of an active dimeric NOS [223].

Cofactor requirements:  All NOS isoforms require for catalytic activity molecular oxygen and

NADPH plus cofactors (FAD, FMN, heme, BH4) as well as the allosteric activator calmodulin

[166, 241].  Whereas the Ca2+/CaM complex becomes tightly bound to NOS during enzyme

assembly [223], the continuous presence of the complex is required for the activity of both eNOS

and nNOS.  The modula-

tion of [Ca2+]i is therefore

a major regulatory mecha-

nism for the generation of

N from these isoforms.

An important aspect which

has to be considered under

pathological conditions is

the potential of S

formation from NOS in the

absence of substrate and/or

BH4 (Scheme 1.2, Ref. 94,

182, 213).  The con-

comitant free radical

chemistry can lead to the

generation of peroxynitrite

or other reactive species

(cf. 1.2.1.2, Ref. 184).

O2

O2
-.

 +   .NO         ONOO-

L-citrulline

NADPH FAD FMN CAM BH4 ArgFe

NADPHFADFMNCAMBH4Arg Fe

ReductaseOxygenase

L-NAME

Scheme 1.2  Model of the domain organization and the prin-
ciple catalytic pathways of nitric oxide synthase.

An active NOS dimer consists of two subunits.  Each subunit holds a heme-
containing oxygenase domain (binds L-arginine in the presence of BH4), and a
reductase domain (binds Ca2+/CaM, FMN, FAD, NADPH).  In the presence of
L-arginine and BH4, the electron transfer from NADPH proceeds to L-arginine to
form N (blue, inhibitable by L-arginine derivatives).  In the absence of
L-arginine and/or BH4, oxygen can act as an electron acceptor resulting in the
formation of S (red).  The formation of both N and S could occur at low
concentrations of L-arginine and/or BH4 and lead to the formation of peroxy-
nitrite.  Scheme modified after Ref. 223 and 213.
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1.2.1.4. Modulation of eNOS expression and activity

eNOS expression:  Both in vivo and in vitro studies have made clear that eNOS expression is

subject to modest but physiologically important degrees of regulation [63, 88].  In cultured EC,

eNOS expression is increased by shear stress and cyclic strain, exposure to estrogen, lysophos-

phatidylcholine and low concentrations of oxidized low density lipoprotein.  Several potential

pathophysiological factors have been shown to lower eNOS expression, such as exposure to

WXPRU�QHFURVLV�IDFWRU� ��K\SR[LD��RU�KLJK�FRQFHQWUDWLRQV�RI�R[LGL]HG�ORZ�GHQVLW\�OLSRSURWHLQ.  The

mechanism hereby is most likely through shortening of the eNOS mRNA half-life.

Post-translational modifications:  Besides the allosteric regulation of eNOS activity by the

CaM/Ca2+ complex (cf. 1.2.1.3), there is strong evidence for post-translational modifications of

the enzyme, not necessarily dependent on changes in [Ca2+]i.  Important work came from the

groups of W.C. Sessa and T. Michel, showing modulation of eNOS activity by phosphorylation

[42, 60], targeting to cellular microdomains [192], or association with other proteins [73, 74].

Especially the localization of eNOS in caveolae, microcompartments of the EC membrane, opens

a wide field for studies on the compartment-dependent regulation of eNOS activity (e.g., in

respect to local pH, Ca2+ concentration, L-arginine availability).

Substrate and cofactor availability:  Although cofactors and substrate of eNOS are not

directly involved in the enzyme regulation under physiological conditions, their availability

might be of importance at pathological states [88].  A not yet understood beneficial effect of high

concentrations of L-arginine on N-mediated endothelial function is documented for conditions

of hypercholesterolemia and atherosclerosis [32] The increased expression and activity of the

enzyme arginase can lead to limitations in L-arginine [40].  BH4 appears to contribute to the

ability of NOS to bind L-arginine.  Deficiency in BH4, as suggested for conditions like diabetes

and hypercholesterolemia [222], would not only diminish N production but reroute electron

transfer from L-arginine to oxygen, causing the formation of S [240].

pH dependency of NOS activity:  The pH dependency of NOS enzyme activity has been

described both for isolated NOS enzyme and intact cells by L-arginine to L-citrulline conversion

and stimulation of cGMP formation but not yet by the detection of N [12, 61].  A maximum

activity of eNOS isolated from porcine aortic EC was found at a pH of approximately 7.5 [61].

Several physiological stimuli are known to modulate intracellular pH (pHi) in EC, e.g., receptor

agonists such as Bk [61], flow [248] and shear stress [12].  Moreover, severe and very often

chronic changes in pHi have been found under pathological conditions, e.g., in ischemic/hypoxic

tissues [95], tumors and in atherosclerotic lesions [134].  In these cases, a pH-dependent

modulation of the NOS activity is likely.
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1.2.2. Superoxide anion radical

1.2.2.1. Properties and generation of �

Like N, S is a free radical with a relative low overall reactivity (e.g., compared to H).

The negative charge of S reduces its mobility in comparison to N.  As shown for erythrocytes,

the penetration of S through biological membranes requires the presence of a transport

mechanism, such as anion channels [143].

Superoxide is produced by the one-electron reduction of molecular oxygen (Scheme 1.3).  It is

formed by enzymatic reactions [37, 43] during the regular cell metabolism (i.e., as an interme-

diate of the respiratory chain), as a byproduct of enzyme activity (e.g., xanthine oxidase, cyclo-

oxygenase), or as part of the cellular defense system (i.e., S generation by NAD(P)H oxidase).

Recently, NOS was identified as a potential source of S due to uncoupling of the electron

transfer under conditions of L-arginine and/or BH4 deficiency (cf. Scheme 1.2). Other sources in

biological systems include chemical redox reactions (e.g., autoxidation of BH4, Ref. 37).

In respect to its chemistry, S can act as either a univalent oxidant or reductant [67].  The

combination of two molecules S (disproportination) leads to the formation of H2O2 (cf. 1.2.2.2).

Due to the position of S at the beginning of the free radical reaction chain, other reactive species,

such as H or lipid peroxides derive from S by a variety of reactions.  Free Fe2+, for example,

which catalyzes the formation of H2O2 and H (Scheme 1.3), is released upon rapid S and

ONOO--mediated oxidation of enzymes containing iron clusters [68].

O2 H O2 2 H O + O2 2

 NO·

 ONOO-

 OH·

O2
·
-    

SOD Catalase

NAD(P)H-oxidase
xanthine oxidase
flavin enzymes

cytochrome P450
lipoxygenase

cyclooxygenase
nitric oxide synthase Fe(II) Haber-Weiss

and Fenton reaction

Scheme 1.3  Generation of oxygen-derived free radicals during enzymatic reduction of O2.

Superoxide, generated by a variety of enzymes, is the key oxygen-derived radical for further radical formation and
critical for the stability of N.  Superoxide dismutase (SOD) catalyzes the conversion of S to H2O2, catalase
terminates the free radical chain by conversion of H2O2 to H2O and O2.  Scheme modified after Ref. 115.
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1.2.2.2. Dismutation of �

The concentration of S is kept low (< 1 nM) under physiological conditions by the enzyme

SOD [66, 68].  The active redox center of SOD (Cu(II) or Mn(III)) is located in a narrow and

specific pocket of the enzyme which protects other molecules than S to undergo redox reactions

with the transition metal.  Three different forms of SOD have been identified in EC:  the

cytosolic Cu/Zn-SOD, the mitochondrial Mn-SOD and an extracellular Cu/Zn-SOD bound to the

glycocalyx of the cell membrane.  Whereas the cytosolic and mitochondrial isoforms detoxify S

generated in the respective compartment, the extracellular SOD protects cells against free radical

attack from the extracellular environment (e.g., generated by NAD(P)H oxidase of macrophages).

Since the direct application of SOD is limited due to membrane permeability, stability and

immunogenicity, small molecules with similar SOD-like properties represent a potential

therapeutical target.  Among SOD-mimetic compounds, low-molecular weight copper or iron

complexes were found to be very effective [90, 165].  Cell culture studies revealed the inhibition

of S-mediated cytotoxicity and mutagenicity by nitroxides, a class of free radicals widely

applied as tools in EPR spectroscopy [50, 85].  Nitroxides have been identified thereafter by

physico-chemical methods as genuine SOD-mimetics rather than S scavengers [128].

Additionally, protection against oxidative damage independent on S and H2O2 was found and

proposed to result from nitroxide-mediated oxidation of redox-active metal ions [208].  Because

of the predominantly intracellular generation of S, membrane permeability of SOD-mimetics or

S-scavengers applied to biological systems is an important aspect.  Moreover, stability and

toxicity have to be considered.  Nitroxides fulfill these requirements [207]:  they are relatively

stable, low-molecular weight compounds with non-immunogenic properties, their toxicity is low,

and, most important, their synthesis allows large variations of physico-chemical properties, such

as lipophilicity.  Although it is known that removal of S prevents the degradation of N, it has

not been shown so far that nitroxides indeed increase the amount of bioavailable N.  The

importance of this aspect is supported by own findings (data not published) in conjunction with a

study by others on Mn(III)-porphyrins, a yet other class of SOD-mimetics and ONOO-

scavengers, which also react with N [180].

1.2.2.3. Detection of �

The detection of S in biological systems is complicated by the instability of S in aqueous

solution.  This has been circumvented by exploiting its reaction with various “detector”

molecules, such as ferricytochrome c [36].  The very sensitive chemiluminescence approach

using lucigenin as an enhancer substance for S has recently been shown to exert artifacts caused

by lucigenin-dependent S generation [235].  Because the detector agents are not sufficiently

specific for redox reactions with S, inhibition of the S-mediated reduction by SOD is used to

gain specificity.  The biological importance of S as a free radical determines the continuous need

for sensitive methods to estimate its concentration in a biological environment.
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The “classical” tool for free radical research is spin trapping in combination with EPR

spectroscopy [27, 35, 125].  DMPO is the most commonly used spin trap for the detection of S

[146].  However, drawbacks of its application are determined by the slow reaction constant

between DMPO and S (forming the adduct DMPO/·OOH, k ≈ 101 M-1s-1, Ref. 59), and the

spontaneous conversion of the DMPO/·OOH adduct to the DMPO/H adduct (t1/2 < 100 s).  The

need for new unconventional methodological approaches is based on the limitations of the

existing methods.  Nitronyl nitroxides, a class of compounds containing both nitrone and

nitroxide functional groups, have been described as EPR spectroscopic N probes [4, 111, 113].

By reaction with N, an imino nitroxide is formed with a distinctly different EPR spectrum.  The

reduction of nitronyl and imino nitroxides to EPR-“silent” hydroxylamines [207] poses a major

problem in biological systems.  However, the reaction of both nitronyl and imino nitroxides with

S, relevant for most biological systems, has not been characterized in detail so far.

1.2.3. Interaction of  and 

The first evidence of an interaction of EDRF/N and S was based on the finding that SOD

increases the half-life of EDRF released from isolated arteries [201].  Chemical investigations

supported the diffusion-controlled bimolecular reaction between both radicals (k = 1.9 × 1010

M-1s-1, Ref. 123) and the formation of the reactive intermediate peroxynitrite (ONOO-, Ref. 13,

14, 184).  Since the reaction between N and S is almost one order of magnitude faster than the

SOD-catalyzed dismutation of S, the formation of ONOO- represents a major pathway of N

reactivity, which depends on rates of tissue S production.

Peroxynitrite [15] has a high cytotoxic potential, due to its relative stability and the ability to

diffuse through a cell to find targets.  When protonated (peroxynitrous acid, pKa 6.8), peroxy-

nitrite can isomerize to a trans-conformation, which appears to be more reactive and also capable

of rearranging to nitrate [44].  In consideration of the pKa, an increase in the cytotoxic potential

of ONOO- would be expected under pathological conditions, such as ischemia, during which the

pH in the affected tissue is significantly decreased [95].  As a strong oxidant, peroxynitrous acid

is particular efficient in the oxidation of iron/sulfur centers, zinc fingers, and protein thiols [15].

Transition metals, including the metal centers of SOD and myeloperoxidase, can catalyze the

heterolytic cleavage to produce hydroxyl anion and nitronium ion, which in turn nitrates proteins

[103].  Proteins with a 3-nitrotyrosine residue serve as an in vivo marker for peroxynitrite [234].
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1.3. The regulation of intracellular free calcium in endothelial cells

Calcium ions play a dynamic role in the intracellular signal transduction of the vascular

endothelium.  As it was shown before (cf. 1.2.1.3), the activity of eNOS and nNOS is, in contrast

to iNOS, strongly dependent on Ca2+.  Chemical activators (e.g., receptor agonists, ionophores)

and physical forces (e.g., flow, shear), which lead to an elevation of [Ca2+]i, stimulate therefore

the release of EDRF/N and N oxidation products [119, 162, 166].  An understanding of the

cellular mechanisms responsible for the maintenance and regulation of the Ca2+ homeostasis is

therefore essential for characterization of the eNOS enzyme regulation in intact EC.

Under resting conditions at a low level (< 100 nM), [Ca2+]i can raise in EC rapidly to sub-

micromolar concentrations after stimulation.  Ca2+ is either released from intracellular stores,

such as the ER or enters the cell from the extracellular space.  The Ca2+ entry into EC is

facilitated by at least three ion transport pathways:  the receptor-mediated Ca2+ influx, the stretch-

activated Ca2+ pathway, and the Ca2+ leakage pathway (Scheme 1.4, Nr. 1-3).  The driving force

for Ca2+ through the leakage pathway (1), which could be represented by a Ca2+/Mn2+-selective

cation channel, is determined by the electrochemical gradient for Ca2+.  The Em (cf. 1.3.1) plays

therefore an essential role in the regulation of Ca2+ entry into the EC [3, 167], especially during

agonist stimulation (cf. 1.3.2).  Although the Em is of significant importance in the regulation of

the Ca2+ homeostasis, there is strong evidence that EC lack voltage-gated Ca2+ channels, in

contrast to many other cell types [109].  Ca2+-ATPases and a Na+-Ca2+ exchanger (Scheme 1.4,

Nr. 4, 5) facilitate sequestration of elevated Ca2+ into the ER and extrusion to the extracellular

space.

1.3.1. The relationship between membrane potential and intracellular free
calcium

As indicated in the previous section, the Ca2+ homeostasis of EC is modulated by the Em.  It is

important therefore to consider those ion channels and pumps that modulate the Em (Scheme 1.4,

Nr. 7-9), as they can influence the release of EDRF/N by regulating Ca2+ influx [133, 141].

Although contractile studies and in vivo investigations allowed the assumption that EDRF/N

release is regulated by Em [48, 141], direct evidence supporting Em-dependent endothelial N

formation has not been provided so far.

Based on the predominant K+ permeability of the plasma membrane of resting EC (through

inwardly rectifying K+ channels, Nr. 9), the Em is strongly dependent on [K+]o and can be

calculated by the Nernst equation (Scheme 1.4, Ref. 109).  Therefore, the Em of EC can be

modulated by altering the opening state of these channels and by changing the extracellular K+

concentration.  The Em of resting EC was determined by whole-cell patch clamping of vascular

EC to be in a range of -20 to -80 mV [3, 167], depending on interspecies variations, culture

conditions, and arterial-venous differences.  In this respect it is worth mentioning that the resting
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Em of isolated (preconfluent) EC is significantly higher than the Em of EC in a confluent

monolayer [3].  In addition to the transmembrane distribution of K+, the activity of the

electrogenic Na+-K+ ATPase (Scheme 1.4, Nr. 10) contributes to the negative Em by approxi-

mately -10 mV [48, 132].

Physiological stimuli, such as receptor agonists (cf. 1.3.2) and mechanical forces [6, 80] can

affect the opening probability of K+ channels either directly or through increase of [Ca2+]i (acting

on Ca2+-activated K+ channels, Scheme 1.4, Nr. 7).  However, under pathological conditions,

membrane permeability for K+ might be influenced by modifications of the membrane (lipid)

composition or by changes in the transmembrane distribution of K+.  For example, regulatory

mechanisms of oxygen sensing elements specifically modify ion channel permeability in early

states of hypoxia [139], while later states are accompanied by a breakdown of the cellular ion

homeostasis.  In vivo evidence comes from accumulated K+ levels measured in ischemic and

hypoxic tissues of the brain or heart [190].
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Scheme 1.4  Schematic representation of the ion transport pathways underlying membrane
potential and Ca2+ homeostasis in EC.

Calcium entry may occur through leak channels (1), stretch-activated channels (2), or receptor-operated channels (3).
For the mechanism of receptor-mediated increase in [Ca2+]i see section 1.3.2.  Elevated [Ca2+]i may be sequestered
into the endoplasmic reticulum (ER; 4) or the extracellular space (5) via an ATP-Ca2+ pump and by Na2+-Ca2+

exchange (6).  The Ca2+ homeostasis is also affected by the membrane potential (Em, -57 mV in resting BAtEC) and
intracellular pH.  The Em is determined by the K+ permeability of the membrane and the transmembrane distribution
of K+ (Nernst equation applies as a simplified derivative of Goldman equation).  Channels and transports involved
are:  Ca2+-activated (7), acetylcholine-activated (8), and inward rectifying (9) K+ channels, Na+-K+-Cl- antiporter
(10), the electrogenic Na+-K+ pump (11), and the Na+-H+ exchange (12).  Scheme modified from Ref. 3.
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1.3.2. The agonist-induced increase in intracellular free calcium

The vascular tone is maintained by a complex network of mechanical and chemical stimuli.

Receptor agonists act specifically on EC, causing the release of vasodilating and -contracting

factors.  This cell stimulation is very often facilitated by changes in [Ca2+]i.

Endothelial stimulation with vasoactive agents (e.g., Bk, ATP, acetylcholine) causes a

biphasic response in [Ca2+]i as determined by the use of Fura-2, an intracellular fluorescent Ca2+

dye.  An initial transient component reflects the release of Ca2+ from the ER via the action of the

second messenger inositol 1,4,5-triphosphate (IP3, Scheme 1.4), which is insensitive to the

removal of extracellular Ca2+ or membrane depolarization [65].  The subsequent sustained

elevation of [Ca2+]i is a results of Ca2+ entry from the extracellular space [109, 211], completely

dependent on extracellular Ca2+ (cf. 1.3.1).  Membrane depolarization reduces Ca2+ influx during

this sustained phase, whereas membrane hyperpolarization increases the driving force for Ca2+

and promotes Ca2+ influx [133, 210].  Agonist-stimulated N release was confirmed by

experiments using the aortic ring bioassay approach or the detection of N and NOx.  However,

due to limited temporal resolution of the used methods, it was not possible so far to confirm the

direct transformation of the biphasic change in [Ca2+]i into an equivalent N response.

1.4. Endothelial cell proliferation

Endothelial cell proliferation is not only an important phenomenon during embryogenesis but

plays also a major role in the adult organism.  In general, a low basal rate of cell turnover is

characteristic for the endothelium, however, capacity for rapid growth and proliferation is

retained and expressed in response to appropriate stimulation [215].  After vessel injury (e.g.,

through angioplasty or atherosclerotic modifications of the vessel wall, Ref. 170), both

regeneration of the endothelium and reendothelialization are essential for the reconstitution of

normal vascular function.  The growth of new blood vessels (angiogenesis) is physiologically

desired to restore blood supply in areas of occluded vessels (e.g., after myocardial infarction) and

target of angiogenic gene therapy [239].  On the other side, angiogenesis is a prerequisite for

tumor growth and inhibition of angiogenesis seems to be a valid target for the treatment of cancer

[171].

Proliferation of EC is regulated by numerous stimuli, such as growth factors, hormones, and

cytokines.  However, the molecular switch for the coupling of growth stimuli, including N,

with the change in expression and activity of growth specific enzymes is not well understood.

Evidence is accumulating about the implication of N in the angiogenic process.  For

example, proliferation of EC induced by vascular endothelial growth factor (VEGF) has been

shown to be at least partly mediated by N [160, 178].  Stimulation of endothelial N

production by substance P was found to induce angiogenesis in vivo and EC growth and

migration in vitro [247].  In contrast, a number of other investigations could not confirm this
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observation since proliferation was not changed after eNOS inhibition [10, 79].  Furthermore,

N donor compounds or the induced expression of iNOS confirmed the N-mediated inhibition

of EC growth in vitro and in vivo [189, 209, 244].  It is also argued that the endogenous N

production is sufficient to suppress EC proliferation as documented by growth stimulation after

eNOS inhibition [140].  In consideration of these reports it is very likely that quantitative

differences in N account for the controversial effects on EC proliferation.

Similar to N, the effect of other free radicals on EC proliferation is not uniform.  Exposure

to H2O2 or high levels of glucose was shown to inhibit proliferation of EC [45, 245].  SOD and

catalase prevented not only the anti-proliferative effect of ROS added to the in vitro system of

BAEC, they also inhibited regular proliferation in the absence of external sources of ROS [5].

Although there is no direct evidence for a S- or H2O2-sensing enzyme, yet, the function of many

growth-signal-transduction proteins (such as growth factor receptors, protein kinases and

phosphatases, transcription factors, etc.) is dependent on their redox state [29].  This redox state

is changed either by direct oxidative interaction or (more likely) indirectly through changes in the

cellular ratio of GSH to GSSG [30].

In contrast to the approach of understanding the effect of N on cell proliferation, investi-

gations on the proliferation-dependent regulation of eNOS enzyme activity and protein

expression promise to answer critical questions.  The effect of EC proliferation on eNOS

expression and activity has been subject of a few studies using cultured BAEC [9, 10, 62, 140].

However, a comparison between these studies is complicated by the fact that different culture

conditions and seeding densities were used.  Semi-quantitative determination of eNOS protein

expression by Western blot analysis indicated higher levels in preconfluent compared to growth-

arrested cells [10, 140], confirmed by a qualitatively similar pattern of the respective mRNA

levels [10].  However, Flowers et al. [62] reported both lower levels of eNOS protein and eNOS

mRNA in BAEC with a high proliferation index compared to cells with a low proliferation index.

The eNOS enzyme activity was similarly increased (determined by NOx release, cGMP

formation, and L-arginine to L-citrulline conversion, Ref. 9, 10.  A qualitative comparable pattern

was found for endothelial S production, with higher values in preconfluent compared to

confluent cells [9].

Taken together, these studies indicated higher expression and activity of eNOS protein in

preconfluent BAEC, although a systematic investigation on the correlation between state of cell

cycle and eNOS protein expression and enzyme activity is missing so far.
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1.5. Aims and objective

Research on the biology and biochemistry of N in the cardiovascular system has been

growing exponentially during the last decade.  However, our present understanding of the

function of the endothelium in health and disease is far from being complete and additional

research is needed to find treatments for cardiovascular diseases by the improvement of

endothelial function.  The objective of this thesis was to further characterize in a systematic way

the regulation of N synthesis in an in vitro system of EC in the hope that the generated data will

foster our understanding in this field.  While the published knowledge on the importance of N

in endothelial function is immense, the preceding overview represents only a small fraction of

these information.  The evaluation of the literature dealing with the regulation of eNOS activity

in EC and the degradation of bioavailable N by its interaction with S made clear that important

questions remain open, of which some are considered in my work.  The specific detection of N

and its antagonist S belongs to the most critical aspects for the feasibility of related studies.

Therefore, this thesis was focused on two major aims:  (i) the establishment and evaluation of

methods suitable for the specific detection of N and S in an in vitro model system of EC and

(ii) investigations on the regulation of N synthesis by EC and the role of the interaction of N

and S in the modulation of N bioavailability.

The study of N in biological systems is complicated by the biological active concentrations

of N in the nanomolar range and its short half-life due to the fast interaction with ROS or

biomolecules.  Nitric oxide production is therefore predominantly estimated by the detection of

accumulating N oxidation products.  The consequences are both the loss of specificity and the

inability to resolve temporal changes in the release of authentic N.  The ozone-mediated N-

CL was found to be a suitable technique with the potential to overcome these limitations.  The

evaluation was focused on improving the versatility of this assay for the application to a broad

spectrum of in vitro systems.  Since the N-CL is a physico-chemical detection method, a

comparison with a biological response, as detected by a bioassay setup, was indicated and

included.

Spin trapping of free radicals in combination with EPR spectroscopy is a well documented

approach to characterize free radicals, including N and S.  In an attempt to improve the

specificity for certain free radicals, new spin traps are continuously developed.  Nitronyl

nitroxides represent a class of compounds with promising properties for the EPR detection of

N.  However, their sensitivity towards chemical reduction is critical in a biological environ-

ment.  The particular effect of S in this system has not been described yet and investigations

were conducted to elucidate it.

When N is studied, the chemical reactions responsible for its degradation have to be

considered.  The interaction with S is critical for the bioavailability of N.  While the capacity

of endogenous SOD is sufficient under physiological conditions for the protection of N,
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pathological conditions are often accompanied by an increased, hence not fully compensated S

generation.  Small molecules with SOD-mimetic properties, such as nitroxides, were therefore

assumed to be a therapeutical target for the protection against N degradation.  Their mode of

action and the ROS generated concomitant to the conversion of S and/or the reaction with N

were investigated in cultures of EC and a chemical model system.

As a major vasoactive factor, N is regulated by multiple mechanisms.  Mechanical forces,

receptor-binding of vasoactive agonists, or exposure to cytokines are, among others, modulators

of N release.  The modulation can be at the level of eNOS protein expression, post-translational

modifications of the enzyme or regulation of eNOS enzyme activity.  The dependency of eNOS

enzyme activity on the intracellular second messenger Ca2+ represents a dominant link between

activators and enzymatic activity of eNOS.  The importance of Em for the endothelial Ca2+

homeostasis has been sufficiently shown.  It is involved in transient activation of EC in response

to physiological stimuli but permanent and detrimental modifications have been observed under

pathological conditions.  Although hypothesized, direct evidence for the Em-dependent regulation

of N formation from EC is missing so far and aimed to be provided by this study.

Endothelial cell proliferation is the main prerequisite for angiogenesis and tumor growth.  It is

also associated with chronic diseases, such as atherosclerosis.  The regulation of eNOS protein

expression and enzyme activity during endothelial cell growth and proliferation is poorly

understood.  The consideration of endogenously produced S is critically important for the

inactivation of N and its potential impact on cell proliferation.  An investigation was therefore

designed to systematically quantify eNOS expression and activity in conjunction with an estimate

of the S production during EC proliferation.   
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2.1. Materials

2.1.1. Chemicals and equipment

All chemicals and reagents were of the highest quality available.  If not stated otherwise,

chemicals were purchased from Sigma (St. Louis, MO), cell culture media and supplements from

Life Technologies (Gaithersburg, MD).  Gases were obtained from Messer Grießheim (Berlin,

Germany) and Middleton Bay Airgas (San Leandro, CA).  The manufacturer of materials and

equipment used is only indicated if it deviated from standard lab materials and equipment.

2.1.2. Cells and biological specimen

BAEC:  BAEC is a cell line of calf aortic endothelial cells isolated and characterized by Halle

et al. [86].  The line was continuously maintained and monitored at the Institute of Molecular

Pharmacology, Berlin.

BAtEC:  Preparation and culture of BAtEC was performed as described by Ryan and Maxwell

[204].  Calf hearts were obtained from a slaughter house under aseptic conditions and kept on ice

until processing (< 3 h).  EC were mechanically isolated from the atrial endocardium, washed

with ice-cold PBS(2) and suspended carefully by pipetting into Ryan’s Red medium.  The cell

suspension was seeded in a culture flask.  After 7 days of culture, cell clusters with a typical

‘cobblestone’ appearance were selected and removed with a Teflon cell scraper, resuspended in

fresh medium and inoculated into a new culture flask.  This procedure was repeated for 2

passages to obtain a morphological homogeneous population.  Quality of the EC cultures was

verified by phase contrast microscope-detected cobblestone appearance at confluence, presence

of factor VIII antigen, contents of alkaline phosphatase and angiotensin converting enzyme [86,

110].

HEK293 and CHO transfection systems:  HEK293 and CHO cells were stable transfected for

overexpression of eNOS (prepared by Mrs. P. Medbury) and nNOS (prepared by Mr. Z. Liu),

respectively.  These were kindly provided by Berlex Biosciences (Richmond, CA).  The cells

were purchased from the American Type Culture Collection (ATCC, Manassas, VA); constructs

of eNOS and nNOS DNA were generated at Berlex Biosciences.  The transfected cells were

grown under standard cell culture conditions in HEK293 medium and Ryan’s Red (w/o

thymidine, w/ 30 µM L-NMMA).

Isolated NOS enzyme:  All NOS isoforms were a gift of Berlex Biosciences.  Both eNOS and

nNOS proteins were prepared from cell lysates of eNOS and nNOS overexpression systems as

described above.  For iNOS, a vaccinia virus expression system was used (prepared by Mrs. S.

Vigay).
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2.2. Solutions and media

Aqueous solutions were prepared using de-ionized water (electrical resistance, 18.6 MΩ/cm)

generated by an ion-exchange system (Milli-Q, UF Plus, Millipore, Bedford, MA).  For

sterilization purposes and removal of microscopic particles, media and solutions were passed

through a 0.22 µm filter (Sterile Filtration Units; Corning-Costar, Cambridge, MA) if necessary.

2.2.1. Buffer solutions

Three standard buffer systems were used for the majority of cell experiments:  PBS(1) for

BAEC, PBS(2) for BAtEC, and HEPES-buffered PSS (HEPES-PSS) for BAtEC and isolated

NOS enzyme.

Solutions for experiments with isolated NOS enzyme:
Extraction buffer:  40 µM 2-bis[2-hydroxyethyl]amino-2-[hydroxy-methyl]-1,3-propane-diol

(BIS-TRIS), 4 µM BH4, 4 µM FAD/FMN, 3 mM DTT, 10 % glycerol; pH 7.5

Assay diluent:  40 µM TRIS, 4 µM BH4, 4 µM FAD/FMN, 3 mM DTT, 10 % glycerol; pH 7.9

Supplements for assay:  100 µM NADPH, 1 kU/ml CaM and 13 µM CaCl2 (for eNOS and

nNOS), 3 µM L-arginine

PBS(1) PBS(2) HEPES-PSS

Substance [mM] [mM]  [mM]

NaCl 136.9 136.9 140.0

KCl 2.7 2.7 5.0

MgCl2 0.5 - 1.0

CaCl2 0.9 - 1.5

EDTA - - 3.4 × 10-3

KH2PO4 1.5 1.47 -

Na2HPO2 9.6 45 -

NaHEPES - - 4.5

HEPES - - 5.5

Glucose 10 10 10

pH 7.4 7.4 7.4

Table 2.1  Composition of buffer solutions
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Solutions for cell and nuclei count:
Swelling solution (mM):  10 HEPES, 15 MgCl2

Fixing solution:  5 g Bretol (Eastman Kodak, Rochester, NY), dissolved in 3 ml glacial acidic

acid (warm) while stirring and diluted with 100 ml H2O

NaCl/formalin (dilution and storage solution):  154 mM NaCl in 0.185 % (v/v) formalin

Solutions for microphysiometry:
Incubation medium and experimental solution:  RPMI media 1640 (w/o phenol red, w/o bicarbo-

nate; Life Technologies, Gaithersburg, MD)

Solutions for DNA analysis (FACS):
FACS buffer (mM):  136.9 NaCl, 5.4 KCl, 1.1 Na2HPO4, 1.1 KH2PO4, 6.1 glucose, 0.5 EDTA

Solutions for ELISA (eNOS):
ELISA lysis buffer:  50 mM TRIS, 0.5 % NP-40, 1 mM EDTA, 0.4 mM pefabloc, 10 µg/ml

antipain, 10 µg/ml leupeptin, 25 µg/ml aprotinin, 2 µg/ml pepstatin; pH 7.5

Carbonate buffer for Ab coating (mM):  15 Na2CO3, 35 NaHCO3

Blocking buffer:  4 % BSA in PBS (w/ Ca2+/Mg2+)

Washing buffer:  PBS (w/o Ca2+/Mg2+)

Primary and secondary Ab binding buffer or “diluent”:  1 % BSA in PBS; pH 7.6 to 7.8

Ab coating solution:  15 µg/ml polyclonal rabbit anti-eNOS (Berlex Biosciences, Richmond, CA)

peptide in carbonate buffer

Primary Ab:  mouse monoclonal Ab against eNOS (Transduction Laboratories, Lexington, KY),

1:1.000 in “diluent”

Secondary Ab:  affinity isolated anti-mouse immunoglobulin G (SIGMA), alkaline phosphatase

conjugate, 1:1.000 in “diluent”

Substrate buffer:  1 % (w/v) NaN3 and 1 % (w/v) MgCl2 in 1.0 M diethanolamine; pH 9.8

Solutions for Western Blot (eNOS):
Western lysis buffer:  50 mM TRIS, 1.0 % (w/v) SDS, 1 mM EDTA, 0.4 mM pefabloc, 10 µg/ml

antipain, 10 µg/ml leupeptin, 25 µg/ml aprotinin, 2 µg/ml pepstatin; pH 7.5

Electrophoresis sample buffer (4x):  0.5 M TRIS-HCl, 20 % glycerol, 10 % (w/v) SDS, 0.1 %

bromophenol blue, 5 % (v/v) ß-mercaptoethanol; pH 6.8

Running buffer ’Laemmli’:  24 mM TRIS, 1.44 % (w/v) glycine, 0.1 % (w/v) SDS; pH 8.3

Transfer buffer (mM):  10 TRIS, 100 NaCl; pH 7.5

Blocking solution (PBS-T):  0.1 % (v/v) polyoxyethylenesorbitan monolaurate (Tween-20) in

transfer buffer
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Solutions for NOS activity assay (L-citrulline assay):
Dilution buffer:  40 mM TRIS, 4 µM FMN, 4 µM FAD, 4 µM BH4, 3 mM DTT; pH 7.8

L-Citrulline lysis buffer:  0.1 % (v/v) NP-40 in dilution buffer, containing 0.4 mM pefabloc,

10 µg/ml antipain, 10 µg/ml leupeptin, 25 µg/ml aprotinin, 2 µg/ml pepstatin; pH 7.5

Enzyme buffer:  0.132 µM calmodulin, 1 mM CaCl2 in dilution buffer

Quench buffer:  1 mM BX806592 in dilution buffer

Labeling buffer:  9 µM L-[14C]arginine (320 µCi/µmol), 3 mM NADPH in dilution buffer

Resin suspension:  Dowex AG50 X8, 200-400 mesh (Biorad, Hercules, CA) in 0.1 N sodium

acetate, containing 2 mM EDTA, 2 mM EGTA; pH 5.4

2.2.2. Cell culture media

Substance concentration

∗ Medium 199 (containing Earle’s salt, 2.2 g/l Na2HCO3, L-glutamine, 25 mM

HEPES buffer)

79 % (v/v)

∗ Fetal bovine serum (HyClone, Logan, UT) 10 % (v/v)

∗ Bovine calf serum (Life Technologies, Gaithersburg, MD) 10 % (v/v)

∗ Thymidine (Sigma) 10 µM

∗ Antibiotic-antimycotic mix (containing 10 kU/ml penicillin, 10 mg/ml strepto-

mycin, 25 µg/ml amphotericin B in 0.85 % NaCl)

1 % (v/v)

Table 2.2  Complete growth medium for BAtEC (Ryan’s Red, Ref. 204)

Substance concentration

∗ MEM (containing Eagle’s salt, 2.2 g/l Na2HCO3) 90 % (v/v)

∗ Fetal calf serum (HyClone, Logan, UT) 10 % (v/v)

∗ Glutamine 0.2 M

Table 2.3  Complete growth medium for BAEC

Substances concentration

∗ E-MEM 89 %(v/v)

∗ Fe-fortified fetal bovine serum (HI-FBS; HyClone, Logan, UT) 10 % (v/v)

∗ L-glutamine 2 mM

∗ Hygromycin-B (Calbiochem, San Diego, CA) 0.1 mg/ml

∗ L-NMMA (Sigma) 30 µM

∗ L-arginine (Sigma) 100 µM

∗ Antibiotic-antimycotic mix (containing 10 kU/ml penicillin, 10 mg/ml strepto-

mycin, 25 µg/ml amphotericin B in 0.85 % (w/v) NaCl)

1 % (v/v)

Table 2.4  Complete growth medium for HEK293
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2.2.3.  standards

N gas:  Premixed gas standards of N in nitrogen (between 6.3 and 68 ppm) were pur-

chased and used directly for calibration of the N chemiluminescence method or for the

preparation of N solutions.

N solution:  Prior to the preparation of N solutions, de-ionized H2O was deoxygenated by

continuous gassing with helium for at least 20 min.  Nitric oxide gas (99.5 % or 65 ppm) was

bubbled through the deoxygenated H2O for an additional 20 min at 22 °C.  The solubility of N

in H2O (sN) is 1.982 mM at 22 °C.  The N concentration in solution (cNsol.) is determined by

its solubility and the N concentration in the gas mixture (cNgas, Equ. 2.1):

cNsol.  =  sN   ×   cNgas Equ. 2.1

After reaching the maximum concentration, the gassing vessel was either gas-tight sealed or

further gassed with N until use.

2.3. Cell Culture

All cell culture was performed under standard sterile cell culture conditions.  Cells were

placed for cultivation in a cell culture incubator with the following settings:  gaseous atmosphere,

5 % CO2, 95 % air; temperature, 37 °C; humidity, 100 %.  Cell culture medium was replaced at

least every three days.  For sub-cultivation, confluent and mature monolayers (more than 2 days

but less than 7 days after reaching confluence) were washed twice with PBS(2) (w/o Ca2+ and

Mg2+).  Cells were removed from the culture surface, either by enzymatic digestion with trypsin

or by scraping.  Mainly, cells were trypsinized with approximately 1 ml trypsin/EDTA

(0.25 % v/v, each) per 30 cm2 of cell surface.  After detachment of all cells, enzymatic digestion

was stopped by addition of serum-containing medium.  The seeding density was approximately

2.5 × 105 cells/cm2 (1:3 surface ratio) if not stated otherwise.

2.3.1. Cultivation of BAtEC on microcarrier beads

Cultivation of EC on beads was performed as described previously [204, 205].  Before use,

microcarrier beads (160 µm Cytodex III; Sigma) were washed three times with PBS(2) and

incubated for at least 12 h to allow them to swell.  The final concentration was approximately

2 × 105 beads/ml.  One to 2 ml of bead suspension were added to 50 ml of pre-gassed Ryan’s Red

medium (5 % CO2, 95 % air; 37 °C) in 100 ml glass bottles.  The bottles had been siliconized

(Sigmacote; Sigma) before use to avoid cell attachment.  BAtEC were trypsinized as described

above and spun down in a centrifuge for 5 min, re-suspended in 2 ml of medium, and added to

the suspension of beads.  The cell/bead suspension and the headspace above were gently gassed
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with compressed air (containing 5 % CO2) for another 30 s and the bottle was sealed gas-tight.

The bottles were placed in a roller bottle incubator (37 °C) and rotated with a constant speed of

20 rpm.  Half of the medium was exchanged daily.  After 3 to 4 days, beads were completely

covered by cells.  The suspension was split into four equal parts 12 to 16 h prior to use.

For both N-CL and EDRF bioassay measurements, 0.5 to 1.0 ml of cell/bead suspension was

placed into a plastic column closed on one side with nylon mesh (pore size 90 µm) [110].  The

column was perfused with HEPES-PSS, preheated by a water jacket.  A constant flow rate of

2 ml/min was maintained by a tubing pump (Mini-Puls II; Gilson, Middleton, WI) inserted into

the system.

2.3.2. Cell and nuclei counts

Cell count by hemocytometer:  Total cell number of EC was determined by manual counting in

a hemocytometer.  To obtain a cell suspension, cells were trypsinized and diluted in cell culture

medium before counting.  The cell number in 9 squares (1 × 1 mm) was counted and averaged.

Nuclei count by hemocytometer:  Cells in flasks or grown on microcarrier beads were washed

twice with PBS(2) (w/o Ca2+, Mg2+) and incubated with citric acid containing trypan blue to stain

the nuclei.  The number of nuclei was determined as described for cell count (see above).

Whole cell count by Coulter counter:  For whole cell counts, EC were trypsinized.  Trypsini-

zation was stopped by adding 5 parts medium (containing serum).  Samples were diluted in

PBS(2) (w/o Ca2+, Mg2+) to an approximate concentration of 2 to 10 × 105 cells/ml.  Twohundred

µl of the cell suspension were added to 9.8 ml of isotonic saline and counted using a Coulter

Counter (Coulter Electronics, Hialeah, FL).

Nuclei count by Coulter counter:  For an automatic and more precise determination of the cell

number, it was assumed that all BAtEC used in the experiments were mononuclear.  To prepare

and fix the cells, 1.0 ml of hypo-osmotic solution was added to 10 cm2 of cells (one well of a

6-well plate), and incubated for 5 min.  Afterwards, 0.2 ml of “fixing solution” (Bretol solution)

was added and incubated for a further 10 min.  Nuclei suspension was pipetted into 8.8 ml of

NaCl/formalin solution and the well was washed carefully several times to remove all nuclei.

Samples were stored at 4 °C (< 1 day) or processed immediately.  The number of nuclei was

determined by use of a Coulter Counter as described above.

2.3.3. Protein determination

Total cellular protein was determined by using a kit for protein determination (Kit No. BCA-1;

Sigma) based on the formation of a stable complex of bicinchoninic acid (BCA) with Cu2+ in the

presence of proteins and the four peptides cysteine, cystine, tryptophan and tyrosine.  Cells were

lysed after the experiment by incubation with 1 ml 1.0 % Triton X-100 for at least 30 min and

concomitant freeze/thaw procedure.  Bovine serum albumin (Sigma) diluted to 10 to 300 µg/ml
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(linear range) served as standard.  Samples and standards (20 µl) were mixed with 180 µl of the

BCA/Cu2+ reagent and incubated for approximately 12 h at room temperature, or for 2 h at 37 °C.

Complex formation was followed by optical density (OD) reading at 562 nm in a 96-well plate

reader (SpectraMax 250; Molecular Devices, Sunnyvale, CA).  Each standard and sample was

measured 4 to 6 times and averaged.

2.4. Ozone-mediated  chemiluminescence ( -CL)

2.4.1. General description and basics of the method

The detection of N was performed by a N Analyzer Model NOA270 and NOA280

(Sievers Instruments, Boulder, CO).  The method is based on a 1st order chemical reaction

between N and ozone (O3) (Equ. 2.2).  A significant fraction of nitrogen dioxide (NO2)

produced in the reaction is in an excited state (NO2* ).  Each molecule of NO2*  emits one photon

(Equ. 2.3).  Determined by the difference of the energetic levels, electromagnetic radiation in the

red and near-infrared region of the spectrum is emitted.

⋅ →NO +  O *
3 2 2    NO  +  O Equ. 2.2

         
NO   NO  +  h2 2

*                                   (t   10 s)1
2

-6→ ≈ν Equ. 2.3

Scheme 2.1 shows the basic components of the N analyzer.  The reaction takes place in a

low pressure reaction chamber (< 10 mm Hg¥) to maximize sensitivity.  The low pressure

provided by a vacuum pump is driving both the gas sample and the ozone into the chamber.

Variations in pressure between 2 and 10 mm Hg influence the signal intensity and are achieved

by controlling the gas flow to the chamber (for details cf. 2.4.3).  Ozone is generated from

molecular oxygen by a high voltage electrostatic ozone generator in large excess; sufficient for

measurement of N up to 20 µM or 500 ppm [219].  Light emitted by NO2*  passes an optical

filter (cutoff < 600 nm) to minimize interference with sulfur-containing compounds, which

undergo a chemiluminescence reaction with ozone but emit light at shorter wavelength.  The light

is measured by a red-sensitive photomultiplier tube (PMT).  To increase sensitivity, the PMT is

thermoelectrically cooled to -10 °C.  The output of the PMT (as an electrical current) is linearly

proportional to the amount of N undergoing the chemiluminescence reaction.  Amplifier, noise

filter, and current voltage converter supply a voltage output signal, either as an analog signal (to

address a chart recorder) or a digital signal (after analog-digital conversion, for electronic data

acquisition).

                                                
¥ 1 mm Hg = 1.7775 × 104 m kg-2s-1
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Data acquisition:  The signal was

recorded using a conventional chart

recorder (Gould; Cleveland, OH) and

a modified high-pressure liquid chro-

matography (HPLC) data acquisition

and calculation system (ACCESS

CHROM; Perkin Elmer Nelson

Systems, Cupertino, CA).  The stan-

dard sampling rate was set to 5 data

points per second.

Sample purging:  The low solu-

bility of N in aqueous solution is

advantageous for the application of

the N-CL technique to liquid

specimen.  For the transfer of N

into the gas phase, the N analyzer

is equipped with a purge vessel

(Scheme 2.2).  To strip N from

solution and to keep the vessel

environment free of oxygen, the

vessel was permanently evacuated to

< 10 mm Hg and helium (grade 4.5) was bubbled through the liquid in the vessel.  Due to

foaming of proteinaceous solutions, the method is limited to biological specimens containing no

or low levels of protein.

Discrete sample injection of N:  Described as the standard setup for N measurements,

single N standards or samples were injected into the purge vessel using a gas-tight syringe

(Hamilton, Reno, NV).

Discrete sample injection of N/2:  The detection of both N and 2 is based on the

chemical reduction of 2 to N (prior to N-CL analysis) by use of a reducing agent as shown

in Equ. 2.4:

I
-

  +   NO
-
  +   2 H+     NO  +   0.5 I   +   H O2 2 2 → ⋅ Equ. 2.4

The purge vessel was filled with 2 ml of glacial acetic acid and 50 mg potassium iodide to

ensure an excessive amount of reducing agent for repeated sample injection.
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Scheme 2.1  Assembly of a 	 analyzer based on
the principle of ozone-mediated chemiluminescence.

Nitric oxide from gaseous samples reacts with ozone under
formation of electrical excited nitrogen dioxide.  Emitted light
(chemiluminescence) is detected by a photomultiplier tube (PMT).
For details see text.
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2.4.2. Development and adaptation of new method applications

Discontinuous monitoring of N in the supernatant of a cell monolayer (static assay,

System I):  Cells grown in 6-well plates were washed twice with 2 ml, then covered with 1 ml of

preheated (37 °C) experimental buffer.  Depending on the experiment, supplements and

stimulators were added to the supernatant.  The plate was covered with laboratory film (Parafilm)

to prevent convectional gas exchange and placed into an incubator (37 °C) for the desired

incubation period.  A sample volume of 0.8 ml of supernatant was injected into the purge vessel

(Scheme 2.2 a) after the incubation period.

Continuous monitoring of N in the headspace of a cell monolayer (static assay, System II):

The concentration of a gas dissolved in a liquid can be calculated by Henry’s law.  The solubility

of a gas (cN) is proportional to the pressure of the gas over the solution (pN) (Equ. 2.5).  The

rate of gas transfer along a concentration gradient is determined by a specific gas transfer

coefficient, and the difference between solubility of the gas and the actual concentration

(Equ. 2.6).  The system is in equilibrium (dcA/dt = 0) when the gas concentration is equal to the

solubility (cs - c = 0).

Henry’s Law c    =   p  *  cNO NO s Equ. 2.5

Kinetics of gas transfer
dc

dt
 =  -  K  a (c  -  c)

A
L s Equ. 2.6

p    -  partial gas pressure of NO in head space of NO solution

c      -  solubility

c      -  concentration at time t

K  a -  gas transfer coefficient

NO

L

s

⋅ ⋅

For continuous N measurements, the septum of the sample port was supplied with one (for

gas samples) or two (for liquid samples) tubes (Tygon; inner diameter 1.5 mm).  As the regular

lab environment can be polluted by nitrogen oxides, all unsealed parts of the setup were flushed

with clean, compressed air.

One of the tubes was inserted (gas-tight) in the sample port of the purge vessel and either

connected to a tube placed in a culture flask (75 cm2) above a monolayer of EC (Scheme 2.2 b),

or connected to the outlet of a reaction vessel (Scheme 2.2 d).  In both cases, the withdrawn

volume was replaced by clean air (flushing the opening for gas exchange at the flask or reaction

vessel).  Throughout the experiment, the flask was maintained at 37 °C on a heating plate or in a

shaking incubator.

Continuous monitoring of N in the superfusate of cells grown on microcarrier beads

(perfusion assay, System III):  This system was developed to monitor N release from EC
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exposed to flow and shear.  By optimization of the detection conditions, the sensitivity was

improved to 1 nM.  A reduction of NOx to N, as usually performed to increase the detectable

amount of N and its reaction products [174, 175], was therefore not necessary.

The column was filled with beads covered by BAtEC and perfused with PBS(2) at a rate of

2 ml/min.  A higher flow caused detachment of cells due to increased pressure; a lower flow

resulted in a smaller signal.  The sample tubing of the purge vessel was placed below the column.

The column outlet was not directly connected to the purge vessel to avoid pressure changes by

the vacuum in the purge vessel.  Flow was determined by a perfusion pump (Minipuls II; Gilson,

Middleton, WI).  To avoid loss of N during sample processing, the superfusate was transferred

to the purge vessel immediately after leaving the column (minimal air exposure).  For continuous

removal of waste liquid (accumulating in the purge vessel), a second tubing was inserted, ending

at the lower portion of the purge vessel.  To guarantee a constant level of liquid and prevent

overflow and contamination of the reaction chamber of the analyzer, the speed of waste removal

was synchronized with the speed of sample transport into the purge vessel as controlled by the

flow rate of buffer through the column (2 ml/min).  To accomplish this, the waste tubing was

purge vessel

w
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te

sam
ple

He

analyzer

supernatant from planar monolayers

perfusion assay

37°C

PSS
2.0 ml/min

column
with cells
on beads

purge vessel

control 
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w/o cells

headspace

 from planar monolayers

analyzer

head-
space

headspace from
 cell free systems

analyzer

static assay
(supernatant) static assay

(headspace)

Scheme 2.2  Sample collection procedures for analysis of 	 by ozone-mediated chemi-
luminescence.

Four different procedures were used for the transfer of samples to the purge vessel.  The choice of the application
was dependent on the N generating system and the requirement of endpoint or continuous determination of N.
Samples from EC monolayers were taken as liquid specimen from the supernatant (a) or continuously transferred as
gaseous specimen from the headspace (b).  The superfusate of EC grown on microcarrier beads was introduced
continuously into the purge vessel (c).  Nitric oxide generated by model systems kept in a reaction vessel was
assayed continuously in the headspace (d).  For more details see text.



Methods

32

connected to the same tubing pump which was driving the buffer through the column but in the

reverse direction.

Continuous monitoring of N in the headspace of cell-free systems (System IV):  The deter-

mination of N release from soluble N generating compounds or NOS enzyme preparations in

suspension was performed in a 5 ml glass reaction vessel (Scheme 2.2 d).  A water jacket main-

tained the vessel at 22 °C for the chemical and at 37 °C for the enzyme experiments.  The

released N was detected in the headspace as described for the cell experiments.

One to 2 ml of PSS containing the N donor (e.g., SIN-1) or enzyme buffer containing crude

or purified extracts of the different NOS isoforms were placed in the reaction vessel and stirred

by a magnetic stirrer throughout the experiment.  The opening of the vessel was sealed thereafter

with a rubber top holding one tube for the collection of the headspace gas, and one for the

injection of cofactors and other agents.  During the experiment, gas exchange between the

reaction chamber and the outside environment was enabled via the second tube.  To avoid

contamination of the system, the port was flushed with clean compressed air at near atmospheric

pressure.

2.4.3. Evaluation of  signals and optimization of sensitivity

Evaluation of non-continuous (discrete) N signals:  Gas and liquid standards were used at

different concentrations and volumes to characterize the comparability of samples with various

constitution (liquid or gas).  These experiments were performed at two different conditions to

take into consideration the increasing filling level of the purge vessel during the experiments due

to repetitive sample injections:  (i) purge vessel filled with 1 ml fluid, and (ii) purge vessel

completely filled with fluid.

Injection of a single sample into the purge vessel resulted in a peak signal.  The area under the

peak was defined by the amount of N.  The peak width was defined by the transfer rate of the

sample to the analyzer (dependent on flow) and the kinetics of the gas transfer from the liquid

sample to the gas phase.  The peak height can be used as a measure of the amount of N if

samples of the same kind (liquid or gas) at a similar concentration are compared.  A more

consistent measure for the amount of N is the peak area as shown in Fig. 2.1.  The area was

calculated by use of the HPLC data acquisition and calculation system ACCESS CHROM

(Perkin Elmer Nelson Systems, Cupertino, CA) and expressed as arbitrary units (a.u.).

Optimization of the sensitivity for non-continuous N measurements:  The concentration of

N supplied by the constitutive isoforms of NOS is normally in the nanomolar range which

corresponds to picomolar amounts of N.  To obtain reproducible data, especially from samples

with low N content, the N-CL method was optimized for highest sensitivity.  Since the

efficacy of the chemiluminescence reaction is dependent on the pressure conditions, the pressure

in the reaction chamber was varied by adjusting the two flow-restricting valves:  (i) the “purge

vessel valve” regulating the helium flow to the purge vessel, and (ii) the “analyzer valve”
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regulating the flow from the purge vessel to the reaction chamber.  The pressure in the reaction

chamber was recorded with an opened purge vessel (popen, characterizing the non-restrained gas

flow to the analyzer) or with a closed purge vessel (pclose, characterizing the gas flow to the

analyzer hindered by the helium flow).  Using an iterative approach, a detection limit of 0.5 pmol

was achieved (signal to noise ratio 3:1).  The steps to adjust the analyzing system for the highest

sensitivity used throughout the experiments and the observations made were as follows:

1. The pressure of helium entering the purge vessel was maintained at 760 mm Hg.  At the same

time the helium flow was adjusted to allow a continuous stream of bubbles through the purge

vessel under atmospheric pressure (sample port of purge vessel opened).

2. The analyzer valve was adjusted to a gas flow lowering the pressure in the reaction chamber

(popen) to 4.0 (black circles), 5.0 (red squares), or 6.0 mm Hg (blue triangles), as shown in

Fig. 2.2.

3. After closing the sample port with a silicone septum, the pressure in the reaction chamber

(pclose) became further dependent on the helium flow through the purge vessel.

4. The purge vessel valve was adjusted to obtain a chamber pressure (pclose) in the range between

2.0 to 4.0 mm Hg, 2.0 to 5.0 mm Hg, or 2.0 to 6.0 mm Hg, respectively (x-axes of Fig. 2.2).

Filling level of

purge vessel

Amount N N gas N solution

empty 10 pmol
a c

full 10 pmol
b d

Fig. 2.1  Effect of sample composition and filling level of purge vessel on shape of 	
signal peaks.

Ten µl of gaseous N standard (a, b; 34.5 µl of 6.5 ppm N in N2) or liquid N standard (c, d; 76.9 µl of 130 nM
N solution) was injected into the purge vessel of the N-CL analyzer using a gas-tight syringe.  The purge vessel
was either filled with 1 ml of H2O (a, c), or up to the top (b, d).  The liquid N standard was generated by bubbling
N gas (65 ppm) through deoxygenated H2O for at least 20 min.
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Fig. 2.2 shows three characteristics of the N signal in dependence on the pressure in the

reaction chamber:  (a) the signal peak area, (b) the signal peak height, and (c) the signal peak

width.  The peak area was highest at low pressure (2.0 mm Hg) but did not depend on the

adjustment of the valve which was restricting the flow from the purge vessel to the analyzer.

Alternatively, the peak height increased with a more opened “analyzer valve” which enabled a

faster sample transfer to the analyzer but did not change significantly with the pressure in the

chamber.  In contrast, the peak width was dependent on both:  (i) a higher flow through the

“analyzer valve” shortened the time measured from peak start to peak end, and (ii) with

decreasing chamber pressure, the peak width increased (at least below pclose = 3.0 mm Hg).

Comparing all three parameters, a pressure of popen = 6.0 and pclose = 3.0 mm Hg was found to
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Fig. 2.2  Optimization of sensitivity and response time of the 	-CL method by variation
of the pressure conditions in the reaction chamber of the 	 analyzer.

Signal peak area (a), peak height (b), and peak width (c) of N gas samples (100 µl of 6.3 ppm N in N2) was de-
termined in dependence on the pressure in the reaction chamber of the N analyzer.  The pressure was changed by
the iterative adjustment of the “analyzer valve” and “purge vessel valve”.  First, pressure was adjusted by the
“analyzer valve” with an opened purge vessel to 4.0, 5.0, and 6.0 mm Hg.  Second, after closure of the purge vessel
the pressure was adjusted by the “purge vessel valve” between 2.0 and 6.0 mm Hg (x-axes of graphs).  For details
see text.
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give high sensitivity with a reasonable response time (complete return of signal peak to baseline

after 16 s for 28.1 pmol N injected).

Evaluation and optimization of continuous N signals:  For the continuous measurement of

N, a new setup was developed (cf. 2.4.2) and evaluated.  As shown above, the flow of the

sample to the analyzer and the pressure in the reaction chamber are the main determinants of the

relationship between response time and sensitivity.  For a constant N flux, a gaseous N

standard (6.5 ppm, equal to 2.9 × 10-10 mol/ml) was injected into the purge vessel with a constant

speed of 69 µl/min, causing a delivery rate of 20 pmol N/min.  The flow rate between purge

vessel and analyzer was changed by the “analyzer valve”.  With a closed valve (no flow) the

vacuum in the reaction chamber adjusted to a value between 0 and 1 mm Hg.  Sensitivity and

response time were evaluated for different flow rates from the purge vessel to the analyzer (as

determined by the chamber pressure).  A chamber pressure of 5.0 mm Hg was found to be

optimal for a high sensitivity (detection limit ≤ 1.0 pmol N/min) and response time (> 10 s for a

stepwise flow increase from 0 to 20 pmol N/min) and the respective valve adjustment was used

for all continuous N measurements.

2.4.4. Calibration of  chemiluminescence

To calculate the amount or concentration of N in a sample, the area under the signal peak

(for discrete samples) or the N signal intensity (for continuous sampling) was determined and

compared to N standards.  For standard curves, either N gas (6.5 or 65 ppm) or N solution

(130 nM, for preparation cf. 2.2.3) was used at different volumes (0 to 500 µl for gas, 0.1 to 1 ml

for solution).  A calibration curve was created each day of the experiment to calculate the amount

of N per sample.

Calibration for discrete sampling of N:  As shown in Fig. 2.3, both gaseous and liquid N
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Fig. 2.3  Calibration curves for gase-
ous and liquid 	 standards using
the 	-CL method.

The area of the N peak (expressed as a.u.)
was determined in dependence on the amount
of N.  The amount of N applied was varied
by injection of different volumes of N gas
(6.8 ppm or cv = 303.6 nM) and N solution
(13.6 nM).  The linear relation between N
amount and peak area, the correlation co-
efficient (r2), and the significance of the cor-
relation (p) were calculated.  Inset shows a
calibration curve for N gas up to 150 pmol
N.
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standards gave a linear

response up to at least

150 pmol N.  There was

no considerable difference

between gas and liquid

standards containing the

same amount of N.  The

day-to-day variation was

usually lower than 10 %.

For the calibration of

subsequent experiments,

mainly gas standards were

used.

Calibration for discrete

sampling of 2.  Similar

to the calibration for N,

NaNO2 solution was used

instead of N for the

calibration for nitrite

(Fig. 2.4).  Different volumes of a NaNO2 solution (100 nM) were injected into the purge vessel.

The area of the corresponding signal was linear to the applied amount of 2, at least up to

100 pmol 2.

Calibration for continuous sampling of N:  For the calculation of the N concentration (or

N amount) in a continuous flow of sample (e.g., the superfusate of cells), a gaseous N

standard (6.5 ppm, 2.9 × 10-10 mol/ml) was injected into the purge vessel by use of a 1.0 ml gas-

tight syringe (Hamilton, Reno, NV) and a high-precision syringe pump (Harvard Apparatus,

South Natick, MA).  The injection speed was increased from 3.45 to 345 µl/min, causing delivery

rates for N from 1 to 100 pmol/min, respectively.  The N concentration in the effluent of

superfused BAtEC was determined by comparison of the signal heights (voltage in mV or chart

size in mm) of sample with N standards (see above).  Based on the (for all cell experiments)

fixed perfusion rate of 2 ml/min, a calculated N flux of 1 pmol/min corresponded to a N

concentration of 2 nM in the cell superfusate.
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Fig. 2.4  Calibration curve for nitrite standard using the 	
chemiluminescence method in conjunction with chemical
reduction of the samples.

The area of the N peak (expressed as a.u.) was determined in dependence on
the amount of nitrite injected into the purge vessel and reduced to N by acidic
potassium iodide.  The amount of nitrite applied was varied by injection of
different volumes of nitrite solution (100 nM).  The linear relation between
nitrite amount and peak area, the correlation coefficient (r2), and the significance
of the correlation (p) were calculated.
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2.5. Bioassay for the detection of EDRF

The bioassay of EDRF release from BAtEC was established after a method described by

Laskey et al. [133] and Johns et al. [110].  Aortas were prepared from male New Zealand White

rabbits (4.5 to 4.8 kg, 20 to 24 weeks), sacrificed with carbon dioxide.  After dissection of the

animal, the entire aorta was carefully removed including the arch and the thoracic artery.  The

vessel was cleaned of adipose and connective tissue and cut into rings with a length of

approximately 3 mm.  The endothelium was removed mechanically by rolling the rings, with the

closed ends of round forceps placed at the luminal side, against filter paper soaked with HEPES-

PSS.  Scheme 2.3 shows the setup for the simultaneous determination of N and EDRF.  Each

denuded ring was suspended vertically between a stationary stainless steel hook and a force

transducer (Grass FT03C; Grass Instruments, Quincy, MA).  The rings were continuously

perfused with HEPES-PSS (37 °C).  The flow rate of 2 ml/min was maintained by a tubing pump

(Mini-Puls II; Gilson, Middleton, WI).  During a 2 h equilibration period, the tissue was

challenged 3 to 4 times with HEPES-PSS containing 80 mM KCl and the resting tension was

adjusted thereafter to 2.0 g.  A tonic contraction was then induced by 200 nM phenylephrine

(approximately half-maximal concentration).  The lack of endothelium-dependent relaxation to

1 µM acetylcholine was used as the criteria for the complete removal of the endothelium.

column
with beads

control
column

37°C

flow 2 ml/min

1.9 ml/min 0.1 ml/min

purge vessel

Bioassay
detector

aortic ring

Reservoir

Scheme 2.3  Setup for the simultaneous detection of 	 and EDRF by 	-CL and
bioassay.

For detailed description of both methods see text in section 2.4.2. and 2.5.
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After equilibration at a stable tension, the ring was exposed to the superfusate of BAtEC

(cf. 2.4.2).  For this purpose, tubing (polyvinylchloride, inner diameter, 3.16 mm, Gilson,

Middleton, WI) was placed directly underneath the column.  Driven by a second tubing pump,

0.1 of the 2.0 ml/min superfusate were mixed with the bioassay perfusion buffer immediately

before exposure to the aortic ring.  The superfusion buffer of the BAtEC had the same

composition as the bioassay perfusion buffer including phenylephrine to avoid non-specific

tension changes.  After 1:20 dilution into the bioassay buffer, the agonists or agents used for

stimulation of the EC did not affect the detector vessel.  The action of authentic N on the

relaxation of an aortic ring was demonstrated in a similar way.  Instead of the superfusate, N

standard solution (130 nM), was injected into the perfusion buffer by use of a syringe pump.  The

injection rate was varied from 1.84 to 184 µl/min to obtain steady-state concentrations of N in

the range from 0.12 to 12 nM.  The relaxation of the detector vessel in response to a stimulus was

expressed as percentage decrease (% relaxation) of the maximum tension after the equilibration

with 200 nM phenylephrine.

2.6. EPR spectroscopic detection of free radicals

EPR spectroscopy used in combination with spin trapping has been successfully employed to

detect and characterize free radicals, including S, H, as well as N [8, 146, 195].  This

method entails the use of a ‘reactive’ compound to ‘trap’ the initial unstable free radical as a

more stable paramagnetic species which can be detected by EPR spectroscopy.  Because of its

specificity, spin trapping in combination with EPR is considered an excellent method for

studying the formation of oxygen-centered free radicals in vitro in model systems [59, 195].

Spin trapping:  Superoxide and H were trapped by the nitrone spin trap 5,5-dimethylpyrro-

line-N-oxide (DMPO) as reported previously [89].  A stock solution in dimethyl sulfoxide

(DMSO; 1.0 M) was added to the respective model system at a ratio of 1:10 to obtain a final

concentration of 100 mM.  4-Carboxyl-2,2-dimethyl-2H-imidazole-1-oxide (CIMO), a newly

developed spin trap (with a higher lifetime of spin adducts) which react with H but not S [125]

was applied in selected experiments at a concentration of 100 mM.

For the detection of N, nitronyl nitroxides (NN) were applied to aqueous model systems or

cell culture systems of EC.  NN are in contrast to the ‘classical spin trap’ paramagnetic

compounds, their reaction with N results in the formation of imino nitroxides (IN) which have

an EPR spectrum that differs from the spectrum of NN [91].  Two NN were used and either

dissolved in water or toluene at concentrations between 10 and 100 µM:  4,4,5,5-tetramethyl-2-

(4-trimethylammoniophenyl)-2-imidazoline-3-oxide-1-oxyl methyl sulfate (NN1) and 5,5-

dimethyl-2,4-diphenyl-4-methoxy-2-imidazoline-3-oxide-1-oxyl (NN2).

EPR spectroscopy:  EPR experiments were carried out at room temperature (22 °C) on a

Bruker ECS 106 X-band spectrometer (Bruker, Rheinstetten, Germany) equipped with a high

sensitivity rectangular-mode cavity ER 4102 ST.  Reaction mixtures or samples were transferred
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to a flat quartz cell (volume, 250 µl).  Instrument settings were as follows if not stated otherwise:

modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; field set, 347.5 mT; scan range,

spin trapping, 10.0 mT; nitroxide experiments, 5.0 mT; microwave power, 10 mW.  For the

identification of the spin trapped radicals, the hyperfine splitting constants of the EPR spectra

were determined and were compared to the values described by Buettner [26].

Model systems for the generation of free radicals:  In model systems using NN, authentic N

was introduced directly from a gas-tight syringe into 0.5 ml of solution containing the spin trap of

interest.  In some experiments, the N donor sodium nitroprusside was applied to the spin trap

solution and photolysis inside the EPR cavity was induced by illumination with a Hg-arc lamp

through optical fibers.  Superoxide and concomitantly H was generated by:  (i) the xanthine

oxidase/hypoxanthine system (XO/HX, 0.2 U/ml/400 µM), (ii) the Fenton-reaction using

Fe2+/H2O2 (2.0/10 µM), (iii) KO2 in DMSO injected into aqueous solution [138], or (iv) the N

and S releasing compound SIN-1 (1 mM) [54].  EDTA and catalase were introduced to selected

reaction mixtures for the reduction of H formation.  Solutions were alternatively deoxygenated

by bubbling with argon.

EPR experiments on cell systems:  Spin trapping of free radicals released from EC was

performed by addition of the appropriate spin trap to the supernatant of non-stimulated or

A23187-stimulated BAEC or BAtEC.  Cells were used as intact monolayers (grown in 75 cm2

flasks or 6-well plates) or cell suspensions after mechanical removal of the cells from the culture

vessel.  Experiments were performed in the presence and absence of L-NAME (250 µM),

DETAPAC (100 µM), and SOD (200 U/ml).  Aliquots were taken in intervals and transferred to

the glass cuvette for EPR spectroscopy.  At the end of the experiment, N gas, SIN-1, or XO/HX

(0.15 U/ml / 3 µM) was added to proof the functioning of the spin trap system.

2.7. Quantification of eNOS protein

2.7.1. Western blot analysis of eNOS protein

Western blot analysis was performed by standard procedures using a protocol for TRIS-

glycine SDS-PAGE 'Laemmli' and denaturing, reducing conditions.  The following describes

briefly the cell lysis conditions, the Ab and reagents used and significant methodological steps.

Preparation of cytosolic extracts from BAtEC:  Cells in 6-well plates were washed twice with

2 ml PBS(2) and lysed with “Western lysis buffer” (0.5 to 1 ml, dependent on cell density),

covered with Parafilm and immediately transferred to a -80 °C freezer for storage.  Before usage,

the viscosity of the samples was reduced by several passages through a 26 gauge syringe needle

to break the DNA strains.  Samples were centrifuged for 5 min to remove debris.  Total cellular

protein of the supernatant was determined as described in section 2.3.3. and all samples were

adjusted to the same protein concentration (300 or 600 µg/ml).  Aliquots of 25 µl sample were
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mixed with 7 µl of 4 × concentrated electrophoresis sample buffer, followed by heat denaturation

at 95 °C for 5 min.

Polyacrylamide gel electrophoresis and blotting:  Ten µl of premixed protein standard or

35 µl of diluted samples (total protein content, 7.5 µg) were loaded on a 10 % TRIS-glycine gel

and electrophoresis was carried out for 90 min at 125 V in the presence of running buffer

'Laemmli'.  Proteins were transferred to a nitrocellulose membrane during 120 min at 30 V, and

blocked with 5 % (w/v) nonfat dry milk in PBS-T for 1 h at room temperature.  Mouse

monoclonal primary Ab (1:2.500 dilution) raised against human eNOS (250 µg/ml; Transduction

Laboratories, Lexington, KY), was incubated overnight at 4 °C.  After washing in PBS-T, the

membrane was incubated for 3 × 15 min with goat anti-mouse Immunoglobulin G secondary Ab

(1:10.000 dilution) conjugated with horseradish peroxidase (Pierce, Rockford, IL) for primary Ab

detection.  The blot was developed for 1 min by using a chemiluminescence-based detection kit

(ECL; Amersham Life Science, Arlington Heights, IL) and afterwards exposed to X-ray film.

The bands for eNOS and non-specific stained total protein in the loading area were scanned by a

Computing Densitometer and analyzed with the PC-based software ImageQuant (Molecular

Dynamics, Sunnyvale, CA).

2.7.2. Enzyme-linked immuno-sorbent assay (ELISA) for eNOS protein

For the quantitative analysis of eNOS expression levels in cultured cells, an ELISA, developed

and described by Aberle et al. [2], was used.

Preparation of cytosolic extracts from BAtEC:  Cells in 6-well or 96-well plates were washed

twice with 2 ml PBS(2) and lysed with 0.5 ml or 60 µl ELISA lysis buffer, respectively.  Plates

were covered with Parafilm and stored at -80 °C.  Total cellular protein was determined as

described in section 2.3.3.  Samples from 6-well plates were adjusted to the same concentration

of total protein (usually 10 µg/ml), whereas samples in 96-well plates were assayed directly.

ELISA procedure:  Wells of 96-well Immulon 4 plates (Dynatech Laboratories, Chantilly, VA)

were treated with 100 µl/well of 15 µg/ml rabbit polyclonal anti-peptide Ab (raised against amino

acid residues 599 to 614 of human eNOS [31], prepared at Berlex Biosciences) in 50 mM

carbonate buffer overnight at 4 °C.  The Ab solution was removed, 150 µl of blocking buffer

were added and incubated for 1 h at 37 °C.  Between the following assay steps, plates were

washed 3 times with PBS.  Fifty µl of each sample or purified eNOS standard was dispensed to

the wells and incubated for 1 h at 37 °C.  For primary Ab detection, 100 µl per well of mouse

monoclonal anti-eNOS Ab (250 µg/ml, Cat. No. N30020; Transduction Laboratories, Lexington,

KY), diluted 1:2.000 in 1 % BSA-PBS (pH 7.6) was added and incubated for 1h at 37 °C.  For

secondary Ab detection, 100 µl per well of alkaline phosphatase-conjugated affinity-purified

rabbit Ab to mouse whole immunoglobulin (Cat. No. A4312; Sigma), diluted 1:2.000 in 1 %

BSA-PBS (pH 7.6), was incubated for 1 h at 37 °C.  Paranitrophenol phosphate (100 µl) was
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added at a concentration of 1 mg/ml in substrate buffer.  After developing for 1 h at 37 °C,

absorbance was red in a 96-well plate reader (SpectraMax 250; Molecular Devices, Sunnyvale,

CA) at 405 nm.

2.8. Citrulline assay for the detection of eNOS activity

The standard method for the enzymatic activity of NOS is based on the determination of the

conversion rate of L-[14C]arginine to L-[14C]citrulline [22].  In principal, 14C-labeled L-arginine is

converted by NOS to L-[14C]citrulline and separated by passage through an ion exchange resin.

The radioactivity in the effluent is a direct measure for converted L-arginine.

Cells grown in 96-well plates were washed three times with PBS(2), lysed with 20 µl “citrul-

line lysis buffer” and stored at -80 °C.  After thawing plates, 40 µl of “enzyme buffer” was

added, carefully mixed and 50 µl transferred to V-bottom plates.  At this point, inhibitors were

added.  Ten µl “quench buffer” was added to control wells (100 % inhibition of the enzyme),

whereas to all other wells 10 µl “dilution buffer” was added.  Concomitantly, 30 µl of “labeling

solution” was added and incubation was performed for 90 min at room temperature.  Fifty µl of

resin was added to each well, and after allowing the resin to settle, the content of the wells was

transferred to filter plates (MultiScreen, 0.45 µm; Millipore, Bedford, MA) containing 125 µl of

pre-wetted resin.  During vacuum collecting of the fluid to a 96-well counting plate (OptiPlate;

Packard Instrument, Meriden, CT) preloaded with 175 µl Microscint-40 (Packard Instrument),

the resin was washed once with 25 µl 0.1 N sodium acetate.  The plates were sealed and counted

in a microplate scintillation counter (TopCount; Packard Instrument) with reference to a

previously entered quench curve of 14C.

2.9. Cell cycle analysis by fluorescence-activated cell sorting

Cell preparation:  Cells were scraped from culture flasks using a Teflon cell scraper.  After

harvesting, they were washed with PBS(2), counted, and resuspended at 1 × 106 in 0.25 ml ice-

cold FACS buffer in Eppendorf tubes.  0.75 ml of 95 % ethanol (-20 °C) was added dropwise

while mixing gently.  The samples were stored at -20 °C until analysis, but not longer than 7

days.  Before analysis, samples were treated with 50 µg/ml RNAse (Sigma) for 20 min at 37 °C.

Propidium iodide was added to the samples (50 µg/ml) and incubated for 30 min at room

temperature.

Flow cytometric analysis:  Data acquisition and analysis was performed on a FACScan flow

cytometer (Becton Dickinson, San Jose, CA) equipped with a 15-mW argon ion laser (excitation

wavelength 488 nm) and a doublet discrimination module using LYSYS II software (Becton

Dickinson).  The emission wavelength was set to 650 nm by a long-pass filter.  For each sample,

at least 104 events were analyzed and information on them stored.
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2.10. Microphysiometry

Microphysiometry is used to detect and monitor the response of cells to a variety of sub-

stances, especially ligands for plasma membrane receptors.  In the vast majority of ligand

receptor combinations, functional receptor-agonist interactions result in an increase in cellular

acidification through the stimulation of the energy metabolism.  CO2 produced by respiration or

lactic acid by glycolysis acidifies the cytosol.  Protons are excreted by cells either through

passive diffusion or by active transport (e.g., by Na+-H+ exchange).  The microphysiometry is

able to measure the H+ excretion as low as 10-3 pH units from 104 to 106 cells using a silicon-

based technology [152].

For the receptor ligand studies described herein a Cytosensor microphysiometer (Molecular

Devices, Menlo Park, CA) was used.  EC were grown on special cell culture inserts and placed

into the flow chambers of the microphysiometer.  The chambers were perfused with a medium

with a low buffer capacity.  Periodically, the flow was briefly halted, typically for 30 s.  During

this period the pH in the chamber decreases as a result of excretion of protons by the cells.  The

increase in the rate of acidification indicates the extent of cellular metabolism.

2.11. Cytotoxicity assay (LDH release)

Loss of cell membrane integrity results in cell death.  The cytotoxicity assay Kit (Boehringer

Mannheim, Mannheim, Germany) used was based on the measurement of LDH released from the

cytosol trough the damaged cell membrane.  The LDH activity was determined in the supernatant

of EC monolayers (6-well plate) or in the superfusate of EC grown on microcarrier beads.  The

total activity of LDH was determined in a control group after lysis of cells with 1 % Triton

X-100.

2.12. Statistics

Experiments from different preparations were performed a minimum of three times unless

specified.  For a number n ≥ 3 of independent experiments, results are described as means ±

S.E.M. (number of experiments indicated in figure legends).  Either representative experiments

are shown or data was analyzed for significance of difference where appropriate.  Data was tested

for normal distribution and significance of difference was assessed by unpaired Student’s t-Test

(Origin 4.10; Microcal Software, Northampton, MA).  P values < 0.05 were considered as

significant if not stated otherwise.  When needed, linear or quadratic regression was calculated by

the software Origin 4.10.
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General characterization of  release

3.1. Detection of  release by ozone-mediated chemiluminescence

Prior to the investigations of the regulation of N release and the interaction of N with S,

the general properties of the models used were characterized.  The data presented hereafter

ensured not only a better understanding of the generation of N and its interactions, but also

provided information for optimization of the experimental conditions.

3.1.1. Detection of  release from BAtEC and BAEC

3.1.1.1. Non-stimulated (“basal”) and flow/shear-stimulated 	 release£

Non-stimulated (“basal”) N release (Static assay):  EC in vivo are continuously exposed to

flow and shear.  Most of the systems used for in vitro studies lack these mechanical stimuli.

When BAEC or BAtEC were grown in cell culture plates or flasks and incubated for up to 60 min

in PSS (supplemented with L-arginine and Ca2+), N was not detected in the supernatant or

headspace of these cells, neither in the absence nor presence of SOD (100 U/ml).

Flow/shear-stimulated N release (Perfusion assay):  BAtEC grown on microcarrier beads

and placed in a perfusion column were exposed to a continuous and steady flow of buffer

(HEPES-PSS).  The N concentration in the superfusate ranged from 0 to 80 nM (corresponding

to 0 to 106 pmol/min/ml of packed EC) directly after onset of the perfusion (Fig. 3.1 a-c).  In the

concomitant period there was generally a slow decrease of the N levels.  After 20 to 30 min the

“basal” N release equilibrated at a plateau lasting for at least 4 h (data not shown).  The “basal”

N release was completely dependent on [Ca2+]o, as shown by the abolishment of the N signal

after removal of Ca2+ from the perfusion buffer (Fig. 3.1 d).  Repeated addition of Ca2+ caused a

fast overshooting response in N release.  Nitric oxide increased from zero to more than twice

the concentration as measured before the removal of Ca2+ in approximately 1 min and returned

slowly to normal levels.  The Ca2+ dependency was confirmed by the use of Co2+ (applied as

CoCl2), known to block Ca2+ channels reversible.  A concentration of 100 nM Co2+ caused a

partial decrease, whereas 10 µM completely suppressed the release of N (Fig. 3.1 e).  The

signal slowly returned to its pretreatment values after removal of CoCl2 from the perfusion buffer

(data not shown).

                                                
£ The term of “basal” N release is applied for conditions without the use of a chemical stimulus, such as receptor
agonists or Ca2+ ionophore, and in the absence of flow/shear stimulation.
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3.1.1.2. Agonist-stimulated 	 release

“Non-flow conditions”:  The Ca2+ agonists Bk and ATP promote in EC a biphasic increase in

[Ca2+]i.  They were used as physiological stimuli to increase endothelial N production.

Measured after 1 to 30 min of exposure, a low, time-dependent N release was observed in

response to 100 µM ATP, but not to 1 µM Bk (data not shown).  The N production rate$ after

30 min stimulation with ATP in BAtEC is shown in Fig. 3.2.  In the absence of SOD the N

signals detected in the supernatant were just slightly above the background signal, whereas

addition of SOD (100 U/ml) increased the amount of detected N significantly for all ATP

concentrations used.  An ATP concentration-dependent stimulation of N production was found

under these conditions.

To confirm the presence and functionality of cell membrane receptors, the metabolic activity

of BAtEC was determined in response to the respective agonists (Fig. 3.3).  Changes in the

metabolic activity (expressed as %; metabolic rate of non-stimulated, resting cells was set 100 %)

                                                
$ The N production rate used herein is based on the steady-state concentration of N in the cell supernatant after
30 min incubation.  Because of the relative instability of N in comparison to N oxidation products (such as NO–

2 
and NO–

3 ) it defines the rate of cellular N generation reduced by the amount of N removed from the system by
diffusion and consumption (oxidation, complex formation, etc.).

Fig. 3.1  Flow-stimulated 	 release from perfused BAtEC.

N release was continuously monitored by N chemiluminescence in the superfusate (2 ml/min) of BAtEC (grown
on microcarrier beads) and expressed as N concentration in the superfusate in [nM].  Three to 5 × 107 cells were
used per column and experiment (for details cf. 2.4.2. and Scheme 2.2 c).  Depending on the population of cells,
there was a large variation in the initial N release (a-c; S marks the time point of connecting the effluent of the
column to the purge vessel of the N analyzer).  The dependence of flow-induced N release on extracellular Ca2+

was investigated by removal of Ca2+ from the perfusion buffer (d), or addition of Co2+ (blocks Ca2+ channels) to the
perfusion buffer (e).
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are accompanied by pH changes which can be detected by microphysiometry in a weakly

buffered environment.  The cells responded to Bk in a concentration range from 1 to 30 nM with

a biphasic increase (peak value between 300 to 400 %; Fig. 3.3 a, d).  Fig. 3.3 d shows the

concentration-dependent response to Bk (1 pM to 30 nM).  The lowest Bk concentration causing

a response (20 % increase in metabolic rate) was 0.3 nM.  ATP (100 µM) increased the metabolic

rate similar to Bk (10 nM) as shown in Fig. 3.3 b.  However, there was a lack in response to

thrombin and substance P (Fig. 3.3 c).

“Flow conditions”: In contrast to the non-flow conditions, BAtEC released significant

amounts of N in response to receptor agonists when exposed to flow in the perfusion system.

This stimulation was dependent on the initial extent of “basal” N release, prior to exposure of

the agonists.  Short-term exposure to Bk (1 to 300 nM for 0.5 to 3 min) to a population of EC

with low or no N release resulted in a typical biphasic response (Fig. 3.4 a).  The initial phase

consisted of a transient [Ca2+]o-independent peak (< 2 min) with a relatively high amplitude

(Fig. 3.4 b).  The peak was followed by a sustained (≥ 15 min) elevation of N above the

“basal” level which was abolished by removal of extracellular Ca2+ (Fig. 3.4 b).
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Fig. 3.2  Effect of ATP stimulation on 	 release from BAtEC in the presence and absence
of SOD.

Confluent monolayers of BAtEC (grown in 6-well plates) were incubated for 30 min with ATP in HEPES-PSS in the
presence and absence of 100 U/ml SOD.  The N concentration was determined in the cell supernatant at the end of
the incubation period by N chemiluminescence detection, normalized for total cellular protein and incubation time,
and expressed as N production rate [pmol/min/mg protein].  Nitric oxide production was not significantly changed
in the absence of SOD but in the presence of 100 U/ml SOD between 10 and 30 µM ATP (#).  SOD significantly (*)
augmented the N production at all ATP concentrations.  The data shown are means ± S.E.M. for n = 4.
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Fig. 3.3  Effect of receptor agonist stimulation on metabolic activity of BAtEC.

Changes in metabolic rate after cell stimulation are accompanied by changes in pH, detected by microphysiometry in
the extracellular fluid.  BAtEC were seeded one day before the experiment at near confluence on cell culture inserts.
Experiments were performed as described in section 2.11.  The graphs show representative experiments of (a)
response to 1 nM Bk, (b) comparison of responses to 100 nM Bk and 100 µM ATP, (c) response to thrombin (0.1
and 1.0 U/ml) and substance P (10 nM), and (d) a concentration-dependent response to Bk (1 pM to 30 nM).  The red
data points mark the duration of exposure to the stimulant.

Fig. 3.4  Effect of bradykinin stimulation on 	 release from perfused BAtEC.

N release from perfused BAtEC (grown on microcarrier beads) was determined as described in Fig. 3.1.
Stimulation with 100 nM bradykinin (Bk; 1 min) caused a biphasic response in N release in the presence of
extracellular 1.5 mM Ca2+ (a).  The sustained portion of this response was prevented by removal of Ca2+ from the
perfusion buffer (b).
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3.1.1.3. A23187-stimulated 	 release

“Non-flow conditions”:  To

assure a sustained and stable N

release from EC under non-flow

conditions, A23187 was applied

during the duration of the

experiment.  As shown for BAEC

grown in 6-well plates, 10 µM

A23187 caused a time-dependent

increase in N concentration in

the cell supernatant (Fig. 3.5).

The values were either

normalized for cell surface area

(area of 1 well equivalent to 9.6

cm2; circles) or for total cellular

protein (triangles).  The maxi-

mum N concentration was after

15 min, a plateau at a lower level

established after approximately

30 min.  The 30 min time point was used for further endpoint determinations.

For continuous headspace measurements of N, BAEC were grown in 75 cm2 culture flasks.

Nitric oxide release was measured

in the gaseous phase (headspace)

above cell monolayer and super-

natant.  As observed in 6-well

plates, there was no “basal” or

agonist-stimulated N release.

A23187 (5 µM) resulted in a rapid

rise of the N concentration

during the first 5 min of stimu-

lation, whereas a stable plateau

was established after approxi-

mately 20 to 30 min (Fig. 3.6).

L-NAME (100 µM) inhibited the

N production as seen in the

complete decrease of N in the

headspace in less than 10 min.
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Fig. 3.5  Time course of 	 concentration in the super-
natant of BAEC stimulated with A23187.

Confluent monolayers of BAEC (grown in 6-well plates) were incubated
with 10 µM A23187 in PBS(1).  Nitric oxide was determined in intervals
of 5 to 10 min as described in Fig. 3.2 and expressed as N concentration
[nM] or N concentration normalized for total protein [nM/mg protein].
The data shown are means ± S.E.M. for n = 4.
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Fig. 3.6  Time course of 	 release from BAEC into
the headspace after stimulation with A23187.

A confluent monolayer of BAEC (grown in a 25 cm2 cell culture flask)
was stimulated with A23187 in PBS(1).  Nitric oxide production was
inhibited by L-NAME at the end of the experiment.  Nitric oxide was
continuously determined in the headspace by N-CL (cf. 2.4.2) and
expressed as N-CL signal intensity in [mV].  The graph shows one
representative experiment.
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“Flow conditions”:  Ad-

dition of A23187 to the per-

fusion buffer caused a con-

tinuous and stable release

of N, independent on the

“basal” N level or

responsiveness to agonists.

As demonstrated for one

representative experiment

(Fig. 3.7), stimulation with

10 µM A23187 resulted in

the establishment of an

elevated plateau after 28.4 ± 1.8 min with an average N concentration of 42.5 ± 3.6 nM,

corresponding to a N production rate of 3.39 ± 0.23 pmol/min/106 cells (n = 17).

Agents which increase the cell membrane permeability for small molecules or ions (such as

the Ca2+ ionophore A23187) can promote cell death when used at higher concentrations over

extended periods of time.  The release of the cytosolic enzyme LDH into the extracellular space

is commonly used as marker of cell membrane damage, and by these means a sign of cell death.

Fig. 3.7  Time course of 	 release from perfused BAtEC
after stimulation with A23187.

N release from perfused BAtEC (grown on microcarrier beads) was
determined as described in Fig. 3.1.  Stimulation with A23187 caused a conti-
nuous increase in N release until a plateau was reached after 20 to 25 min.
The graph shows one representative experiment.
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Fig. 3.8  Simultaneous determination of the concentration-dependent effect of A23187 on
cell membrane damage and 	 release from perfused BAtEC.

N release from perfused BAtEC (grown on microcarrier beads) was determined as described in Fig. 3.1 and
expressed as N concentration in the superfusate in [nM].  Nitric oxide production [pmol/min/106 cells] was
calculated by normalization of the N concentration for perfusion flow rate and cell number.  Membrane damage
was detected by the release of the intracellular enzyme lactate dehydrogenase (LDH) into the superfusate (cf. 2.11)
and expressed as arbitrary units [a.u.].  Aliquots of the effluent (0.5 ml) were collected and stored at 4 °C until
determination of the LDH content.  The concentration of A23187 was increased stepwise in intervals of 45 min up to
30 µM.  The graph shows one representative experiment.
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Fig. 3.8 shows simultaneously the concentration of N and LDH in the superfusate of BAtEC.

The N release was monitored continuously.  During the collection of samples (0.5 ml) for the

determination of LDH, the flow of the superfusate to the N analyzer was interrupted.  No LDH

was detected in the cell superfusate under control conditions (perfusion up to 3 h and in the

absence of A23187).  Stepwise increase of the A23187 concentration from 0.1 to 30 µM caused a

dose-dependent increase in the N concentration.  Exposure of BAtEC to a concentration of

1 µM A23187 for at least 1 h did not result in significant LDH release.  Starting with a moderate

release of LDH after 30 min exposure to 3 µM A23187, a concentration of 10 µM caused a

considerable increase in the amount of LDH detected in the superfusate.

3.1.2. Detection of  release from NOS-transfected HEK293 cells

“Basal” and agonist-stimulated N release:  In general, the “basal” and agonist-stimulated

N release from NOS-transfected HEK293 cells was qualitatively similar to the response of

BAtEC.  Under non-flow conditions, N release was not found after incubation up to 60 min.

Similarly, agonists such as ATP, Bk and substance P did not cause a response at any concentra-

tion used.  Alternatively, when grown on microcarrier beads and exposed to flow, both nNOS-

and eNOS-transfected HEK293 cells released moderate to low levels of N into the superfusate

(not quantified).  Short term exposure (1 min) to 100 µM ATP and ADP but not to Bk (2 µM,

data not shown), stimulated a biphasic release of N, similar to the response observed in EC

(cf. Fig. 3.4 a).

A23187-stimulated N re-

lease:  A high level of N

production from eNOS-HEK

was achieved by stimulation

with A23187.  Experiments,

not described in detail, re-

vealed a concentration-depen-

dent response in a range of 1

to 50 µM over a period of

30 min.  An A23187 concen-

tration of 10 µM caused a

time-dependent increase in

the amount of N detected in

the cell supernatant (Fig. 3.9).

During the first 20 min of the

incubation period, the time

course was linear, reaching a

stable plateau after 30 min,
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Fig. 3.9  Time course of 	 concentration in the supernatant
of eNOS-transfected human embryonic kidney cells (eNOS-
HEK) stimulated with 10 µM A23187.

Confluent monolayers of eNOS-HEK (grown in 6-well plates) were incubated
with 10 µM A23187 in PBS(1).  Nitric oxide was determined in intervals as
described in Fig. 3.2 and expressed as N concentration [nM].  Linear regres-
sion was determined from the single data points presented in the graph.
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which was maintained for at least another 40 min (not shown).  Due to the high expression levels

of eNOS protein in these cells, the maximum N concentration reached submicromolar levels.

To support the high demand in substrate, L-arginine was added to the incubation buffer at a

concentration of up to 5 mM.  At this level, the N production was 4-fold higher than in the

absence of L-arginine.

3.1.3. Detection of  release from isolated NOS enzyme

The preliminary experiments on enzyme preparations were performed to confirm the substrate

and cofactor requirements of isolated NOS enzyme.  The concentration-dependent effect of

L-arginine on the release of N was determined for all three isoforms, whereas the dependency

on cofactors was only followed qualitatively and shown by means of representative graphs.  The

N concentration was measured in the headspace of the NOS enzyme suspension as described

by Boje and Fung [20] for endothelial homogenates, and used as an index of the enzymatic

activity of NOS.  In contrast to lysates prepared from native cells, all three isoforms of NOS used

here were obtained from NOS transfection systems (cf. 2.1.2).  The high concentrations of NOS

enzyme in the cell lysates reached by this approach enabled the continuous monitoring of N.

3.1.3.1. Requirement for cofactors

All isoforms of NOS lacked N production until NADPH, Ca2+/CaM (for eNOS and nNOS)

and L-arginine were added (in the presence of other supplements, such as BH4, FMN and FAD).

After addition of cofactors and substrate, the N concentration in the headspace increased

rapidly (< 2 min) to a maximum level (Fig. 3.10 a, b).  The plateau lasted several minutes until

a
100 µM NADPH 100 µM NADPH

· N
O

 [
a.

u.
]

· N
O

 [
a.

u.
]

· N
O

 [
a.

u.
]

b
N            air2

1.0 mM -NMMAL
c

Time [min] Time [min]

Fig. 3.10  Effect of NADPH and oxygen
on 	 release from isolated eNOS
enzyme.

The endothelial isoforms of NOS was isolated
from a HEK293 transfection system (cf. 2.1.2).
The enzyme preparations in assay buffer (cf.
2.2.1) were placed in a reaction vessel (37 °C, cf.
2.4.2).  Gas from the headspace was continuously
transferred to the N analyzer.  Nitric oxide
release from NOS was expressed as arbitrary units
[a.u.].  The graphs shown for eNOS are
representative for all three isoforms of NOS.  The
presence of NADPH (100 µM) was essential (a, b)
for the generation of N.  SOD (100 U/ml)
increased the detectable amount of N (b).  The
requirement for oxygen was shown by exposure of
the system to an anaerobic environment
(substitution of air by nitrogen, N2) and
concomitant reintroduction of air (c).  Nitric oxide
synthesis was inhibited by 1 mM NG-monomethyl-
L-arginine monoacetate (L-NMMA).
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the N concentration declined below the detection limit of the N-CL method.  Nitric oxide

production was restored by repeated addition of the redox equivalent NADPH (100 µM,

Fig. 3.10 a) but not by L-arginine (data not shown).  The N concentration in the headspace of

all isoforms was in general doubled by 100 U/ml SOD (Fig. 3.10 b).  Higher doses and repetitive

addition did not increase this effect significantly.  Supplementation with BH4 did not affect the

N production in the absence of SOD (for further information cf. 3.4.4).  No change in N

release was evident when the oxygen concentration was elevated from 21 % to 100 %.

Alternatively, the termination of N release was observed after change to 100 % N2, which

became completely restored after reintroduction of air (Fig. 3.10 c).  The N production was

inhibited by the L-arginine derivative L-NMMA (1 mM).

3.1.3.2. Dose-dependent response to L-arginine

A dose-response to the substrate L-arginine is presented for the three isoforms of NOS in

Fig. 3.11.  All isoforms showed a maximum N production at a L-arginine concentration of

≥ 100 µM.  The KM for L-arginine was determined to be approximately 3 µM for both nNOS and

iNOS and 1 µM for eNOS.
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Fig. 3.11  Dose-dependent effect L-arginine on 	 production by NOS isoforms.

Nitric oxide release from isolated NOS enzyme (all three isoforms) was determined as described in Fig. 3.10 and
expressed as relative N production after normalization for the highest N production at saturating concentrations
of L-arginine [% of maximum N production].  The Km for L-arginine was estimated from the x-coordinate of the
intersection between plot and a relative N production of 50 %.  The graph shows one representative experiment for
each isoform of NOS.
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3.2. Comparison of  and EDRF released from BAtEC

Despite the debate about the similar and different properties of N and EDRF there was

during recent years sufficient evidence accumulating to agree in their identity [55, 100, 175].

However, there is also a strong rationale for the existence of intermediates, such as nitrosothiols

[163, 197], which exert EDRF-like properties upon release of N.  A physico-chemical and

bioassay method were therefore simultaneously applied to the superfusate of BAtEC and standard

N solutions to compare the existence of N and EDRF under the specified in vitro conditions.

Fig. 3.12 shows a representative time course of N release from BAtEC (donor cells; lower

panel) and at the same time the relaxation of an aortic ring in response to the superfusate from

BAtEC (upper panel).  A mechanically precontracted segment of a rabbit aortic vessel (resting

force 2.0 g) was treated with the smooth muscle contractant phenylephrine (200 nM).  After

establishment of a stable contraction (at approximately 6.0 g), a defined portion (0.1 ml/min,

equivalent to 5 %) of the superfusate from non-stimulated BAtEC was directed to the ring (time

point arrow marked with S).  In this representative experiment, the immediate relaxation of

19.2 % corresponded to a N concentration of 12.3 nM.  Exposure to 1 nM Bk gave a transient

rise in N with a peak maximum of 37.8 nM.  At the same time the relaxation rose to 54.8 %.

Repeated stimulation with 10 nM Bk caused a N signal and a relaxation of 85.2 nM and

49.0 %, respectively.  The relaxation of the aortic ring in response to an increase in EDRF/N

was much longer lasting than the stimulus itself.  Substitution of L-arginine with 0.5 mM

L-NMMA in the perfusion buffer of the donor cells caused an abolishment of N release and

contraction of the aortic ring (data not shown).  The inhibition was partly reversed by resubstitu-

tion of L-NMMA with L-arginine.

The N concentration in the buffer superfusing the aortic ring was correlated to the relaxation

of the ring (Fig. 3.13).  With N standard solution (black dots with error bars), a positive linear

correlation existed between the logarithm of the N concentration and the corresponding

relaxation (slope 37.6, r2 = 0.7297).  A similar correlation (slope 32.5, r2 = 0.5153) was found for

N and EDRF detected in the superfusate from BAtEC (red dots).  The data points were

obtained from 9 independent experiments (using different donor animals for preparation of the

aortic rings and different cultures of BAtEC).  In respect to the N level, data pairs were taken at

certain time points representative for different conditions:  (i) directly after start of the

experiment, (ii) after establishment of a basal plateau in N release, (iii) at the peak N release

in response to Bk, (iv) at the sustained N release in response to Bk, and (v) at the sustained N

release in response to A23187.  All data were pooled since there was no significant difference

between the single groups.
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Fig. 3.13  Correlation between 	 and EDRF determined by 	 chemiluminescence and
aortic ring bioassay.

Data pairs from experiments performing the simultaneous detection of N and EDRF (cf. Fig. 3.12) were collected
and plotted.  The detector vessel of the bioassay (aortic ring, rabbit) was perfused with the superfusate of BAtEC
(flow-stimulated, agonist-stimulated, A23187-stimulated; single red dots, n = 9) or N standard solution (different
concentrations; black circles; data points represent means ± S.E.M. for n = 4).  The correlation between both
parameters is presented (superfusate from BAtEC, red line; N standard solution, black line).
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Interaction of  and 

3.3. Investigations on the use of nitronyl nitroxides for the detection
of 

Successfully applied for the detection of N from N liberating compounds, the reduction of

NN and IN to EPR-silent hydroxylamines in the presence of reductants poses a major problem in

biological systems.  Since the reaction of NN and IN with S has not been characterized in detail

thus far, the following study focus on the applicability of NN for the detection of N in systems

with potential generation of S.

 First, the EPR spectra of two different NN before and after reaction with N were charac-

terized.  Fig. 3.14 shows the EPR spectra of NN1 (a) and NN2 (c) in PBS and DMSO,

respectively, and of the corresponding IN1 (b) and IN2 (d) obtained after injection of N gas

into NN solution.  The hyperfine splitting parameters of the nitroxides were:  NN1, aN
(1) = aN

(3) =

0.805 mT; IN1, aN
(1) = 0.97 mT,

aN
(3) = 0.45 mT; NN2, aN

(1) = aN
(3)

= 0.72 mT; IN2, aN
(1) = 0.88 mT,

aN
(3) = 0.40 mT.  The spectra of

IN1 and IN2 were also observed

after addition of NN1 and NN2 to

0.5 mM of the N-liberating

compound S-nitroso-N-acetyl-

penicillamine (not shown).

In order to investigate the cell-

induced decay of NN1 and IN1,

the compounds were added to the

supernatant of non-stimulated

(resting) BAEC monolayers, and

the nitroxide radical decay over

time of incubation was studied by

EPR spectroscopy (Fig. 3.15).

The nitronyl and imino nitroxide

displayed sufficient stability.

Fig. 3.14  EPR spectra of nitronyl nitroxides with the
corresponding imino nitroxides.

EPR spectra were recorded from solutions of 10 µM NN1 (a), IN1
(b) in PBS and NN2 (c), IN2 (d) in DMSO.  IN were obtained by
injection of N gas into solution of NN.  For hyperfine splitting
parameters see text, for EPR settings see section 2.6.
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Monolayers of BAEC were used

for the investigation on the interaction

of cellular produced N with NN.

When NN1 was added to A23187-

stimulated BAEC, a strong inhibition

of the ozone-mediated N-CL was

observed (Fig. 3.16, left panel), which

was accompanied by a rapid decrease

of the nitroxide concentration without

any indication of the formation of

IN1 (Fig. 3.16, right panel).  In the

presence of SOD, the decay of the

nitroxide was inhibited by approxi-

mately 70 % of the control intensity.

For the characterization of the

nitroxide reduction by other biolo-

gically relevant reductants, the effect

of glutathione and ascorbate on the

EPR spectrum of NN1 was investigated (Fig. 3.17).  The addition of 1 mM glutathione resulted in

a slow decrease of the EPR signal intensity of 10 µM NN1.  In contrast, the addition of 400 µM

ascorbate to 10 µM NN1 led to a rapid and full decay of the nitroxide and the appearance of an

EPR signal with a splitting of 0.17 mT at g = 2.005, clearly indicating the formation of the

0 2 4 6 8 10 12 14 100 200 300
0

2

4

6

8

10

 NN1
 IN1

N
itr

ox
id

e 
co

nc
en

tr
at

io
n 

[µ
M

]

Time [min]

Fig. 3.15  Time-dependent decay of nitronyl and
imino nitroxide in the supernatant of resting BAEC.

In two independent experiments 10 µM of NN1 and IN1 were
added to a confluent, non-stimulated monolayer of BAEC.  Ali-
quots were taken from the supernatant for EPR spectroscopy.  The
decay in EPR signal intensity by time of exposure to the cells was
used for calculation of the concentration of NN1 and IN1.  For EPR
settings cf. 2.6.

a

b

c

Fig. 3.16  Effect of NN1 on the amount of 	 released from A23187-stimulated BAEC and
the corresponding EPR spectra.

Left panel:  Nitric oxide was continuously detected by N-CL in the headspace of a monolayer of BAEC stimulated
with 5 µM A23187 as described in Fig. 3.7.  At a stable level of N release, 10 µM of NN1 was added to the
supernatant.  Right panel:  EPR spectra of NN1:  (a), reference spectrum of 10 µM NN1 in PBS (w/o cells); (b)
obtained after addition of 10 µM NN1 to the cell monolayer (cell medium, PBS; incubation time, 1 min); (c),
conditions identical to middle spectrum (b) except for presence of 100 U/ml SOD.  For EPR settings cf. 2.6.
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ascorbyl radical [26].  The

addition of SOD did not

exert a discernible effect

(not shown).

The reduction of NN1 by

A23187-stimulated BAEC

prompted an investigation

into the interaction of

nitronyl nitroxides with S

in aqueous and aprotic

solutions (Fig. 3.18).  Using

XO/HX it was found that

the generation of S in the

presence of nitronyl nitro-

xides led to a rapid (SOD-

sensitive) diminution of the

EPR signal intensity (a-c).

Under these conditions

neither XO nor HX alone

exerted any effect on the

concentration of NN1.

Analogous results were ob-

tained by the addition of S

to NN2 dissolved in DMSO

(e, f), as well as by the

reaction of IN with S (data

not shown in detail).  The

formation of S was revealed by the application of DMPO in both the protic (d) and aprotic

solvent (g).  The hyperfine splitting constants of the DMPO adducts were:  aN = 1.17 mT,

aH
β = 1.43 mT, aH

γ = 0.13 mT (d) and aN = 1.05 mT, aH
β = 1.29 mT, aH

γ = 0.11 mT (g).

Using an equimolar mixture of NN1 and IN1, the higher reduction rate of imino nitroxide

compared to nitronyl nitroxide was shown (Fig. 3.19).  Relatively low amounts of XO/HX were

added to the mixture of both nitroxides (10 µM each).  After 1 min, an almost complete reduction

of the imino nitroxide was observed, whereas there was a minimum decrease in the concentration

of the nitronyl nitroxide (< 5 %).

Fig. 3.17  Effect of biological relevant reductants on the EPR
spectrum of NN1.

EPR spectra were recorded from 10 µM NN1 dissolved in PBS (a, reference
spectrum), in the presence of 1 mM glutathione (b, 10 min; c, 30 min), and
0.4 mM ascorbate (d, 1 min).  For EPR settings cf. 2.6.
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Fig. 3.18  Effect of superoxide on the EPR spectra of nitronyl nitroxides.

EPR spectra in PBS (a-d) and DMSO (e-g) were obtained from:  (a) 10 µM NN1, 0.1 U/ml XO; (b) 10 µM NN1,
0.1 U/ml XO, 50 µM HX; (c) 10 µM NN1, 0.1 U/ml XO, 50 µM HX, 100 U/ml SOD; (d) DMPO/·OOH, generation
by addition of 0.1 M DMPO to 0.1 U/ml XO, 50 µM HX; (e) 10 µM NN2; (f) 10 µM NN2, 1 mM KO2 solution; (g)
DMPO/·OOH, generated by addition of 0.1 M DMPO to 1 mM KO2 solution.  For EPR settings cf. 2.6.

Fig. 3.19  Effect of superoxide on the EPR spectra of the mixture of nitronyl nitroxide and
imino nitroxide.

EPR spectra were obtained from an equimolar (10 µM) mixture of NN1 and IN1 in PBS in the absence (a) and
presence of 20 mU/ml XO and 10 µM HX (b; incubation time, 1 min).  For EPR settings cf. 2.6.
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3.4. Interaction of  and  with emphasis on the increase of 
by SOD and nitroxides

3.4.1. Characterization of  release from SIN-1 by  chemiluminescence

The study of the interaction of N and S is complicated by the fact that both radicals are un-

stable and the rate constant of their reaction is exceptionally high.  Therefore, investigations were

performed on model systems prior to cell culture experiments to avoid sensitivity-related limita-

tions.  SIN-1, a compound which spontaneously decomposes in aqueous solution and releases

N and S (1 mM SIN-1 in PBS at pH 7.2 and 37 °C generates S and N at a rate of 7.0 and

3.7 µM/min, respectively; Ref. 96), meets the criteria and was used as the primary model.  The

effect of SOD was compared to 3 different SOD-mimetic nitroxides:  TEMPOL, CP and ECP.

Freshly prepared aqueous solution of 1 mM SIN-1 was placed in a reaction vessel (cf. 2.4.2,

Scheme 2.2 d) or a regular cell culture vessel.  Nitric oxide release into the headspace was

followed continuously by N-

CL.  After a moderate increase

in N release during the first

30 to 40 min, the N

concentration reached a steady-

state level (Fig. 3.20).  During

the plateau phase, SOD was

added to remove S produced by

SIN-1 (Fig. 3.20, trace a).  The

detectable amount of N in-

creased rapidly by a factor of

16.7 (Table 3.1).  A similar but

less prominent effect was ob-

served when the nitroxides were

added under the same condi-

tions (Fig. 3.20, traces b-d).

3.4.2. Characterization of free radicals released from SIN-1

For the characterization of free radicals produced during the decomposition of SIN-1, the spin

trap DMPO was applied.  It has to be considered that although the DMPO adducts of S and H

are different in the hyperfine splitting of their EPR spectra, the DMPO-superoxide radical adduct

(DMPO/·OOH) is relatively unstable (t1/2 = 27 s and 91 s at pH 9 and 5, respectively, Ref. 27) and

converts spontaneously to the DMPO-hydroxyl radical adduct (DMPO/H).
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Fig. 3.20  Effect of SOD and nitroxides on 	-chemilumi-
nescence signal detected in the headspace of SIN-1.

An aqueous solution of 1 mM SIN-1 was continuously monitored for
release of N into the headspace by N-CL (for details cf. 2.4.2).  The
amount of N was expressed as N-CL signal intensity in [mV].  After an
equilibration period of 40 min, 100 U/ml SOD (a), 10 µM TEMPOL (b),
10 µM CP (c), or 10 µM ECP (d) were added.  Graph shows one
representative experiment for SOD and each nitroxide.
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Addition of 1 mM SIN-1 to a 0.1 M DMPO solution resulted in the appearance of a spin

adduct spectrum with aN = aH
β = 1.49 mT (Fig. 3.21 a), indicating the formation of DMPO/H

[26].  In the presence of either 100 U/ml SOD or 10 µM TEMPOL (giving a strong triplet signal

superimposition), a significant increase of the spin adduct signal intensity was found (Fig. 3.21 b,

c).  When catalase (0.5 mg/ml) was added to the reaction mixture, formation of DMPO spin

adducts was prevented both in the presence of SOD (Fig. 3.21 d) and nitroxide (spectra not

shown).  Aliquots of the SIN-1 solution with DMPO (250 µl) were taken every 4 min and imme-

diately transferred to the EPR spectrometer.  The corresponding EPR signal of the DMPO/H

adduct (Fig. 3.21 a) was integrated and the obtained integration values (expressed as [a.u.]) were

plotted vs. incubation time (Fig. 3.21 e) to characterize accumulation of the DMPO /H adduct.

3.4.3. Interaction of  and  in a system of isolated NOS enzyme

As indicated earlier (cf. 3.1.3.1), N release from isolated NOS enzyme (all isoforms)

measured by N-CL analysis of the headspace was at least doubled by 100 U/ml SOD

(Fig. 3.11 b).  Higher doses and repetitive supplementation did not increase this effect

significantly.  Supplementation with the cofactor BH4 (4 µM) did not affect the N production in

the absence, but significantly increased N release (approximately 30 %) in the presence of SOD
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Fig. 3.21  EPR spin trapping for the detection of free radicals released from SIN-1.

EPR spectra (a-d) were obtained by trapping of free radicals in aqueous solution containing 0.1 M DMPO, 1 mM
SIN-1 alone (a, e) and in combination with 100 U/ml SOD (b), 10 µM TEMPOL (c), or 250 U/ml SOD and
0.5 mg/ml catalase (d).  The spin adduct formed was identified as DMPO/·OH.  The accumulation of the DMPO/·OH
adduct in solution was followed up to 30 min (e) by integration of the DMPO/·OH EPR spectrum (a), recorded every
4 min and expressed as arbitrary units [a.u.].  For experimental details cf. 2.6.
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(Fig. 3.22), similarly to observations by Mayer et al. on purified nNOS [149].  The relative

increase of N by SOD was higher in the presence compared to the absence of BH4.

3.4.4. Interaction of  and  in a culture system of endothelial cells

Experiments were carried out to characterize the effect of SOD and nitroxides on bioavailable

N released from cultured EC.  The time course of N release from BAEC into the headspace is

displayed in Fig. 3.23.

SOD (100 U/ml) was

added to the supernatant

after establishment of a

stable N release induced

by stimulation with 5 µM

A23187.  In this represen-

tative experiment, the de-

tectable amount of N in-

creased by approximately

40 %.  Treatment with

L-NAME (100 µM) at the

end of the experiment abo-

lished the N signal in

about 5 min.  Similar expe-

Fig. 3.22  Effect of tetrahydrobiopterin and superoxide dismutase on 	 release from
isolated 	 synthase.

Experiments were performed on all three isoforms of NOS as described in Fig. 3.10.  Supplementation of the NOS
enzyme system with BH4 increased N release in the presence (b), but not absence (a) of SOD.  The increase of
detectable N in the headspace was higher in experiments with previous exposure to 4 µM BH4 (a) compared to
BH4-free systems (b).  The graphs show representative experiments.
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Fig. 3.23  Effect of superoxide dismutase on headspace 	
released from A23187-stimulated BAEC.

N release from a confluent monolayer of BAEC was detected in the headspace
by N-CL after stimulation with A23187 and expressed as N-CL signal
intensity in [mV] (for details cf. 2.4.2 and Fig. 3.7).  After establishment of a
stable N release, SOD was added.  At the end of the experiment NOS was
inhibited by L-NAME.  The graph shows one representative experiment.
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riments were conducted on perfused BAtEC grown on microcarrier beads (cf. Scheme 2.2).

However, the supplementation of the perfusion buffer with SOD did not increase the concentra-

tion of detectable free N in the effluent significantly (data not shown).

In a similar experiment, S was

provided by addition of an S gener-

ating system (XO/HX) to the cell

supernatant.  The enzyme XO

(0.1 U/ml) alone, without substrate

added, caused a rapid and almost

complete reduction of the N con-

centration in the headspace

(Fig. 3.24).  SOD (100 U/ml) partly

restored the N signal.  The supple-

mentation with HX (10 µM) as a

substrate of XO resulted in an

additional decrease of the N

concentration.

The qualitative characterization

of the SOD effect on N was

followed by the determination of the SOD dose-response relationship on BAtEC as shown in

Fig. 3.25.  Cells in 6-well plates were incubated for 30 min with 0.1, 1.0 and 10 µM A23187.

SOD was coincubated at the same time at different concentrations (0 to 30 U/ml).  The lowest

effective concentration of SOD (increasing N significantly compared to control cells not treated

with SOD) was 3.0 U/ml for a concentration of 0.1 and 10 µM A23187.  The highest effect was

observed with 10 and 30 U/ml SOD.  Higher concentrations of SOD (up to 300 U/ml) did not in-

crease the protective effect of 30 U/ml SOD (data not shown).

Fig. 3.24  Effect of xanthine oxidase/hypoxanthine
and superoxide dismutase on headspace 	 released
from A23187-stimulated BAEC.

Detection of N release from BAEC stimulated with A23187 was
performed as described in Fig. 3.6.  XO rapidly decreased the
detectable amount of N.  SOD partially reversed the effect of XO.
Supplementation with HX superimposed the preventive effect of
SOD.  The graph shows one representative experiment.
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Fig. 3.25  Dose-dependent effect
of superoxide dismutase on 	
released from A23187-stimulated
BAtEC.

Confluent monolayers of BAtEC (grown
in 6-well plates) were incubated for
30 min with different concentration of
A23187 in HEPES-PSS in the absence and
presence of varying concentration of SOD.
The N concentration was determined as
described in Fig. 3.2.  Significant, SOD-
mediated increase of the N concen-
tration compared to control (cells w/o
SOD) is indicated by (*).  The data shown
are means ± S.E.M.  for n = 5.
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Addition of TEMPOL to

the supernatant of EC re-

sulted in an effect similar to

SOD (cf. Fig. 3.20).

Fig. 3.26 shows the dose-

dependent effect of nitroxides

on N released from

BAtEC.  Starting at con-

centrations of 10 µM for

TEMPOL and 1 µM for ECP

and CP, the nitroxides

significantly increased the

detectable N concentration

in the supernatant.  The

maximum effects of SOD

and nitroxides on N release

from both SIN-1 and EC are

summarized in Table 3.1.
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Fig. 3.26  Dose-dependent effect of nitroxides on 	 released
from A23187-stimulated BAtEC.

Cells were grown in 6-well plates and stimulated for 30 min with 10 µM
A23187 in the absence (C, n = 15) and presence of 30 U/ml SOD (S, n = 15)
and varying concentrations of TEMPOL (n = 6), ECP (n = 4), and CP (n = 5).
Nitric oxide concentration was measured in the supernatant as described in
Fig. 3.2.  Each point represents mean ± S.E.M.; *, significant difference
compared with untreated cells (C), p < 0.01).

            Compound SIN-1a BAtECb

Superoxide dismutase (SOD) 16.7 2.7

4-hydroxy-2,2,6,6-tetramethyl-

piperidine-N-oxyl (TEMPOL)

6.2 1.6

3-Carboxy-proxyl (CP) 4.5 1.5

3-Ethoxycarbonyl-proxyl (ECP) 3.7 1.4

Table 3.1  Increase of detectable 	 released from SIN-1 and from BAtEC by superoxide
dismutase and nitroxides.
a The values for SIN-1 represent the -fold increase of detectable N in the headspace 15 min after addition of SOD
(100 U/ml) or nitroxides (10 µM).  b The values for BAtEC are the -fold increase of detectable N (measured in the
supernatant) by SOD or nitroxides (100 µM) after 30 min of coincubation with 10 µM A23187.
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Regulation of endothelial  release

3.5. Regulation of endothelial  release by [K+]o, Na+-K+ ATPase
activity and pH

The resting membrane potential (Em) is known to be the major driving force for Ca2+ influx

into EC.  It was therefore assumed that endothelial N production can be modulated by the Em

(since eNOS activity is dependent on Ca2+.  The Em of EC is mainly determined by the

transmembrane distribution of K+, evoked by the activity of inwardly rectifying K+ channels.  An

additional contribution is due to the activity of the electrogenic Na+-K+ ATPase.  Changes in Em

can therefore be achieved by changing the [K+]o, modulation of the activity of the K+ channels,

and stimulation or inhibition of the Na+-K+ pump.

3.5.1. Effect of K+-mediated membrane depolarization on  release from
BAtEC

Depolarization of EC reduces the driving force for Ca2+ entry and it was presumed that the

N production would follow a similar pattern.  To prove this hypothesis, BAtEC grown on

microcarrier beads were used in the perfusion assay and stimulated with 30 µM ATP.  After

reaching a stable plateau in N release (equilibration period), the effect of membrane

depolarization was investigated by exposure to increasing concentrations of [K+]o in intervals of

10 min (Fig. 3.27).  The corresponding changes in Em have been described and calculated earlier

for the same cell culture system used under similar conditions [133].  The N concentration for

the respective [K+]o was determined after a new equilibrium in N release established (10 min

after the K+ concentration in the perfusate was changed).  Stepwise elevation of [K+]o from 5 to

140 nM decreased the amount of N detected in the superfusate.  Elevation of [K+]o from 5 to

10 mM (Fig. 3.27 a) resulted in transient increase in N release.  The corresponding dependency

of the N release (expressed as % of the maximum N release detected at [K+]o = 5 mM) on the

[K+]o is presented in Fig. 3.27 b.  At [K+]o = 140 mM, Em was assumed to be zero (based on the

Nernst equation; cf. Scheme 1.3).  The N release at K+ equilibrium was only 10 % of the

release measured in the presence of physiological K+ (140 mM).  The stepwise change from

[K+]o = 140 mM back to 5 mM caused a large increase in N release, which returned to the

pretreatment level after approximately 5 min (Fig. 3.27 a).
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Fig. 3.27

Fig. 3.27 Effect of extracellular K+ concentration on ATP-stimulated ·NO release from BAtEC

BAtEC were stimulated with 30 µM ATP and exposed to elevated [K+]o after a stable plateau in ·NO release was reached (a).  The lower panel (b) shows the
decreasing ·NO release in dependence on [K+]o.  The data shown are means ± S.E.M. (n = 4).
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3.5.2. Effect of inhibition of the Na+-K+ ATPase on  release from BAtEC

Due to the electrogenic

properties of the Na+-K+ ATPase

and its contribution to the negative

Em (approximately -10 mV) [48,

133], the inhibition can lead to

membrane depolarization in EC.

Continuously perfused BAtEC

with a flow-mediated N release

of more than 10 nM showed tran-

sient N oscillations directly after

the inhibition of the Na+-K+ pump

either by the specific inhibitor

ouabain (100 µM, Fig. 3.28 b) or

by removal of [K+]o (Fig. 3.28 a).

The number of oscillations and the

amplitude varied, whereas the

cycle time was always in a range

of 60 to 80 s.  These data are in

full agreement with the oscillations of intracellular Ca2+ described by Laskey et al. for the same

type of BAtEC after inhibition of the Na+-K+ ATPase [133].

3.5.3. Effect of K+-mediated membrane hyperpolarization on  release
from BAtEC

In line with the results from the experiments investigating the effect of membrane depolariza-

tion on N release from EC (cf. 3.5.1), the opposite change in Em, namely membrane

hyperpolarization was expected to increase the driving force for Ca2+ entry and therefore N

production.  In this setting, EC were not stimulated by a Ca2+ agonist to keep the initial Em low.

The decrease of the [K+]o below a concentration of 5 mM would theoretically increase the Em.

However, the Em is at low [K+]o not predominantly set by the K+ distribution, the contribution of

several other determinants to the Em is gaining importance [48, 133].  First, the stronger

contribution of both Na+ and Cl- ions to the Em requires the application of the Goldman equation

for the calculation of the Em instead of the simplified derivative, the Nernst equation

(cf. Scheme 1.3).  Second, the activity of the Na+-K+ pump, contributing to the negative Em, is

dependent on the presence of extracellular K+.  In order to avoid these complications, membrane

hyperpolarization was not achieved by lowering the [K+]o but by stimulation of the Na+-K+ pump.

BAtEC were therefore exposed to K+-free buffer for the reversible inhibition of the pump.

Fig. 3.28  Effect of Na+-K+ pump inhibition on “basal”
	 release from BAtEC

At a stable level of N release from continuously perfused BAtEC, the
Na+-K+ pump was inhibited either by removal of K+ from the perfusion
buffer (a) or by addition of 100 µM ouabain (b).  In both cases the
transient oscillations were initiated directly after the inhibition.
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Repeated addition of increasing amounts of [K+]o for periods of 5 min was used to stimulate the

pump and transiently increase Em.  Fig. 3.29 shows the time course of a representative experiment

(a) and the dose-dependent effect of K+ on the N release (b).  Reintroduction of K+ caused a

fast and transient stimulation of the N production followed by a steady level of elevated N

release.  The effect was prevented by pre-incubation with 100 µM ouabain (data not shown),

proving that the results were due to stimulation of the Na+-K+ ATPase.  Subsequent removal of

K+ decreased N release immediately to the pre-stimulation level.  The peak concentration of

N was taken as a value for the Na+-K+ ATPase-mediated stimulation of N.  The effect of

pump stimulation on N release as a function of the [K+]o (Fig. 3.29 b) showed a maximum

effect between a [K+]o of 5 and 20 mM.

3.5.4. Effect of extracellular pH on  release from BAtEC

The optimal activity of isolated NOS enzyme is in a narrow pH range with a maximum around

pH 7.5 [61].  Temporary changes in the cellular pH are part of physiological stimulation

(cf. 3.1.1.3).  Pathological states are often characterized by severe, permanent changes in pH of

cells or whole tissues [95, 134].  The effect of changes in extracellular pH on N release from

intact EC was tested, since such investigations have not been carried out so far.

Both BAtEC and HEK293 cells transfected with eNOS were grown on microcarrier beads, and

perfused with HEPES-PSS (pH 7.4).  Nitric oxide release into the superfusate was continuously

monitored by N-CL.  Stimulation

with 30 µM ATP was performed to

increase the N release to a stable

level.  After reaching the plateau, the

cells were exposed to HEPES-PSS

(containing 30 µM ATP) with a pH

ranging from 6.0 to 8.8.  When the pH

was dropped from 7.4 to 6.0, the N

release was rapidly abolished.

Thereafter, the pH in the perfusion

buffer was incrementally increased in

time steps of 10 min.  At a pH higher

than 6.5 the amount of N in the

superfusate increased above the

detection limit of the N-CL method

and further increased with raising pH

until a maximum at pH 8.0 (Fig. 3.30).
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Fig. 3.30  Effect of extracellular pH on 	 release
from BAtEC and eNOS-transfected HEK293 cells.

BAtEC and eNOS-transfected HEK293 cells were exposed in the
perfusion assay to buffer of increasing pH.  The N concentration
was detected continuously in the superfusate and expressed as
N-CL signal intensity [mm signal height].  The data points
shown represent single values.  When more than 1 data point was
available, the single values at one pH were averaged.
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than 8.0 caused a rapid decline of the N release from BAtEC with no detection of N above

pH ≥ 8.4.

Effect of pH on the half-life of N in solution:  Previously it was suggested that the stability

of EDRF might be dependent on the pH [161].  To determine whether the pH-dependent effect on

N release from intact EC might have been caused by a change in N stability rather than by a

direct change in eNOS activity, the half-life of N was determined in aqueous buffer solution.

At different pH (5.0, 7.0 and 9.0), 20 µl of saturated aqueous N solution was injected at time 0

into an open beaker filled with 200 ml of 50 mM phosphate-buffered solution, adjusted to the

desired pH (final N concentration was approximately 200 nM).  Before and during the

experiment, the solution was in equilibrium with air (21 % oxygen).  Aliquots were taken at

various time points and the N concentration was determined.  The time course of the N

concentration (expressed as % of the maximum concentration, which was determined 3 min after

injection of the N stock solution) is shown in Fig. 3.31.  The parameters for a exponential

decay first order were extrapolated (Origin, Microcal, Northampton, MA).  The half-life of N

(calculated from these curves by first order exponential kinetics) was 46.5, 41.5, and 36.2 min at

pH 5.0, 7.0, and 9.0, respectively.
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Fig. 3.31  Effect of pH on 	 stability in an aqueous buffer system

A saturated N solution (1.98 mM; 20 µl) was injected into an open beaker filled with 200 ml of aerated 50 mM
phosphate buffer adjusted to a pH of 5.0, 7.0, and 9.0.  The half-life of N was calculated by extrapolation using
first order exponential kinetic analysis (inset).
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3.6. Regulation of endothelial nitric oxide synthase and  release
during cell proliferation

Nitric oxide exerts, like other free radicals, cell growth modulatory properties.  Important for

the development of new blood vessels, the knowledge on the effect of EC growth/proliferation on

endogenous produced authentic N and on the expression of eNOS is still very limited.  A study

was therefore designed to address these questions systematically and the results are described in

the following section.  Whereas most of the experiments were conducted at a model of

synchronously proliferating BAtEC (constant seeding density, variable culture time), N

production was also determined in a model of BAtEC seeded at variable density and studied after

the same culture duration (asynchronously proliferation model).  Using these models, release of

authentic N was determined by N-CL and compared to the expression level of eNOS as

measured by ELISA.

3.6.1. Cell growth characterization by cell number and protein content

In preparation of the proliferation studies described in the following sections, growth of

BAtEC was characterized by total cellular protein and cell number (Fig. 3.32).  Cells were seeded

at day 0 (D0) at a density of 1.75 × 104 cells/cm2 in 6-well plates (a) or 96-well plates (b),

corresponding to a 1:8 splitting ratio of a confluent monolayer.  At each of the following 8 days

cell protein and number (only for 6-well plates) were determined by protein assay and nuclei
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Fig. 3.32  Effect of culture duration on cell number and total protein of BAtEC.

Cells were seeded at a density of 1.75 × 104 cells/cm2 at day 0 (ratio of 1:8) in 6-well plates (left panel) and 96-well
plates (right panel).  Insets:  Half-logarithmic (lg2) plot of cell number and protein between day 1 (D1) and day 3
(D3) for the determination of the cell doubling time.  The data (expressed as 103 cells/dish and µg protein/dish)
shown are means ± S.E.M. for left panel:  n = 5 at D1 to D4, n = 3 at D5 and n = 2 at D6 to D8, and right panel:
n = 4.
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counts, respectively.  Cell number was lower after the first 24 h past seeding (not shown),

probably due to dead and not attaching cells.  Both parameters increased between D1 and D5.

The doubling time (t2x) was calculated from the half-logarithmic plot of lg2(protein) and lg2(cell

number) against the time in culture (insets in Fig. 3.32).  Between D1 and D3 there was a linear

correlation between the lg2 of cell protein and cell number with time in 6-well plates (correlation

coefficient r2 = 0.99992 and 0.99996), respectively.  The doubling time was calculated from the

slope of the linear regression curve as t2x = 18.0 h for cell protein and 16.6 h for cell number.  A

similar correlation was found for

cell protein in 96-well plates (r2 =

0.9999), but with a lower slope (t2x

= 28.1 h).  Cell growth was slowed

down under both conditions after

D3 and stopped at D5.  The simul-

taneous plot of total cellular protein

and cell number vs. time of culture

in one figure Fig. 3.33) already

suggested a strong correlation

between these two parameters.

Fig. 3.33 displays the plot of pro-

tein vs. cell number.  Using a quad-

ratic fit (Origin 4.10, Microcal

Software, Northampton, MA), a

equation with a strong linear and

weak quadratic component was

calculated (see inset).

3.6.2. Morphological characterization of the cell monolayer

Cell growth of BAtEC was followed by phase-contrast microscopy.  As described earlier, cells

were seeded 1.75 × 104 cells/cm2 in 6-well plates (1:8).  At the following 6 days after seeding

images were taken from the cell surface of randomly chosen wells (Fig. 3.34) by a digital

imaging system consistent of a phase-contrast microscope (Nikon Diaphot, Nikon, Japan) using a

objective Ph1, Plan 10/0.30 DL (Nikon), a RGB camera HRP 0.6x and the computer based

imaging system “Simple” (C•Imaging Systems, Cranberry Twp, PA).

By visual examination of the images, cell population at D1 consisted of clusters and single

dispersed cells.  The empty spaces between cell patches were significantly reduced at D2.  At D3

intercellular contact had developed which was further increased at the following days.  Although

the monolayer appeared to be confluent at D4, it became more compact until D6.
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Fig. 3.33  Correlation between total cellular protein
and cell number.

Data pairs of cell number and protein were obtained from cell
cultures grown under same conditions after 1 to 6 days past seeding
and plotted in one graph.  Quadratic curve fitting was performed
(see inset; p, protein; n, cell number).
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Fig. 3.34  Effect of culture duration on cell morphology of BAtEC.

Images of BAtEC were taken at D1 to D6 after seeding by a digital imaging system. D1: Spare distribution of cells,
some attachments. D2: Decresed free space between cells. D3: Absence of significant space between cells. D4 to
D6: Confluence of monolayers, increasing compactness.
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3.6.3. Proliferation state

The proliferation state of BAtEC was assessed by determination of the cellular DNA content

by FACS analysis.  Cell nuclei were separated depending on the signal intensity resulting form

the DNA-binding fluorescent dye propidium iodide.  The amount of cellular DNA in non-

proliferating cells (cells in G1-phase) is generally constant and designated by a DNA index (DI)

of 1.0 [185].  The DNA content increases in proliferating cells during the S-phase (DI > 1.0) until

the DNA content is doubled (DI = 2.0) and cells go into mitosis (G2/M).  The percentage of the

cell population in G1-

phase and S-phase was

determined during the

growth / proliferation

period (D1 to D5) as

shown in Fig. 3.35.  At

D1, 41.7 % of the cells

were in S-phase.  Dur-

ing the following days

this ratio decreased pro-

gressively to 3.5 % at

D5.  The percentage of

cells in growth arrest

(G1-phase) increased

from 48.4 % to 82.7 %

during the same period

of time.

3.6.4. , nitrite and  production

The study of the N production from BAtEC at different stages of proliferation and the

interaction of N and S was investigated in two cell culture models:  (a) cells seeded at the

same density (1:8) and investigated after different periods of time (1 to 6 days; synchronously

proliferating model; Fig. 3.36 to Fig. 3.38) and (b) cells seeded at different densities (1:40 to 1:1)

and investigated after 3 days of culture (asynchronously proliferating model; Fig. 3.39).  In both

cases N was determined in the supernatant of the cells after stimulation with 10 µM A23187

for 30 min, whereas in the synchronously proliferating model nitrite levels were assayed in

addition.  The stimulation was performed in the presence and absence of 100 U/ml SOD.
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Fig. 3.35  Effect of culture duration on cell cycle of BAtEC.

Cell cycle was characterized by the relative cellular DNA content determined by
propidium iodide staining and FACS analysis.  BAtEC with a relative DNA
content equal to a single set of DNA were in G1-phase, cells with a relative DNA
content larger than a single but smaller than a doubled set were in S-phase.  Data
are shown as percent of the cell population in G1- and S-phase (n = 1 for D1, n = 2
for D2 to D5).
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3.6.4.1. 	, nitrite, and � production from synchronously proliferating BAtEC

Effect of culture duration

on N production:  N

release from BAtEC was

measured after 30 min incu-

bation with 10 µM A23187.

Fig. 3.36 shows the N

concentration in the super-

natant in the absence and

presence of 100 U/ml SOD.

For both groups the N

concentration was increasing

till D3 and not changing

significantly between D3 and

D6.  It has to be considered

that there was only a small

but not significant decrease in

protein between D5 and D6.

Except for D6, SOD elevated

the N concentration sig-

nificantly (p < 0.05).  The

highest N concentration

was 13.9 ± 1.1 nM and 24.2 ±
2.8 nM measured at D4 and D5 in the absence and presence of SOD, respectively.

Nitric oxide release from BAtEC was further expressed as N production rate¥ after normali-

zation for total cellular protein and incubation time (Fig. 3.37 A).  For each of the independent

experiments, values of 6 to 8 parallel measurements were averaged.  Whereas no N release

from BAtEC was detected in the absence of SOD at D1, it increased up to a maximum of 2.15 ±
0.24 pmol/min/mg protein at D4.  Between D3 and D6 there was no further significant change in

the N production rate.  When exposed to 100 U/ml SOD, the N production did not change

significantly (p < 0.05) throughout the time course.  The production rate ranged from 2.96 ± 0.28

(D2) to 3.37 ± 0.46 (D3) pmol/min/mg protein.

                                                
¥ The N production rate used herein is based on the steady-state concentration of N in the cell supernatant after
30 min incubation. Because of the relative instability of N in comparison to N oxidation products, such as 2, it
defines the cellular N generation diminished by the amount of N removed from the system by diffusion and
consumption (oxidation, complex formation, etc.).

1 2 3 4 5 6

0

5

10

15

20

25

30
*

*
*

*

*

 100 U/ml SOD
 no SOD

·N
O

 in
 s

up
er

na
ta

nt
 [n

M
]

Days in culture

Fig. 3.36  Effect of culture duration on 	 concentration in
the supernatant of A23187-stimulated BAtEC in the
presence and absence of SOD.

Nitric oxide was determined in the supernatant of BAtEC (at D1 to D6 after
seeding) by N-CL after 30 min stimulation with 10 µM A23187 in PBS at
37 °C.  Significant difference (p < 0.05) between the SOD (100 U/ml) treated
and untreated group is indicated by (*).  The data are expressed as N

concentration in the supernatant [nM] and shown as means ± S.E.M. for
n = 5 at D1 to D4, n = 4 at D5 and n = 3 at D6.  Six to 8 repetitive measure-
ments were averaged for each independent experiment.
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Estimation of S production by SOD-mediated increase in N:  Addition of 100 U/ml SOD

increased the N concentration in the supernatant of A23187-stimulated BAtEC at all time

points (Fig. 3.37), a higher SOD concentration did not cause further elevation (cf. 3.4.4).  The

difference between the N production rates in the presence and absence of SOD (∆N) was

significant (p < 0.05, paired t-Test), except for D6.  This difference was determined for pairs of

the SOD-treated and non-treated group of independent experiments; the means of these

differences are shown in Fig. 3.37 B.  The graph indicates that the augmentation of detectable

N by SOD is highest at D1 and decreases progressively till D4.  The value at D1 is significant

different to the value at D2 to D6, D2 significant different to D3 and D4 (p < 0.05).

The cytochrome c assay was tried for the detection of S to confirm the observation made by

N-CL (cf. appendix A).  However, the amount of S generated by BAtEC is below the detection

limit of this assay and does not allow its application.

Nitrite production:  Nitrite, the major accumulation product of N in vitro [102], was

measured by N-CL in samples obtained from synchronously proliferating BAtEC after

exposure to a chemical reducing environment (acidic potassium iodide).  Samples from the

supernatant were shock frozen in liquid nitrogen immediately after collection and stored at

-80 °C.  The freezing procedure prevented further oxidation of N during the storage and

ensured removal of dissolved N from solution.  Fig. 3.38 shows the non-stimulated (“basal”)
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Fig. 3.37  Effect of culture dura-
tion on 	 production rate of
A23187-stimulated BAtEC in the
presence and absence of SOD.

A:  The N concentration in the supernatant
of BAtEC (Fig. 3.36) was normalized for
total cellular protein and incubation time (30
min) and expressed as N production rate
[pmol/min/mg protein].  Nitric oxide pro-
duction rate in the absence of SOD (100
U/ml) was significantly (*) lower at D1 and
D2, compared to the peak rate observed at
D4.  SOD significantly (**) augmented the
N production rate at D1 to D5.  B:  The S
production by BAtEC was estimated by the
difference of the N production rate (∆N)
in the presence and absence of SOD.  The
production rate at D1 was significantly
different to D2 to D5 (§).  The ∆N pro-
duction rate at D2 was significantly higher
then observed at D3 and D4 (#).  The data
shown in both graphs are means ± S.E.M.
for n = 5 at D1 to D4, n = 4 at D5 and n = 3
at D6.  Six to 8 parallel measurements were
averaged for each independent experiment.
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and A23187-stimulated 2 produc-

tion rate of BAtEC from D1 to D6

for one representative experiment.

The amount of 2 produced was

determined after 30 min incubation.

Addition of SOD (100 U/ml) did not

change the amount of 2 at any of

the time points investigated (data not

shown).  At D1 and D2, the A23187-

stimulated 2 production was sig-

nificantly greater (p < 0.05) com-

pared to D3, namely 3.4- and 2-fold,

respectively.  After D3 there was no

further change in the 2 production

rate.  A similar observation was

made for the non-stimulated 2

accumulation.

3.6.4.2. 	 production from asynchronously proliferating BAtEC

In the second model, a model of asynchronously proliferating BAtEC, cells were seeded at

various densities and cultured for 3 days.  At the end of the culture period, cells covered the

complete range of confluent states depending on the initial seeding density (images not shown).

The preconfluent state was observed on cells seeded at a density of 1:40 and 1:20, early confluent

state at 1:10 and 1:8, confluent to postconfluent state with increasing density of the cells in the

monolayer at 1:6 to 1:1.  In the absence of SOD there was a significant increase in N

production from preconfluent (1:40) to confluent cells (1:6 to 1:4).  SOD (100 U/ml) increased

the detectable amount of N under all conditions significantly (except for the seeding density of

1:10).  The S production was estimated from the difference of the detectable N in the presence

and absence of SOD (cf. 3.6.6 B).  This difference was significant higher in preconfluent (1:40

and 1:20) compared to confluent BAtEC (1:10 to 1:4), but not significant different to postcon-

fluent BAtEC (1:3 to 1:1).
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Fig. 3.38  Effect of culture duration on � production
rate of non-stimulated and A23187-stimulated BAtEC.

Nitrite was measured in the supernatant of BAtEC (at D1 to D6 after
seeding) after 30 min incubation in PBS at 37 °C in the presence and
absence of 10 µM A23187.  Prior to the application of N-CL,
samples were exposed to a reducing environment for the conversion
of 2 to N (cf. 2.4.1).  The 2 concentration was normalized for
cellular protein and incubation time (30 min) and expressed as 2

production rate (pmol/min/mg protein).  The data are shown as means
± S.E.M. of 6 to 8 repetitive measurements of one representative
experiment.
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3.6.5. Expression of eNOS

The cellular amount of eNOS protein was quantified in cells from the synchronously prolife-

rating model by an eNOS specific ELISA (Fig. 3.40) and confirmed by Western blot analysis

(Fig. 3.41).  Cell lysates from 4 sets of experiments were adjusted to the same amount of total

protein (10 µg/ml) prior to ELISA analysis.  The cellular content of eNOS increased between D1

and D4 approximately 4-fold (linear correlation coefficient of 0.9903) and declined afterwards

(Fig. 3.40).
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Fig. 3.39  Effect of seeding density on 	 production rate of A23187-stimulated BAtEC in
the presence and absence of SOD.

A:  Nitric oxide production rate in [pmol/min/mg protein] in the absence and presence of SOD was determined (as
described in Fig. 3.37 A) from BAtEC seeded at densities of 1:40 to 1:1 and cultured for 3 days.  SOD augmented
N production significantly at all seeding densities, except for a density of 1:10.  Nitric oxide production was not
significantly changed in the presence of SOD (100 U/ml), except between cells seeded at 1:8 vs. 1:40 (§).  B:  The
S production (∆N) was estimated as described in Fig. 3.37 B.  The ∆N production rate from cells seeded at the
lowest density (1:40) was significantly higher compared to cells seeded at a density of 1:4 to 1:10 (*).  The data
shown in both graphs are means ± S.E.M. for n = 3.  Three parallel measurements were averaged for each
independent experiment.
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Fig. 3.40  Effect of culture duration on
eNOS protein content in BAtEC as
determined by ELISA.

BAtEC (at D1 to D8 after seeding) were lysed by
0.5 % NP40 and frozen at -80 °C.  All samples
were diluted to a concentration of 10 µg/ml total
protein prior to analysis for eNOS protein by
ELISA [2].  The samples from the cell lysates
were compared to an internal standard and nor-
malized for total cellular protein [ng eNOS/ml
protein].  Significant difference (p < 0.05) to the
eNOS expression at D1 is indicated by (*).  The
data shown are means ± S.E.M. for n = 4.
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Western blot analysis confirmed the results obtained by ELISA.  A representative blot with

samples taken between D2 to D8 from one set of experiments is shown in Fig. 3.41, together with

the corresponding chart for the optical density analysis of the eNOS band at 135 kDa.  Due to

variation in loading, the density of the eNOS band was normalized for the band seen in the

loading area (non-specific Ab binding).  Similar to the results obtained by ELISA analysis, the

highest eNOS level was observed at D4.

3.6.6. Conversion of L-arginine to L-citrulline

In order to characterize eNOS enzyme activity independent of cofactor and substrate avail-

ability, the formation of [14C]-labeled L-citrulline from [14C]-labeled L-arginine was determined

in cell lysates in the presence of optimal concentrations of cofactors and substrate.  When

normalized for total cellular protein, the rate of L-citrulline formation was increased 2-fold

between D1 and D3 (Fig. 3.42).  This finding is in good qualitative agreement with the increased

eNOS protein level in BAtEC during the same period of time (cf. Fig. 3.40).
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Fig. 3.41  Effect of culture duration on eNOS protein expression in BAtEC as determined by
Western Blot analysis.

BAtEC (at D2 to D8 after seeding) were lysed by 1.0 % SDS and frozen at -80 °C.  All samples were diluted to the
same protein concentration prior to application of 7.5 µg total protein per lane.  Left panel:  Representative blot with
eNOS band at 135 kDa.  Right panel:  Corresponding graph with the optical density of the eNOS band normalized for
total protein (loading area).
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Fig. 3.42  Effect of culture duration on
L-arginine conversion in BAtEC lysates.

BAtEC (at D1 to D6 after seeding) were lysed by
0.5 % NP-40 and frozen at -80 °C.  Activity of eNOS
was determined in cell lysates by measurement of the
conversion rate of L-[14C]arginine to L-[14C]citrulline
in the presence of optimal concentrations of cofac-
tors and substrate (cf. 2.8).  Significant difference (p
< 0.05) between values obtained at various days of
culture is indicated by (*).  The data shown are
means ± S.E.M. for n = 4.
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3.6.7. Effect of culture duration on specific activity of eNOS

To estimate the specific enzymatic activity of eNOS, the N (measured in the presence of

SOD), 2 and L-citrulline production rates were normalized for the eNOS protein level.

Fig. 3.43 shows the respective specific enzymatic activity of eNOS in dependence on the culture

duration.  Since the eNOS protein expression was not determined in the same experiments as

N, 2, and L-citrulline, only the arithmetic products were calculated, without S.E.M. and

indication of the significance of their difference.  However, the small errors of the eNOS

expression data (Fig. 3.40) suggest a similar significance as shown for the cell-based production

rates for N, 2, and L-citrulline (Fig. 3.37, Fig. 3.38,Fig. 3.42).  All three enzyme-based

production rates showed a higher level at D1 and a progressive decline till D4.
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Fig. 3.43  Effect of culture duration on eNOS activity determined by 	, nitrite, and
L-citrulline production rates.

The enzymatic activity of eNOS was estimated by three different parameters.  In intact cells, the production rates
for N (A) and nitrite (B), in cell lysates, the production rates for L-citrulline (C) were normalized for the eNOS
protein concentration.  The data shown are calculated values from means of different sets of experiments.
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The existence of a non-prostanoid endothelium-derived relaxing factor (EDRF) was shown for

the first time in 1980 [69], and in 1987 N was identified as a potential candidate for EDRF

[175].  Nitric oxide research has since developed into one of the fastest growing areas in biology

and medicine, and during this period the universal role of N as a biological mediator became

more and more evident.  The wide-spread physiological effects of N were verified in the

cardiovascular, nervous, immune, respiratory, urogenital and gastrointestinal system [34, 41, 75,

76, 120, 158], while biochemical and molecular biological studies helped to reveal important

details on the structure of the different isoforms of NOS [223], and the regulation of their

expression and activity [63].  However, cell-based investigations on the endothelial isoform of

NOS were very often limited in the quantitative methods available for the detection of N and

eNOS protein.

The goal of the presented studies was to characterize the regulation of N release by cultured

EC with emphasis on the effect of membrane potential and cell proliferation and the action of

SOD and SOD-mimetic compounds.  For a better understanding of the interaction of N and S,

studies were performed on model systems, such as NOS enzyme preparations, NOS-transfected

cell systems, and N liberating compounds.  Specific methodological approaches were taken to

address these topics, in particular the application of ozone-mediated N-CL for the specific and

sensitive detection of N (and for an estimation of S), EPR spin trapping for the characteriza-

tion of free radicals, and a specific ELISA for the quantification of cellular amounts of eNOS

enzyme.

General characterization of  release

4.1.  release from in vitro cell systems and isolated NOS enzyme

The specific and sensitive detection of N has always been, and still is, a critical issue,

especially since with most of the methods used, a differentiation between the portions of free N

in the presence and absence of SOD is not possible [8].  This concern becomes even more

important in light of the knowledge that the interaction of N with other ROS, in particular S, is

of significance [15].  Considering this, the method of ozone-mediated N-CL was established

here and used in conjunction with other related techniques to address specific questions on the

regulation of endothelial N synthesis in intact cells and on the interaction of N and other free

radicals.  Modifications of the N-CL and optimization of the sensitivity down to 0.5 pmol

(corresponding to 0.5 nM; cf. 2.4) enabled the detection of low levels of N produced by the

constitutive isoforms of NOS without use of a reflux system for the chemical reduction of N

oxidation products.  This further ensured not only the measurement of authentic N instead of

accumulating N oxidation products but also for the first time the time-resolved, continuous
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monitoring of N in the headspace of EC monolayers or in the effluent of superfused EC for up

to 8 h.  Nevertheless, it must be considered that this technique, as all other available methods,

determines the amount of N in the extracellular space and not necessarily the total amount of

N generated by NOS, nor the actual NOS activity.  Rates of NOS enzyme activity are obtained

by determination of the conversion rate of L-[14C] arginine to L-[14C] citrulline in intact cells, or

after supplementation with substrate and cofactors in cell lysates.  The latter was used under

specific conditions as an index of the functionality of the enzyme.

Main focus of the preparatory cell experiments was on the non-stimulated (“basal”), flow-

stimulated, Ca2+ agonist-stimulated, and Ca2+ ionophore (A23187)-mediated release of N from

BAEC, BAtEC, and eNOS-transfected HEK293 cells.  These preliminary experiments were espe-

cially important since cell culture-related modifications of EC physiology and biochemistry are

well known, including the loss of receptors, the downregulated expression of specific enzymes,

etc.  Flow and shear conditions were considered because of their importance as physiological

stimuli throughout the cardiovascular system.  A number of responses, including signal trans-

duction mechanisms [49], gene expression [177], and the modification of certain enzymes [42]

have been shown to be regulated by physical stimulation.  Related responses are not only

determined by the intensity of flow or shear stress, but also by their characteristics, such as

laminar, periodic, oscillating, or turbulent [169].  The cell culture systems were either exposed to

conditions of no flow (static) for end-point measurement of N in the supernatant (System I) and

continuous N measurement in the headspace (System II), as well as steady flow for continuous

determination of N and other products in the superfusate (System III).  The data gained from

the preparatory experiments characterized the cellular N “status” under standard conditions and

were used as a “baseline” for further investigations.

Non-stimulated, “basal” N release:  In the absence of flow (System I, II), N was not

detected by N-CL in the supernatant of non-stimulated BAEC, BAtEC and eNOS-HEK (no

agents or Ca2+ ionophore).  In organ chamber experiments, a very sensitive way for the detection

of EDRF/N, “basal” N release from the endothelium is routinely shown by the contractile

response of the detector vessel to NOS inhibitors [176] or the N scavenger hemoglobin [175].

Although dependent on the tissue and the contracting agent used, the average contractile response

is in the range of 20 % (K. Kauser, personal communication).  By cell culture studies, based on

the detection of nitrite and nitrate as the main accumulation products of N oxidation, or the

N-mediated stimulation of cGMP production in reporter cells, low basal production rates of

N were estimated even after incubation periods of several hours or days [79].  Taken together,

non-stimulated N production by EC is limited under in vitro conditions in the absence of flow

and might reflect the physiological need of hemodynamic forces for the release of EDRF/N.

Flow/Shear stress-induced, “basal” N release:  Cultures of BAtEC as well as eNOS-HEK

(data not shown) responded to flow (System III) with release of N.  Flow-mediated N release

has been addressed by a number of studies.  Early bioassay experiments using isolated canine



Discussion

82

femoral arteries showed an endothelium-dependent relaxation to increased flow [199], at that

point related to a yet unknown EDRF.  The amount of N released from perfused macrovascular

EC of the pig was quantified the first time with a hemoglobin-based spectrophotometric assay

(mean of N production, 16.4 pmol/min/ml EC on beads; Ref. 119).  In agreement with other

reports [12, 129], exposure of BAtEC to flow and shear stress increased N release in a biphasic

manner, with a rapid initial production upon onset of flow, followed by a less rapid, sustained

production.  Flow-dependent changes in [Ca2+]i showed a similar pattern [6], suggesting that

flow-stimulated increase in EDRF/N is at least partially mediated by changes in [Ca2+]i [129].

Although all individual experiments presented here followed this pattern qualitatively, the N

concentration in the superfusate ranged from 5 to 80 nM during the initial phase and from 1 and

15 nM during the plateau phase.  The corresponding production rate ranged from 0 to

20 pmol/min/ml EC-covered beads, depending on the individual experiment, and is in good

agreement with the value determined by Kelm et al. [119].  Abolishment of the N signal after

removal of extracellular Ca2+, and the dose-dependent decrease in N release in response to the

Ca2+ channel blocking ion cobalt (Co2+) indicated a strong dependency of the flow-stimulated

N release on Ca2+ influx.  Similarly, Wang et al. [238] showed in cultured BAEC a marked

decrease in [Ca2+]i and NOx production after blocking Ca2+ influx by Ni2+ or by chelating

extracellular Ca2+.  This is in further agreement with a number of earlier studies which evidenced

the dependency of both “basal” and stimulated EDRF on [Ca2+]o by endothelium-dependent

relaxation of vascular segments or the measurement of stimulated cGMP production [127, 179].

The Ca2+ influx into the cells can be explained by activation of stretch-sensitive Ca2+ channels

(cf. Scheme 1.3) or by flow- and shear-induced modulation of the Em as the driving force for Ca2+

entry [167].

Not only [Ca2+]i but also the pH of the intracellular milieu of EC is affected by mechanical

stress.  Moderate increase in shear stress was reported to induce a biphasic change in pHi,

consistent of a transient initial acidification followed by either a return to baseline values [248] or

a prolonged alkalization above resting values [12].  Higher shear levels were associated

exclusively with intracellular acidification [248].  The intracellular alkalization to moderate shear

would favor an increased activity of NOS (cf. 4.5, Ref. 61) and contribute to a sustained N

production [12].

It is important to mention that the initial flow- and shear-induced N release is very similar to

the agonist-mediated N production:  rapid and Ca2+/CaM-dependent [12, 129].  This explains

the high production of N from BAtEC directly after onset of flow.  Although the activity of

eNOS during sustained exposure to flow and shear will not become independent on Ca2+ (N

release was completely blocked by removal of extracellular Ca2+), Ca2+-independent modifica-

tion(s) of the NOS enzyme might contribute to an increased release of EDRF/N.  For example,

phosphorylation of the eNOS enzyme, accompanied by a significant change in eNOS activity,

was shown to be dependent on shear stress, but only partly dependent on [Ca2+]i [42].
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From the data shown above and the evaluated literature, it is clear that the flow-induced N

release is at least partly mediated by changes in [Ca2+]i, preferably due to Ca2+ influx.  However,

Ca2+-independent changes in the intracellular milieu and post-translational modification(s) of the

eNOS enzyme are likely to contribute to an increase in (Ca2+-dependent) eNOS activity.

Receptor agonist-stimulated N release:  It is well known that the endothelial response to

agonists such as Bk, ATP, thrombin or substance P is a result of complex intracellular processes

involving changes in Em [48, 233], [Ca2+]i [3, 133] and pHi [33, 61].  The tight coupling of eNOS

activity to [Ca2+]i and pHi represents the background for the correlation between agonist

stimulation and N release [14, 33].  Under non-flow conditions (System I), ATP had a low

stimulatory effect on N release from BAtEC.  A dose-dependent increase between 10 and

100 µM ATP (only in the presence of 100 U/ml SOD) suggested a simultaneous, ATP-dependent

stimulation of endothelial S production, as shown for the Bk stimulation of EC [97].  In contrast

to ATP, BAtEC did not release detectable amounts of N upon stimulation with Bk under non-

flow conditions.  Studies on the long-term culture of primary EC (> 6 passages) have shown that

trypsinization as part of the cell culture procedure might significantly reduce the expression and

activity of kinin receptors [224].  To prove whether this cell culture effect explains the lack of

Bk-mediated N release under non-flow conditions, the response of BAtEC to agonists was

verified by use of a microphysiometry approach.  Both ATP (100 µM) and Bk (10 nM) increased

the metabolic activity of BAtEC to more than 300 %, as an index for receptor-mediated

stimulation of the cellular metabolism.  Bk itself showed a dose-dependent range from 0.3 to

10 nM.  Several arguments could explain the discrepancy between the data obtained by

microphysiometry and by N experiments.  First, there might be a quantitative difference in the

amount of S endogenously generated in response to Bk- or ATP-mediated increase in [Ca2+]i.

This is further supported by the fact that even at the highest effective concentration of ATP the

N production is in the absence of SOD just 5-fold above detection limit.  Second, in accordance

with the low N concentration in response to ATP stimulation, the initial rise in [Ca2+]i and the

expected response in N release might have been too transient for a detectable increase in the

stationary N concentration.  And third, although cells were grown under similar conditions,

microphysiometry requires the frequent exposure to flow (in contrast to the absence of flow

during N detection in the supernatant or the headspace of EC).

More evidence for the existence and function of Bk- and ATP-mediated signal transduction in

BAtEC (even at passage 14) was gained from perfusion experiments (System III).  BAtEC grown

on beads and exposed to flow during the growth and experimental period showed a biphasic

response in N release after stimulation with Bk or ATP, very similar to the increase in the

metabolic activity.  These data are in close correlation to [Ca2+]i measurements using BAtEC

from the same origin [133] or other cultured arterial EC [206, 211].  Bk evoked for all three

parameters ([Ca2+]i, N and metabolic activity) a transient increase (3- to 4-fold above the basal

level) and a sustained plateau.  As shown for both Ca2+ [133] and N, the initial peak lasted
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approximately 1 min and was insensitive to [Ca2+]o whereas the subsequent plateau was abolished

by Ca2+ removal.  With these experiments, the temporal change of N release in response to an

agonist was monitored for the first time with a resolution high enough to distinguish between the

two phases of agonist stimulation.  Bioassay experiments, presented here (cf. 3.2) and by others

[133], confirmed qualitatively the agonist-mediated release of EDRF and the role of [Ca2+]o.

However, the temporal resolution of the bioassay is dependent on the time needed for the

recovery of the detector vessel and limited in following transient changes in EDRF/N (shorter

than 1 min).  Comparison of both methods, as described in more detail in 4.2., emphasizes the

advantage of the N-CL over the bioassay for the detection of endothelium-derived N.

A23187-stimulated N release:  As shown, agonist stimulation of cultured EC causes N

release.  However, the reproducibility of the response varies, probably depending on cell culture

and experimental conditions.  Calcium ionophores, such as the widely used A23187 [183],

promote Ca2+ influx into cells independent of receptor activation.  Depending on the concentra-

tion of the ionophore and the incubation time, the cell membrane becomes selectively

permealized with the result of a permanent increase in [Ca2+]i [183].  Cell damage caused by

A23187, as determined by release of LDH into the cell supernatant or superfusate, was not

significant under the specified conditions (10 µM for 30 min, 1 µM for several hours).  In

addition, no morphological changes were observed at the end of the incubation period, cell

number and total cellular protein did not change either.

The time course of A23187-stimulated N release showed some variation depending on the

EC culture system used and the sampling procedure applied (System I to III).  The maximum N

concentration was observed after 20 min in the supernatant of BAEC (System I), after

approximately 5 and 60 min in the headspace of BAEC (System II) and after 28.4 ± 1.8 min in

the superfusate of BAtEC (System III).  Whereas in System II and III N was continuously

removed from the extracellular space, N accumulated in System I to a certain degree as

authentic N but more likely as nitrite (cf. 4.6; Ref. 102, 135, 227).  Feedback inhibition of NOS

enzyme activity by N has been described in enzyme experiments for eNOS [28] and nNOS

[221].  However, since the maximum N concentration in the cell supernatant of System I was in

the same nanomolar range as in the cell perfusate of System III and much lower than in the

supernatant of HEK-eNOS (submicromolar concentrations), N feedback inhibition of eNOS

does not seem to play a critical role in intact cultured cells.  The most striking difference found in

response to A23187 was the rapid initial increase in N release from static cultures of EC

(System I, II) compared to the slow increase of N release from superfused BAtEC (System III).

A possible explanation is the fast action of A23187 on Ca2+ release from the ER (A. Johns,

unpublished data) and cell culture-dependent differences in the integrity of the intracellular

stores.  This hypothesis is supported by the attenuation of acetylcholine-induced endothelium-

dependent relaxation through depletion of intracellular Ca2+ stores (by inhibition of the Ca2+-

ATPase in the ER) [98].  In cells exposed to shear and flow, depletion of Ca2+ from the ER could
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happen during cell culture or during the initial equilibration period prior to the exposure to

A23187.  This would be in agreement with the inconsistent appearance of the initial N release

after stimulation with Bk or ATP, shown to depend on Ca2+ release from intracellular stores [65].

However, in a CL-based perfusion assay (similar to System III), others have shown in porcine

aortic EC a fast increase in A23187-mediated NOx release [174] in agreement with an increase in

[Ca2+]i [61] (maximum after 2 and 5 min, respectively).  Based on the own observations and

literature, unspecified differences in cell culture seem to influence the integrity of intracellular

Ca2+-stores and affect the response to agonists and Ca2+ ionophore.

Under consideration of the results from the discussed data, conditions were selected to further

investigate the release of N and its interaction with S:

I. Quantitative analysis of changes in NOS activity with concomitant statistical analysis was

predominantly performed on static EC cultures (System I) during stimulation with 10 µM

A23187.  The N concentration was determined in the supernatant after 30 min incubation.

II.  The detection of N in the headspace of planar cell monolayers (System II) has the

advantage of a sensitive and continuous display of the action of stimulators or inhibitors on a

single cell population.  Using this approach, cells act as their own control, and therefore even

small changes can be visualized.

III.  Adequately to II., the monitoring of N in the superfusate of EC (System III) supports a

continuous time course of N release.  The exposure of EC to flow conditions during the cell

culture and experimental period mimics the in vivo conditions better than in the non-flow

systems (I and II).

N release from isolated NOS enzyme:  Whereas cells in mono-culture represent models

which abstract from the interaction with other tissues and cell types, the use of isolated enzymes

neglects even more from the intracellular interplay and environment.  In regard to eNOS, it is

well documented that post-translational modifications greatly contribute to the regulation of

eNOS activity.  Separation from these interactions in a system of isolated enzyme enables to

address specific, cofactor-related questions of eNOS regulation.  The purpose of the studies on

different isoforms of NOS was therefore the characterization of a model system for investigations

on the regulation of NOS.

In the presence of all cofactors, the declining N signal was repeatedly reconstituted by addi-

tion of NADPH (100 µM), suggesting a fast decay of NADPH in the cell lysates, especially in

respect to the low Km for NADPH determined for human eNOS (≤ 1 µM; Ref. 82).  Similarly, in

homogenates of bovine endothelium, the addition of a NADPH regenerating system was required

for continuous N production [20].  Taking this into consideration, the NADPH concentration

was increased up to 1 mM for all further experiments to avoid limitations in the availability of

this redox equivalent.  Whereas NADPH provides electrons for the catalytic activity of NOS,

oxygen is required as electron acceptor.  An earlier study determined the Km for O2 in the range

of 6.3 to 23.2 µM (dependent on the NOS isoenzyme), corresponding to a partial O2 pressure of
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3.4 to 12.7 mm Hg [191].  In respect to the NOS enzyme activity, the O2 concentration is in intact

tissues at a saturated level [24].  The low Km for O2 explains the lack of an effect on N produc-

tion after increasing the O2 concentration from 21 % to 100 %.  Moreover, the higher O2 tension

did not promote significant oxidation of authentic N.  On the other hand, N production was

abolished by hypoxic conditions (100 % N2) and restored immediately after reintroduction of O2.

In contrast to the enzyme experiments, N release from intact BAtEC was reduced less than

30 % when perfused with deoxygenated buffer (data not shown).  In vitro cell culture models of

hypoxia bear usually severe limitations, mainly determined by the lack of O2-binding com-

ponents, such as hemoglobin or myoglobin, or the moderate total O2 consumption.  Based on the

results, the amount of O2 in an air-saturated environment was not limiting for eNOS activity.

Other than molecular oxygen, activated oxygen, in particular S, influences the stability of N

but less likely the activity of NOS enzyme by a direct interaction.  However, S-mediated reduc-

tion of N could reduce N feedback inhibition of NOS.  The observation that SOD increased

the release of N from isolated NOS (all isoforms) up to 2-fold, indicates the coexistence of an

S-generating system (for a detailed discussion on the interaction of N and S cf. 4.4).

L-Arginine is the exclusive substrate of NOS.  A variety of arginine derivatives present the

most common NOS inhibitors.  Nitric oxide production from BAEC and BAtEC was imme-

diately stopped by addition of the NOS inhibitor L-NMMA (1 mM).  The L-arginine requirement

(expressed by the Km) was approximately 3 µM for both nNOS and iNOS and approximately

1 µM for eNOS.  This is in good agreement with literature data showing a species-dependent

range from 1 to 3 µM for nNOS, 1 to 5 µM for eNOS and 2 to 20 µM for iNOS [82].  A value of

3.5 µM was published for porcine aortic EC [174].  With circulating concentrations of approxi-

mately 100 µM L-arginine, submillimolar concentrations in the cytosol of EC, and the low Km of

NOS, it appears unlikely that EC (in vivo and in vitro) become deficient for L-arginine [88].

However, the beneficial effect of L-arginine supplementation on vascular function has been

documented in animal models of hypercholesterolemia, hypertension, and diabetes without a

clear hypothesis about the mode of action [32].  The high activity of the inducible isoform of the

enzyme arginase, as discussed for certain pathological conditions, could be a sink of L-arginine

[41], and decrease its concentration far below physiological levels.

With the experiments on the N release from isolated NOS enzyme, a model was established

for the investigation on specific enzyme regulatory mechanisms.  Whereas the activity of NOS

enzyme is usually calculated from the accumulation of L-citrulline or nitrite in the suspension

over extended periods of time, the measurement of N in the headspace provides the opportunity

to continuously follow changes in NOS activity.
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4.2. Comparison of  and EDRF released from BAtEC

When the vasorelaxing action of N was observed first, a discussion developed on the

identity of N and EDRF [101, 175].  Several studies addressed this issue and presented striking

pharmacological and chemical evidence for their similarity [55, 99].  Nitric oxide and EDRF are

both diffusible, inactivated by S and hemoglobin, protected by SOD [84, 201], they have a

similar half-life [101, 175], and a simultaneous release has been shown by Bk, acetylcholine and

A23187 [100, 119, 175].  Hence, nitroso compounds have been proposed to account for the

vasorelaxant properties of EDRF [81, 163, 197].  Yet, it seems more likely that these nitroso

compounds represent temporary storage forms of N which unveil their EDRF-like properties

after release of N [41, 163].

The most convincing evidence for the identity of EDRF and N came from studies using

cultured EC as donor for EDRF/N in combination with EDRF detection by bioassay methods

based on the contraction of isolated vessel segments [21, 110], and the detection of N or NOx

by either N-CL [162, 174, 175] or spectrophotometry of methemoglobin [118].  To show the

biological activity of BAtEC-derived N, the superfusion assay established by Johns et al. [110]

was combined with the N-CL (cf. 2.4, Scheme 2.3).  The advantage of this setup over the

alternating use of bioassay and N-CL as described by Myers et al. [162] is the simultaneous

and parallel detection of both N and EDRF from the same EC superfusate.  Flow-induced N

release from BAtEC was attributed to a respective relaxation of the detector vessel.  Bk increased

both relaxation and N release dose-dependently, whereas inhibition of eNOS by L-NMMA

abolished both responses.  Qualitative comparison of the time course of both methods confirmed

a similar response to agonist stimulation.  It also showed the slow recovery of the aortic tissue in

the bioassay after removal of the stimulus (5 to 10 min), probably because of the time needed to

remove elevated cGMP and related signaling events.  In contrast, the response time of the N-

CL is only limited by the transfer rates of the effluent to the purge vessel and the purged N gas

to the analyzer (< 1 min) and reflects therefore the release of N better than the bioassay

approach.  A linear dependency of the vessel relaxation on the logarithm of the N concentration

was found when the relaxation was plotted vs. the N concentration.  The lack of a significant

difference between N standards and effluent from BAtEC indicates the identity of N and

EDRF for this particular system.  It also allows the attribution of the N concentration, measured

by the physico-chemical method of N-CL, to a biological effect.  Furthermore, data sets from

different groups (flow-induced, Bk-stimulated, and A23187-stimulated) did not vary signifi-

cantly, supporting the assumption that there is no qualitative difference between flow-induced

and stimulated N or EDRF, as it would be expected in the presence of the endothelium-derived

hyperpolarizing factor [202].



Discussion

88

Interaction of  and 

Like N, S is a free radical with a relatively low overall reactivity (e.g., compared to H).

When N and S get exposed to each other, they undergo a facile radical-radical reaction that

proceeds at a diffusion-limited rate [123].  This interaction is prevented by dismutation of S, first

shown in bioassay experiments by the SOD-mediated increase in the half-life of EDRF.  Several

classes of SOD-mimetics and S-scavengers were identified during the last decade and tested in

in vitro and in vivo models of oxidative stress.  The effect of SOD-mimetic nitroxides on

authentic N, released from EC and model systems, is here described for the first time.  The

reactivity of nitroxides towards S is also important under a different aspect.  Nitronyl nitroxides,

used as EPR tools for the detection of N, are susceptible for reactive attack which limits their

application in biological environments.  Their interaction with S is described.

4.3. Investigations on the use of nitronyl nitroxides for the detection
of 

The introduction of the spin

trapping technique for the detec-

tion of short-lived radicals

established a basis for new and

fascinating insights into the role

of free radicals in biological

systems.  The approach of apply-

ing nitronyl nitroxides for the

detection of N keeps a similar

potential.  However, as for "con-

ventional" spin trapping, the

stability of the nitroxides before

and after reaction with N is of

importance.  Several reactants in

biological systems are known to

reduce nitroxides to the respec-

tive EPR-”silent” hydroxylamine

(Scheme 4.1, Ref. 194).
Scheme 4.1  Reaction of nitronyl nitroxide (NN1) with
	 and reduction of nitronyl nitroxide and imino
nitroxide (IN1) by superoxide radical to the respective
hydroxylamine.
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An increase in the intracellular Ca2+ concentration by A23187 results in EC in the formation of

S [148], e.g., by activation of the enzyme cyclooxygenase [43].  The amount of S released from

an A23187-stimulated monolayer of EC is sufficient for a rapid (SOD-sensitive) decrease of the

nitronyl nitroxide concentration.  This decrease presumably prevents the EPR spectroscopic

detection of imino nitroxide, although N formation was proven in situ unambiguously by N-

CL (which, in turn, was completely suppressed by addition of 50 µM L-NAME and increased by

addition of SOD).  Consequently, the imino nitroxide should be formed by the reaction of NN1

with N.  The lack of detection of IN1 by EPR spectroscopy is explained by (i) the lower

sensitivity compared to the chemiluminescence method (N concentration in the range of

10 nM) and (ii) the observation that there is a much faster reduction of imino nitroxide (> 2

orders of magnitude as seen by thioglycerol-induced reduction, Ref. 243) compared to nitronyl

nitroxide, and confirmed here (cf. Fig. 3.18).  Although A23187-induced cell damage (measured

by LDH release) was not significant, it cannot be excluded that a liberation of other reducing

agents from the cells may be involved in the nitroxide reduction.  However, from the data

presented, S has to be considered to play a major role.  An interaction of NN1 with peroxynitrite

formed by the reaction of S with N does not contribute to the nitroxide reduction.  The

decrease of the nitroxide concentration was less than 10 % within 30 min in the presence of 20-

fold excess of peroxynitrite.  The reaction of nitronyl nitroxide with S was also observed in

model systems.  The presence of S was demonstrated by EPR spectra which are clearly assigned

to DMPO adducts of S in both aqueous solution and DMSO [26].  The second order rate

constant for the reaction of NN1 with S was determined to be 8.8 ± 0.9 × 105 M-ls-l.  This value

is slightly higher but in the same range as the rate constant obtained for TEMPOL [208].  Since

the rate constant for the reaction of NN1 with N is k = 6 × 103 M-ls-l [243], N must be present

in large excess compared to S in order to obtain detectable amounts of the corresponding imino

nitroxide.

Experiments were performed using A23187-stimulated BAEC monolayers to compare the

sensitivity of the SOD-inhibitable nitroxide reduction to "conventional" spin trapping of S.  Due

to the low concentration of S, formation of this species could not be clearly detected by EPR

spectroscopy using DMPO as a spin trapping agent.  The high sensitivity of the nitronyl and

imino nitroxides to S-mediated reduction may offer another conceivable application for these

substances:  S detection by determination of the SOD-inhibitable reduction of the nitroxide.  A

more exact quantification may be possible by reoxidation of the hydroxylamines as described for

spin adducts of α-phenyl-N-tert-butylnitrone [216].  In preliminary experiments using different

oxidants (MnO2, K3Fe(CN)6) it was found that a reoxidation of the hydroxylamines of both

nitronyl and imino nitroxides is possible.  Control experiments also revealed the possibility of a

N-independent formation of the imino nitroxide during the reoxidation of nitronyl nitroxide.

Peroxynitrite formed by the reaction of N and S is thought to be a highly cytotoxic inter-

mediate [186].  Nitroxides without nitrone group (e.g., TEMPO) were found to exert protective
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effects in quinone-mediated cytotoxicity [246].  Thus, from a pharmacological point of view,

scavenging of both S and N may be an additional and promising feature of nitronyl nitroxides.

EPR spectroscopy of nitronyl- and imino nitroxides is a reliable tool to study reactions of N

in the absence of reducing agents.  However, the results indicate limitations concerning the

applicability of nitronyl nitroxides for N detection in biological systems, the sensitivity of this

method is lower compared to other techniques (such as ozone-mediated N-CL), partly due to

rapid reduction of the nitroxide.  Superoxide, if present, can contribute to this reduction to a great

extent.  The fast reduction by S and the concomitant loss of the EPR signal bears the potential to

use nitroxides for the estimation of low levels of S in biological systems.  On the other hand,

prevention of peroxynitrite formation by scavenging of both S and N may have beneficial

pharmacological implications which warrant further investigations.

4.4. Interaction of  and  with emphasis on increase of
detectable  by SOD and nitroxides

Oxidative stress contributes to cell and tissue damage under a variety of pathological condi-

tions [15, 201].  The concept of antioxidative therapy is based on the scavenging or conversion of

detrimental ROS either by supplementation of antioxidants or increase of the cellular antioxi-

dative potential [87].  Removal of S, the primary oxygen-derived free radical, has been shown to

improve cellular function under conditions of elevated oxidative stress [16, 68].  Since the in vivo

administration of SOD is limited (due to membrane permeability, stability, immunogenicity,

etc.), small and membrane diffusible molecules with similar properties represent a potential

therapeutical target.  Among SOD-mimetic compounds, low-molecular weight copper or iron

complexes were found to be very effective [90, 165].  Cell culture studies revealed an SOD-like

inhibition of S-mediated cytotoxicity and mutagenicity by nitroxides [50, 85].  However, the

effect of nitroxides on N generated by model systems (e.g., SIN-1) or EC has not been

investigated so far.  Therefore, the augmentation of bioavailable N, released from SIN-1,

cultured EC and isolated NOS enzyme, by selective removal of S is of general pathological and

pharmacological interest.

SIN-1:  Aqueous solutions of 1 mM SIN-1 resulted in a stable flux of N into the headspace

after an initial lag-phase of approximately 30 to 40 min.  Similarly, N release has been

described by the conversion of oxyhemoglobin to methemoglobin [54].  In contrast, N release

was not observed in vitro in the absence of SOD using a chemiluminescence technique with a

helium-flushed, gas-permeable tubing inserted into a solution of SIN-1 for continuous sample

collection [15].  Removal of N from the headspace, as it is mediated in vivo by the reaction

with hemoglobin, reduces its depletion by S.  Both, S and H are known to enhance

sydnonimine decomposition by promoting the conversion of SIN-1 to SIN-1A as the rate-limiting

step [54].  An increase in S lifetime would therefore potentially favor a higher N liberation
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until a new equilibrium between N release into the headspace and N decomposition by

interaction with S is reached (Scheme 4.2).  Furthermore, the oxygen-dependent breakdown of

SIN-1A might decline under conditions of low oxygen levels as it will develop in an air-tight

reaction vessel.  Addition of 100 U/ml SOD to SIN-1 solution at the plateau phase of N release

caused a 16.7-fold increase in the headspace concentration of N.  This effect was also observed

after addition of the nitroxides (10 µM).  The order of efficacy was as follows:  SOD > TEMPOL

> CP > ECP.

EPR experiments using DMPO as the spin trap were performed in order to characterize the

radical species formed during the decomposition of SIN-1 (Scheme 4.2) and to verify the SOD-

mimetic activity of nitroxides [207, 208].  The detection of only DMPO/H adducts can be

explained by several possible reactions (¢1 to ¢4).  Since the reaction rate of N with S (�,

1.9 x 1010 M-1s-1; Ref. 123) and the rate for the spontaneous disproportionation of S to H2O2 (�,

2 × 105 M-1s-1, at pH 7.4; Ref. 17) is much higher than the reaction of S with DMPO (¢1,

≈ 101 M-1s-1; Ref. 59), virtually no S can be trapped by DMPO under these conditions.  In the

presence of trace amounts of transition metal ions, in particular ferrous ion, reaction of H2O2 with

ONOO-.
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Scheme 4.2  Interaction of free radicals generated by the decomposition of SIN-1.

SIN-1 decomposes spontaneously releasing N and S.  The interaction of both radicals is diffusion-limited (1).  Hy-
drogen peroxide origins from the spontaneous disproportionation of S (2), which is catalyzed by SOD (3).  Hydroxyl
radical is formed from H2O2 during the iron-catalyzed (Fenton) reaction (4).  The spin trap DMPO reacts with S (51),
H (53) and ONOO- (54).  The DMPO/·OOH adduct converts spontaneously to the DMPO/·OH adduct (52).
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ferrous iron gives ferric iron, hydroxyl ion and H (❹, ≈ 109 M-1s-1, iron-catalyzed Fenton

reaction) which undergoes a very fast adduct formation with DMPO (❺3, ≥ 109 M-1s-1; Ref. 146).

Ferric ion is reduced back to ferrous ion by S or other reducing agents.  The DMPO/H

formation was significantly reduced after addition of iron chelators.  In the presence of SOD, the

conversion of S to H2O2 is catalyzed (❸ ≈ 2.9 × 109 M-1s-1; Ref. 123).  The increased generation

of H2O2 further promotes the formation of H via the Fenton reaction (❹).  Similar, nitroxides

elevated (by their SOD-mimetic action) the signal intensity of the DMPO/H adduct.  Addition

of catalase effectively removed H2O2 and prevented the formation of DMPO/H, both in the

presence and absence of SOD or nitroxides.  These results are supported by a recent study

showing that SIN-1-mediated cytotoxicity in HepG2 cells is increased by SOD but completely

abolished in the presence of catalase [77].  The data clearly demonstrate the SOD-mimetic

activity of nitroxides in the SIN-1 system.  Furthermore, there is no indication of peroxynitrite-

dependent H formation, which would be independent of catalase activity (in agreement with

Ref. 218).

Isolated NOS enzyme:  The observation that SOD increased the amount of N in the head-

space of isolated NOS (all isoforms) at least 2-fold suggested the coexistence of a S source.

During recent years it was discovered that the electron transfer in NOS is tightly coupled.

However, the electron transfer becomes uncoupled under certain conditions, resulting in the

univalent reduction of molecular oxygen [82].  The NADPH-dependent formation of S by NOS

occurs during substrate deficiency and has been shown for nNOS [182, 213] and, to a smaller

extent, for iNOS [82].  Since the effect of SOD on the detectable amount of authentic N was

quantitative similar for all three isoforms and L-arginine was present at saturating concentration,

NOS was unlikely the major source of S under these conditions.  In contrast to nNOS and iNOS,

S production by eNOS enzyme from cell extracts was documented to be independent of the

L-arginine concentration, but increased in the absence of BH4 [240].  Superoxide generation in

the absence of BH4 was also shown for nNOS [149].  In this respect, the larger effect of SOD on

the N release from eNOS in the presence compared to the absence of BH4 was unexpected and

does not favor the NOS-dependent generation of S in the model system used.  However, there

was not sufficient evidence to rule out this pathway.  It has been shown by other investigators

that BH4 is in the presence of oxygen susceptible to autoxidation with subsequent formation of S

in vitro, but not in vivo [122, 149].  Based on the more pronounced effect of SOD in the presence

of BH4 compared to its absence, this pathway seems to be more likely for S generation.  Taking

together, two pathways involving BH4 could partially counteract and contribute to the observed

effect of SOD on detectable N, respectively (Scheme 4.3):  (i) BH4 increases N generation by

acting as a cofactor for NOS.  Simultaneously, electron transfer to oxygen is diminished, redu-

cing the formation of S.  (ii) BH4 can autoxidize in vitro and serve as a potential source of S,

caused by its autoxidation [37].  In the absence of SOD, the stimulatory effect of BH4 on NOS

activity, and consequently on N formation, is compensated by inactivation of N via BH4-
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derived S.  On the other hand, addition of SOD to the system causes dismutation of BH4-derived

S, the increased N release directly reflects the elevated NOS enzyme activity.  Although endo-

thelial levels of BH4 have not been measured during various pathological states, recent studies

suggested the relevance of BH4 deficiency in hypercholesterolemia and diabetes [88].

BAEC and BAtEC:  The studies of nitroxides and their effect on N were based on the initial

report on the SOD-mediated increase of EDRF/N [200] and the SOD-mimetic action of

nitroxides [207].  Endogenous produced S, as part of the physiological metabolism of EC or

elevated after cell activation, inactivates bioavailable N.  Dismutation of S by nitroxides, as

shown for the SIN-1 model system, could therefore be a tool to prevent S-mediated reduction of

endothelium-derived N.

The immediate increase of detectable N from A23187-stimulated BAEC after addition of

SOD indicates the presence of S.  As shown by others, cultured EC produce S under basal

conditions [195] and during stimulation such as reperfusion [212] or treatment with Bk [97],

A23187 [148], and cytokines [147].  The action of SOD added to the cell supernatant further

suggests the extracellular generation of S.  Intracellular formation of S and concomitant

diffusion into the extracellular space seems unlikely because of the diffusion-limited interaction

with N [123] and the requirement for anion channels to permeate membranes [143].  Besides

intracellular sources of S, such as cyclooxygenase, xanthine oxidase, or lipoxygenase [43, 130,

237], a NAD(P)H oxidase has been identified as an S generating enzyme bound to the EC

membrane [187].  The lack of specific inhibitors for NAD(P)H oxidases and the structural

similarities to NOS complicates studies on the S generation by this enzyme with a technique

based on the detection of N (using the effect of SOD on the stability of N).

A significant increase in the N concentration was already found at 3 U/ml SOD and a

maximum at 30 U/ml SOD (approximately 200 nM).  The higher concentration required for

nitroxides (30 to 100 µM) vs. SOD (factor > 102) to increase authentic N may be explained by

Scheme 4.3  Tetrahydrobiopterin-mediated superoxide generation.

(i):  Proposed mechanism of electron transfer in eNOS.  Left:  In the presence of both tetrahydrobiopterin (BH4) and
L-arginine, electron transfer proceeds from NADPH to L-arginine with the concomitant release of N.  Right:  In
absence of BH4 and/or L-arginine, electron transfer is uncoupled and the electron is transferred to oxygen, causing
formation of superoxide (S).  (ii):  Autoxidation of BH4 to 5,6-dihydrobiopterin (5,6-BH2) can lead to S formation
in vitro.
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the difference in the rate constants for the reaction of S with SOD and TEMPOL

(≈ 2 x 109 M-1s-1 [126] and 4.0 x 105 M-1s-1 [71], respectively).  The rank order of efficacy for

SOD and the three nitroxides tested was the same in the cell culture and SIN-1 experiments:

SOD > TEMPOL > CP > ECP.

The increased concentration of N in the presence of the nitroxides could be explained either

by enhanced N release, decreased N removal or a combination of both.  Considering the

chemistry of SIN-1 degradation [168], there is no reaction known by which SOD or the

nitroxides would selectively increase N liberation without a concomitant increase in S release.

Similarly, an activation of eNOS (direct or indirect via increase of [Ca2+]i or cofactors) leading to

an elevated N biosynthesis is rather unlikely.  Therefore, the most probable explanation is that

the nitroxides increase the detectable amount of N via reducing N degradation by removal of

S.  The EPR data clearly demonstrated a SOD-like action of the investigated nitroxides in SIN-1

solution.

Genetically elevated amounts of endogenous SOD [39], SOD derivatives [16] or SOD-

mimetic nitroxides [246] have been reported to reduce the cytotoxic effect of oxygen-derived free

radicals in vitro and in vivo.  On the other hand, it has to be mentioned that decreasing the S

concentration alone by catalyzing the dismutation does not necessarily reduce an elevated

cytotoxic potential (because of the Fenton reaction, cf. Scheme 4.2, reaction 4; Ref. 77).  The spin

trapping experiments point out that catalase activity is required for further destruction of H2O2 to

non-toxic species.

Estimation of S generation by N-CL:  Based on the previously shown effect of SOD on de-

tectable N, a quantitative determination of S was attempted by application of the cytochrome c

assay (for details on evaluation of the assay see appendix 6.A.).  The reduction of cytochrome c

and the detection of the absorbance change at 550 nm is the most commonly used technique,

especially under conditions of elevated S production such as the oxidative burst in neutrophils

[151].  However, the sensitivity of the assay was not sufficient to detect the presumably low

amounts of S generated by BAtEC, even after inhibition of N synthesis (data not shown).  It is

known that in a biological environment reoxidation of cytochrome c (e.g., by peroxynitrite) can

cause an underestimation of S-mediated cytochrome c reduction [229].  In addition, significant

SOD-inhibitable cytochrome c reduction was observed in the cell-free control.  Based on this

ascertainment, a minimum S production rate (50 pmol/min/mg protein) was estimated to be

necessary for a significant increase in cytochrome c reduction above background.  This value

compares to S production rates determined in A23187-stimulated BAEC [9] but is more than 10

times higher than the N production rate measured by N-CL in the presence of SOD (approxi-

mately 3 pmol/min/mg protein, cf. Fig. 3.37).  The existence of free N however, argues strong-

ly against a S production rate at this order of magnitude.  In conjunction with the literature,

reporting a S production rate from 10 to 1000 pmol/min/2 × 105 cells, there is indication for a

significant difference in the ability of distinct cultured EC to produce S [9, 78, 92, 148].
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In an attempt to quantify S generated by BAtEC, it was postulated that the difference in N,

measured by ozone-mediated N-CL in the presence and absence of SOD, would be an

appropriate estimate.  Although a detailed evaluation is essential for an exact quantification, the

detection of qualitative changes and a semi-quantitative estimation is possible so far.  As in other

relevant assays, the amount of S is calculated by the SOD-mediated prevention of a S effect, in

this case the reduction of N to peroxynitrite.  Both, the interaction of N with S (k =

1.9 × 1010 M-1s-1, Ref. 123), and the dismutation of S by SOD (k = 2 × 109 M-1s-1, Ref. 126), are

extremely rapid and faster than associated reactions.  It was further assumed that EC produce S

by a membrane-bound NAD(P)H-oxidase [156], which releases S most likely into the

extracellular space.  In contrast to S, N is free diffusible.  Produced inside the cell, it penetrates

the cell membrane and becomes efficiently inactivated by extracellular S.  Only the portion of

N which exceeds the amount of S will remain in the system.  In the presence of SOD however,

S dismutation is a highly competing reaction.  Although the reaction constant is 10 times lower

than the one for the N/S interaction, the concentration of supplemented SOD (100 U/ml

corresponds to 660 nM) is at least 20 times higher than the maximum N concentration

measured (approximately 25 nM).  The major part of S will therefore dismutate via SOD before

it can interact with N.  With a theoretical consideration, the amount of S can be estimated for

certain conditions.  At a concentration of [S] < [N], the majority of S will react with N and

reduce the detectable portion of free N by an equal amount.  When similar concentrations are

present ([S] ≈ [N]), at least the majority of N will be inactivated by S.  In this case, very

low or no N would be detected.  When S exceeds N ([S] > [N]), no additional information

can be gained from this assay because of the absence of any free N.  Taken together, it can be

postulated for conditions of [S] ≤ [N], that the reduction of detectable free N represents the

amount of S, whereas the assay underestimates S under conditions of [S] > [N].

Since the discovery of SOD-mediated increase in the stability of EDRF or N [84, 201],

evidence was growing on the role of S and its effective removal as determinants of N

bioavailability under physiological and pathological conditions.  Therefore, dismutation of S

would be beneficial in situations when S generation is increased, for example during athero-

sclerosis or inflammation.  This study demonstrates that the SOD-mimetic activity of nitroxides

increases the amount of detectable N in vitro, preventing the inactivation of N and

presumably the formation of more toxic species such as peroxynitrite.  Nitroxides exert under this

aspect the properties of potential pharmacological agents since they are (compared to SOD)

relatively stable low-molecular weight compounds without immunogenic properties and with low

toxicity [7, 208].

The study of nitroxides on their effect on N bioavailability has pointed out an important

methodological aspect.  For the first time, the potential of the sensitive N-CL for the estimation

of low amounts of S in N-generating systems was shown.  Whereas the here presented

investigation was still based on the SOD-inhibitable, S-mediated decrease of endogenous
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produced N, further research could evaluate the use of N-CL in combination with an external

source of N.  This approach would enable the estimation or quantification of S independent of

endogenous N generation and provide an alternative to the currently available but less sensitive

methods for the detection of S.



Discussion

97

Regulation of endothelial  release

4.5. Regulation of endothelial  production by extracellular K+

concentration and pH

The Ca2+-dependent binding of CaM to eNOS is essential for the activity of the enzyme.

Changes in [Ca2+]i are therefore the main regulatory pathway for endothelial N formation.

Although it is known that the Em of EC is the major driving force for Ca2+, a direct effect on N

release has not been shown so far.  A study was designed to provide direct evidence for the effect

of membrane depolarization and hyperpolarization on endothelial N formation.  In context with

this effect, relevant physiological stimuli know to influence Em and N metabolism, are

discussed.

Flow/Shear-mediated changes in Em:  For the continuous detection of N, BAtEC were used

in the perfusion assay, which provides constant exposure to flow and shear.  In addition, agonist

stimulation with ATP was performed to obtain a stable and consistent release of N.  The onset

of perfusion is characterized by a drastic increase in flow and shear, caused by the forces between

cells from different beads and between cells and perfusion buffer.  Shear stress-mediated increase

in [Ca2+]i [6] was suggested to be tightly coupled to the activation of K+ currents [172].  Although

others found shear-mediated N release in EC at least partly independent on [Ca2+]o [60, 172],

N release from BAtEC was quickly abolished by removal of Ca2+ from the perfusion buffer or

by blocking Ca2+ entry, whereas reintroduction of Ca2+ restored the N release (cf. 3.1.1 and

4.1).  In respect to the stimulation with an agonist, such as Bk or ATP, the changes in [Ca2+]i

consists of an initial transient peak due to release of Ca2+ from inositol(1,4,5)phosphate (IP3)-

sensitive intracellular stores [65] followed by a sustained elevation due to Ca2+ entry from the

extracellular space (cf. Scheme 1.3, Ref. 167).  The increase in [Ca2+]i causes an outward-directed

current through Ca2+-activated K+ channels, which is further increasing the driving force for Ca2+

entry via membrane hyperpolarization [48, 211].  This hyperpolarization is usually followed by

depolarization through activation of non-selective cation channels, which then limits the extent of

Ca2+ influx [48, 70, 232].

K+-mediated membrane depolarization:  The influence of flow/shear and agonists on the Em,

especially during the initial phase of perfusion and ATP stimulation, required an equilibration

period prior to the investigations on the effect of the K+-modulated changes in Em on N release.

Nitric oxide production was stabilized after 30 min and it was assumed that a new steady-state for

Em and [Ca2+]i was established at this time point.  Studies on BAtEC [133] and BAEC [210] have

shown that the Em and the sustained phase of the Bk-stimulated increase in [Ca2+]i are both

dependent on [K+]o (Fig. 4.1).  Em and [Ca2+]i declined as a linear function of the logarithm of

[K+]o (Em changed by 54 mV upon a 10-fold change in [K+]o, Ref. 133).  A detailed comparison

of data from the investigations by Laskey et al. [133] with the N data obtained by this study
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seems legitimate based on the fact that subcultures of BAtEC from the same origin were used

(kindly provided by A. Johns, Berlex Biosciences).  Although both studies differ in distinct

conditions, such as the agonist used for stimulation (ATP vs. Bk) or the presence of flow

(perfusion setup for N measurements vs. static conditions for [Ca2+]i measurements), it was

expected that the sustained phase of the N release would have a similar [K+]o-dependent

characteristic as shown for the Bk-stimulated increase in [Ca2+]i [133].  Both parameters did

indeed demonstrate analogy in their response to changes in [K+]o (Fig. 4.1, left graph).  The

attempt to compare the [K+]o-dependent response in [Ca2+]i with the corresponding N formation

resulted in a direct relationship between [Ca2+]i and N release, based on whole cell experiments

(Fig. 4.1, right graph).  This relationship, calculated from data of two independent studies

(Laskey et al. [133] for [Ca2+]i and this study for N) is in good agreement with the Ca2+

dependency of NOS activity obtained by kinetic studies on isolated NOS enzyme [22].  In

conclusion, it has been shown for the first time that K+-induced membrane depolarization of EC

results in a decreased N release, which is mediated by a Em-dependent decrease in [Ca2+]i.

Modulation of the Na+-K+ pump activity:  During the depolarization studies, the repeated

occurrence of a small but significant stimulation of N release was observed upon the stepwise

increase of [K+]o from 5 to 10 mM.  This transient activation can be attributed to stimulation of

the electrogenic Na+-K+ ATPase [70].  The Na+-K+ pump contributes under resting conditions to

the negative Em with approximately -10 to -15 mV [48, 133].  A stimulation of the pump,

resulting in hyperpolarization, might therefore compensate or exceed the depolarization due to a
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Fig. 4.1  Dependence of membrane potential, intracellular free Ca2+ concentration, and 	
release from BAtEC on extracellular K+ concentration.

Left graph:  Membrane potential (Em) and intracellular free Ca2+ concentration ([Ca2+]i) were determined by Laskey
et al. in Bk-stimulated BAtEC in dependence on the extracellular K+ concentration ([K+]o, reproduced from Ref. 133).
Under similar conditions, N release was determined from BAtEC after stimulation with ATP (cf. Fig. 3.27).  Right
graph:  Correlation between relative N release (% of maximum N release at [K+]o = 5 mM) with corresponding,
relative [Ca2+]i (% of maximum [Ca2+]i at [K+]o = 5 mM).  Data pairs (N and [Ca2+]i) were obtained from left graph
at respective [K+]o.
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moderate increase in [K+]o (up to 10 mM) and explain the observed increase in N release via

elevated [Ca2+]i [48].

The importance of the Na+-K+ ATPase activity on the modulation of Em and [Ca2+]i becomes

even more evident after inhibition of the pump.  Due to the electrogenic nature, inhibition by

either removal of external K+ or incubation with the fast-acting cardiotonic steroid, dihydro-

ouabain [70], induces a reduction in Em (membrane depolarization) [133].  Besides this

immediate effect, longer lasting inhibition will result in the disruption of the ion homeostasis by

intracellular accumulation of Na+ and loss of K+, which will further reduce the Em [70].  Removal

of external K+ from Bk-stimulated BAtEC or exposure to ouabain was reported to cause

oscillations in [Ca2+]i [133].  Other in vitro studies on EC suggested as well the regulation of the

oscillatory release of endothelium-derived vasoactive factors by frequent changes in [Ca2+]i [108,

132, 206].  Although the mechanism underlying these Ca2+ oscillations is unclear, their

physiological role may be important in explaining rhythmic vasomotion and maintenance of

optimal tissue perfusion.  In blood vessels, rhythmic changes in the smooth muscle tone can be

initiated by stimulation with agonists, flow or shear stress and have shown to be at least partly

dependent on the existence of an intact endothelium [106, 107, 173].  However, a direct

correlation between Na+-K+ pump-mediated changes in Em and N release from EC has not been

shown so far.

By application of the N-CL, oscillations in N release were observed after inhibition of the

Na+-K+ pump by removal of extracellular K+ or incubation with ouabain in agonist-stimulated

(ATP, Bk), but also non-stimulated BAtEC.  The chemiluminescence detection of authentic N

is sufficiently sensitive and fast (response time < 10 s) for the time resolution of these periodical

changes.  The periodicity was with 60 to 80 s in very good agreement with the [Ca2+]i oscillations

in Bk-stimulated BAtEC (57.9 ± 2.8 s) [133] and bovine pulmonary artery EC (78.5 ± 0.5 s)

[206].  Besides that, a variety of other cells (e.g., human umbilical vein EC, pig aortic EC, rabbit

aortic EC) have been shown to respond to several agonists (e.g., thrombin, ATP, Bk, acetyl-

choline) with Ca2+ oscillations [108].  However, the periodicity and synchronization of [Ca2+]i

oscillations is not uniform and depends very much on the cell type and agonist used.  For

example, whereas Ca2+ oscillations in porcine aortic EC develop after stimulation with ATP or

Bk [38], oscillations occurred in bovine pulmonary artery EC only after stimulation with Bk but

not ATP [206], which might be explained by differences in the responsiveness of EC to agonists

depending on their location in the vascular tree [154].  Cell culture-dependent changes in the

expression and activity of membrane receptors, as shown for the Bk receptor in response to

trypsinization [224], could be another explanation.

Interestingly, the oscillatory response in N did not necessarily depend on the stimulation

with ATP or Bk but occurred also under conditions of otherwise elevated N release, such as

mediated by flow and shear.  It was therefore conceivable that the oscillatory phenomenon in

BAtEC is not directly dependent on agonist stimulation as long as the [Ca2+]i is at an elevated
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level.  Exposing EC to shear and flow (as in the perfusion assay) increases [Ca2+]i above the

resting value by stimulation of Ca2+ entry and can be compared to the sustained phase of agonist

stimulation.

Although the total number of N oscillations varied, inhibition of the Na+-K+ pump started

consistently with an abrupt fall in N production, which can be explained by the depolarization-

dependent decrease in [Ca2+]i [133].  After comparison of the periodical changes in [Ca2+]i and

N obtained from BAtEC it seems very likely, that, similar to this initial event, the complete

appearance of N oscillations is a direct translation of the oscillations in [Ca2+]i.  An under-

standing of the mechanisms responsible for the periodical changes in endothelial N release is

therefore dependent on the uncovering of the signal transduction chain causing the Ca2+ oscilla-

tions.  However, a conclusive hypothesis is puzzling so far by the fact of contradictory results

from several types of EC exposed to different stimuli as discussed earlier.  Nevertheless, some

characteristic seem to be common during the development of oscillations in [Ca2+]i [3, 203]:

1. Ca2+ spiking, probably originated from repetitive discharge of internal stores,

2. oscillatory changes in IP3, caused by periodic negative feedback on phospholipase C (PLC)

via protein kinase C (PKC)-mediated phosphorylation (cf. Scheme 1.4),

3. influence of Em changes on [Ca2+]i oscillations (via their effect on Ca2+ influx),

4. slowing down or abrogation of [Ca2+]i oscillations by the depletion of the internal stores,

5. electric or chemical coupling of cells for synchronization of the oscillations (in EC mediated

by formation of gap junctions).

K+-mediated membrane hyperpolarization:  Whereas depolarization of the EC membrane was

easily achieved by increasing [K+]o, reduced [K+]o did not adequately increased the Em.  Although

[K+]o below 5 mM would theoretically hyperpolarize EC, the Em diverges from the K+

equilibrium potential by the increasing contribution of other ions [3].  In the previous discussion

it was already evaluated in detail how the inhibition of the Na+-K+ pump (by [K+]o removal or

ouabain) induces the generation of [Ca2+]i oscillations.  Not the inhibition but stimulation of the

pump was now used to facilitate membrane hyperpolarization.  The high specific membrane

resistance allows modulation of the endothelial Em by very small current changes.  Transient

inhibition (10 min) of the Na+-K+ ATPase by K+-free solution produced in BAtEC a depolariza-

tion of approximately 10 to 15 mV (Em reduced from -55 to -45 mV, Fig. 4.1, Ref. 133).

Reintroduction of K+ caused a fast and transient stimulation of N release from BAtEC.  As

discussed earlier, pump stimulation is accompanied by hyperpolarization and will therefore

increase the driving force for [Ca2+]i.  In guinea pig coronary EC a hyperpolarization from -20 to

-90 mV was observed when the Na+-K+ pump was reactivated with 3 mM K+ after inhibition for

30 min by exposure to K+-free solution [48].  The stimulatory effect on N release was

increasing with the [K+]o, however the difference between 5 and 20 mM was only marginal.  A

change in the [K+]o concentration from 0 to 5 mM results probably in a submaximal activation of
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the Na+-K+ pump with a negative current of 10 to 15 mV [133].  Higher [K+]o cause membrane

depolarization which will counteract the hyperpolarizing activity of the Na+-K+ pump.

With this study it was shown for the first time that changes in the Em (either caused by changes

in the extracellular K+ concentration or by inhibition or stimulation of the Na+-K+ ATPase)

regulate endothelial N release.  This finding is not only important for the explanation of

physiological stimulation of EC by flow and shear or agonists.  The Em-dependent modification

of [Ca2+]i and concomitant N formation has to be considered also under pathological and

pharmacological conditions.  Disruption of the ion homeostasis in ischemic tissues leads to the

accumulation of K+ in the extracellular space (as simulated by increasing K+ concentration in the

perfusion buffer).  The increase of vascular tone under hypoxic/ischemic conditions could

therefore be attributed to membrane depolarization, reduced Ca2+ influx, and concomitantly

decreased formation of N.  Regeneration of the physiological K+ distribution or membrane

hyperpolarization, e.g. by stimulation of the Na+-K+ pump, would restore a normal vascular tone.

Dependence of N release from BAtEC on pH:  The cellular metabolism, in particular

mitochondrial respiration, is accompanied by the release of H+ into the cytosol.  The maintenance

of the pHi is facilitated by the bicarbonate buffering system of the cell and by extrusion of

intracellular H+ through the Na+-H+ exchanger (cf. Scheme 1.4).  Under physiological conditions

the pHi is kept in a relatively narrow range to provide an optimal environment for various

intracellular reactions.  Modulation of pHi in the vasculature is known to alter vascular tone and

endothelial metabolism [1, 105].  Activation of EC, as shown for stimulation with agonists and

flow, causes a biphasic response in pHi with an initial and transient acidification and a

concomitant alkalinization, probably through the activation of the Na+-H+ exchanger (Ref. 124,

220, 248).  In consideration of the pH optimum of 7.6 and 8.0 determined for isolated eNOS [61]

and intact BAtEC in this study, respectively, a moderate alkalinization would promote the

stimulation of endothelial N release during the sustained response to agonists (cf. Fig. 3.4).  In

addition, intracellular alkalinization causes Ca2+ mobilization from intracellular agonist-sensitive

pools [48], which further stimulates N formation.  On the other hand, the initial acidification

upon onset of the stimulus would theoretically decrease eNOS activity.  However, an increase in

[Ca2+]i and activation of guanylate cyclase was described [61] and supported by the transient

agonist-mediated N release shown for BAtEC here (cf. Fig. 3.4).  It was also demonstrated that

extracellular H+ inhibits store depletion-activated Ca2+ entry in EC [236].  In this context it seems

most likely that the effect of Ca2+, released from intracellular stores directly after agonist

stimulation, superimposes the pH effect on eNOS activity.  Moreover, the transient increase in

extracellular pH determined by microphysiometry upon exposure to Bk or ATP (cf. Fig. 3.3) is in

agreement with the transient stimulation of N release but not with the described agonist-

dependent acidification of the cytosol [61].  A possible explanation could come from the



Discussion

102

localization of eNOS in microcompartments, such as the caveolae, which could have a pH

distinct and differentially regulated to the cytosolic pH.

Besides the physiological regulation of the pHi in a small range and its contribution to the

modulation of enzyme activity, pathophysiological conditions (i.e., after hypoxia and ischemia,

during accelerated cell growth and metabolism in cancerogenesis, or in areas of atherosclerotic

lesions) can cause tremendous decrease in endothelial pHi and changes in ion homeostasis [134,

181].  The detection of the corresponding EDRF release from intact EC was so far only based on

bioassay methods (relaxation of aortic rings or strips, stimulation of cGMP release), direct

evidence for N has not been provided, yet.  The studies on the effect of pH were performed on

BAtEC and eNOS-transfected HEK cells exposed to flow/shear and continuously stimulated with

ATP.  After an equilibration period at pH 7.4, the pH of the perfusion buffer was changed in a

wide range from 5.8 to 8.6.  Especially acidification can occur under pathological conditions due

to increased metabolism or inhibition of the Na+-H+ exchanger.  Although pHi was not assessed

directly, it can be concluded from other studies that the pHi follows the changes in the

extracellular H+ concentration.  At pHo of 7.4, for example, the pHi of EC is kept by the activity

of the Na+-H+ exchanger at approximately 7.1 [220].  In the human EC line ECV304, reduction

of pHo from 7.4 to 6.9 caused a decrease of the pHi from 7.23 to 7.01 [236].  The pHo-dependent

formation of N from both native BAtEC and eNOS-transfected HEK cells (cf. Fig. 3.30) is

therefore in good agreement with the pH-dependent activity determined on isolated eNOS by

Fleming et al. [61].  Activity of eNOS in intact cells was observed in a range from pHo 6.6 to 8.4

with a maximum at pH 8.1, which compares to a range of approximately pH 5.8 to 8.5 with an

optimum at pH 7.6 for isolated eNOS enzyme [61].  It is therefore conclusive that acidification of

the intra- and extracellular milieu decreases the formation of N.  Vasoconstriction in ischemic

tissues or the endothelial dysfunction in and around atherosclerotic plaques find therefore (at least

partly) an explanation on the basis of local changes of the pH.
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4.6. Regulation of endothelial nitric oxide synthase and 
production during cell proliferation

The healthy endothelium in vivo has the characteristics of low cell turnover [215], but retains

the capacity for rapid proliferation as known for wound repair or angiogenesis.  Whereas

promotion of angiogenesis is desired for revascularization, its selective inhibition seems to be a

promising tool to control tumor growth.  Both pro- and antiproliferating properties are attributed

to N, most likely depending on the concentration and the used cell type.  However, investi-

gations dealing with the effect of EC proliferation on N production and eNOS protein

expression are rare.  Therefore, the objective of this study was the systematic evaluation of the

effect of endothelial cell growth and proliferation on the expression and activity of eNOS and the

extent of N inactivation by S.

Characterization of the growth/proliferation state of synchronously proliferating BAtEC:

Proliferation and cell growth were followed in a cell culture model of BAtEC for a period of up

to 8 days starting at D1 after seeding.  A doubling time of 18.0 and 16.6 h between D1 and D3

determined for total cell protein and cell number (in 6-well plates), respectively, and an initial

seeding density of 1:8 (1.75 × 104 cells/cm2) enabled investigations during different stages of cell

growth and confluence.  The growth curves are in good agreement with the model of Arnal et al.

[10], who started with a seeding density of 1:6 and reached a plateau at D4 after seeding.

The proliferation rate of BAtEC decreased, as expected, with increasing time in culture.  At

the time point of the maximum cell protein content (D5), almost no cells were found in S-phase;

the cell population was quiescent.  In comparison, the proliferation index of BAEC in an

asynchronously differentially proliferating model was determined by Flowers et al. [62] by

thymidine labeling.  Cells seeded at a high density were postconfluent 5 days after seeding and

exerted a very low proliferation index.  Populations seeded at a lower density, showed a lower

degree of confluence after 5 days, in conjunction with a higher proliferation index.

Cell contact was estimated by visual examination of the cell monolayer as a third parameter.

The light-microscope images (cf. Fig. 3.34) suggest a confluent state starting at D3, similar to the

observation of Arnal et al. [10] on BAEC.

Thus, synchronously proliferating BAtEC in the present study belonged to 4 different states,

characterized by 3 independent parameters (Table 4.1):  cell number, morphology (describing

together the state of confluence) and proliferation rate.  At D1 and D2 after seeding, BAtEC were

defined as preconfluent and highly proliferating cells.  BAtEC at D3 were at an intermediate state

between preconfluence and confluence with a moderate proliferation rate.  Confluence by cell

number, protein and morphology was reached at D4, in conjunction with a low proliferation rate.

BAtEC at D5 and D6 were in growth arrest and in a postconfluent state.  Such detailed

characterization is essential for comparison of the data of this study with those published earlier

[9, 10, 62, 140].
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N production:  The effect of proliferation on endothelial N production was estimated so

far only by Arnal et al. using indirect approaches via measurement of NOx accumulation in the

cell supernatant or cGMP elevation in reporter cells [9, 10].  In the present study, N-CL was

used first without chemical reduction of the samples.  Based on the main objective to characterize

the status of authentic N during growth of EC, the N concentration was determined in the

supernatant after stimulation with A23187.  The application of a Ca2+ ionophore was necessary

because of the lack of N release under non-stimulated conditions and the low response to

agonists in the static cell culture system (cf. 3.1.1.1 and 3.1.1.2).  Normalization with total

cellular protein and incubation time gave an averaged N production rate over the 30 min

stimulation period.

Arnal et al. [9, 10] found an approximately 2-fold higher NOx (2 and 3) production rate

in preconfluent compared to confluent BAEC (equivalent to D1 and D4, respectively, cf.

Table 4.1) under both non-stimulated and A23187-stimulated conditions.  One would expect that

the amount of NOx is proportional to the amount of N, increased by the amount of oxidized

N
¥.  In contrast, preconfluent, highly proliferating cells exerted in the model of synchronously

proliferating BAtEC a low N production, which progressively increased until cells became

confluent.  This observation was similar in the model of synchronously proliferating BAtEC

although the N production declined at high seeding densities.  To study the striking difference

between N and NOx data, especially in preconfluent cultures of BAtEC, 2 was also

determined for selected experiments by chemical reduction of the samples before analysis by

N-CL.  2 accounts for the predominant portion of N oxidation products in vitro, whereas

the presence of oxyhemoglobin in vivo favors the formation of 3 [102, 135, 227], suggesting a

sufficient correlation between the determination of 2 alone and the sum of 2 and 3

(NOx).  Indeed, the change in 2 in this study was similar to changes in NOx reported earlier [9,

10], with 3- and 4-fold higher accumulation rates at D1 compared to D4 in A23187-stimulated

and non-stimulated cells, respectively.  Therefore, the discrepancy between the proliferation-

                                                
¥ For determination of ·NO oxidation products by chemical reduction of the samples with concomitant measurement
of the ·NO content applies that authentic ·NO is contributing to the final value unless ·NO was removed by degassing
of the sample prior to the reduction step.

Days after seeding D1 + D2 D3 D4 D5 + D6

Confluence preconfluent pre- to confluent confluent postconfluent

Proliferation (FACS) high medium low growth arrest

Table 4.1  States of confluence and proliferation of BAtEC during six days in culture
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dependent production of total NOx or 2 on one side and authentic N on the other side was

neither caused by differences in the EC cultures used nor due to experimental conditions, but

seems to reflect striking qualitative differences between the results from the measurement of NOx

and the determination of authentic N.

An explanation for this discrepancy is complicated by the chemistry responsible for the

formation of 2 and 3 in vitro (Scheme 4.4, Ref. 64, 121, 135).  Autoxidation of N is very

slow at physiological concentration of N (10-9 to 10-7 M) because of its second-order

characteristic in respect to N.  In the absence of N consumption through other processes, N

has in an air-saturated solution at a concentration of 10-7 M a half-life of 15.6 h, determined by

using the reaction constant k = 2 × 106 M-2s-1 [64].  Based on this kinetics alone, only trace

amounts of 2 would be expected after an incubation period of 30 min.  This value is in sharp

contrast to the approximately 10 times higher levels of 2 in comparison to N measured in

this study.  In an open system, such as the cell culture systems used in general, there is significant

mass transfer of dissolved N to the headspace.  Nitric oxide is a hydrophobic gas with a low
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Scheme 4.4  	 chemistry in an in vitro system of cultured endothelial cells.

The formation of N oxidation products in an aqueous environment is dependent on the present reactants.  Nitrite is
the main oxidation product in vitro.  For details see text and Scheme 1.1.



Discussion

106

partition coefficient in solution (1:29, determined from the solubility of N in water, 1.535 mM

at 37 °C).  The headspace compares to a sink of N which acts similar to oxyhemoglobin in vivo

as a very powerful N trap.  Part of the N gas in the headspace disappears from the system by

diffusion.  The remaining part will be in near equilibrium with the dissolved N.  Although the

reaction constant of N with oxygen in the gas phase is three magnitudes lower than in solution,

the higher concentration of both molecules in the gas phase (depending on their solubility in

water at 37°C, 29- and 40-fold, respectively) allows a faster formation of NO2 in the headspace.

After conversion of NO2 to N2O3, it hydrolyzes and forms 2, immediately [242].  Although the

in vitro accumulation of 2 at low concentration of N could be explained this way, the

increased 2 concentrations in proliferating BAtEC requires a different explanation (see below).

Interaction of N and S:  Endothelial S generation was reported to be dependent on the state

of cell growth or proliferation [9].  Therefore, the differences in the N production rate

measured from proliferating vs. confluent EC (Fig. 3.37 A) could have been (at least partly)

caused by S-mediated inactivation of N.  In order to test this hypothesis, SOD was added to

the cell culture system during the 30 min stimulation period.  Using this approach it was possible

to differentiate between the amount of free N derived from BAtEC in the presence and absence

of interfering S.  As discussed earlier (cf. 4.4), the calculated difference between the N

production in the presence and absence of SOD (Fig. 3.37 B, Fig. 3.39 B) represents an estimate

for the S generated by BAtEC, with higher S production by proliferating, preconfluent cells

compared to non-proliferating, confluent cells.  This finding is in good qualitative agreement with

those reported by Arnal et al. [9].

Although the N production rate was elevated by SOD and became independent on the

culture duration, discrepancy between the N and the 2 data still existed.  As discussed

earlier, autoxidation of N alone cannot account for 2 generation in vitro.  In solution, the

interaction with S at a diffusion-limited rate (1.9 × 1010 M-1s-1, Ref. 123) is by far more

important.  The reaction product peroxynitrite can react with another molecule of N under

formation of 2 and NO2 (Scheme 4.4, Ref. 136).  As indicated, S production by BAtEC was

observed via SOD-mediated increase in authentic N, especially during early states of cell

growth.  The fast interaction with S forms non-volatile products, i.e. significant amounts of N

become trapped in solution especially at states of high S generation.  2, and to a certain

degree 3, will accumulate as secondary products, explaining the qualitative difference between

N and NOx values measured in the cell supernatant.

It has been suggested, that free radicals are directly involved in the control of cell proliferation

[31].  At the beginning of the free radical reaction chain, S might therefore be an important

proliferating factor.  In regard to quantitative aspects it is interesting that, in the study of Arnal et

al., the amount of S released into the supernatant (measured by cytochrome c reduction)

exceeded the amount of NOx up to 8-fold [9].  Taking our observation of an approximately 10

times higher 2 than N concentration into account, the estimated S concentration in their
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model could potentially exceed the N concentration by two orders of magnitude.  The existence

of free N under this condition seems very unlikely.  As found in Arnal’s study, stimulation of

cGMP production in RFL-6 cells was low in the absence but considerably increased in the

presence of SOD.  Nevertheless, there are indications suggesting a peroxynitrite-mediated

stimulation of guanylate-cyclase activity [150], which could have contributed to the observations

by Arnal et al. [9].

eNOS expression:  Although eNOS is classified as a constitutive enzyme, eNOS expression

can be modulated to a certain degree by flow, shear stress, cyclic strain [11, 164, 231], estrogen

[116], cytokines [63], or proliferation [10, 140].  The availability of a newly developed eNOS

specific ELISA [2] enabled for the first time to examine the eNOS expression in a quantitative

manner in the synchronously proliferating model during different states of proliferation and

confluence.  With a good reproducibility between different sets of experiments it was shown that

the eNOS expression increased 4-fold from D1 to D4.  Western blot analysis confirmed

qualitatively the observations made by ELISA.  A comparison to Western blot data from three

other studies is complicated by the use of different proliferation models and the definition for

proliferation and confluence.  In two studies eNOS protein was shown to be increased in

preconfluent cells, accompanied by an increase in eNOS mRNA [10, 140], whereas one study

showed the opposite [62].  In consideration of the growth curves, the 3-fold higher content of

eNOS protein measured by Arnal et al. [10] in preconfluent compared to postconfluent cells

would correspond to D2 and D9 in the synchronously proliferating model of BAtEC.  This

change was accompanied by an almost linear, 6-fold decrease in mRNA from preconfluent to

postconfluent cells (corresponding to D1 to D7).  Although the eNOS expression in BAtEC

measured by Western blot analysis and displayed for one representative experiment (D2

compared to D8, Fig. 3.41) is in line with Arnal’s data, there is no significant difference in eNOS

protein expression measured by ELISA between D2 and D8.  The almost linear, 4-fold increase

of eNOS protein expression between D1 and D4 (cf. Fig. 3.40) indicates that the selection and

exact characterization of the time points for eNOS determination is critical.

Specific activity of eNOS:  The comparison of the cell-based N production rate (determined

in the presence of SOD) with the cellular content of eNOS protein revealed unexpected, and so

far not reported differences between the various states of proliferation and confluence.  The

relative activity of eNOS (pmol N/min/µg eNOS) was calculated for intact cells by normaliza-

tion of the N production rate (pmol/min/mg protein) with the relative amount of eNOS protein

(ng eNOS/mg protein).  The data revealed a striking 4-fold higher eNOS activity at D1 compared

to D4.  Based on existing knowledge on the modulation of eNOS activity, several potential

mechanisms may explain this observation.

First, availability of substrate (i.e., L-arginine) and cofactors (i.e., Ca2+/CaM, BH4, O2,

NADPH, etc.) is essential for optimal N production.  To rule out the possibility of cofactor or
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substrate limitations in cultures of BAtEC, the conversion rate of L-arginine to L-citrulline was

determined in cell lysates in the presence of added optimal amounts of L-arginine and cofactors.

A comparison of the N production in the presence of SOD with the L-citrulline formation

normalized for cellular protein showed a distinct difference in the dependence on the culture

duration.  Whereas the N production rate was constant, the rate of L-citrulline formation

increased between D1 and D3 almost 2-fold, suggesting a substrate or cofactor dependent

downregulation of eNOS activity in intact BAtEC as cells become more confluent (or decrease

proliferation rate).  This difference is also reflected by the dependence of the N and L-citrulline

production rate (normalized for eNOS protein) on culture duration.  Although the difference in

eNOS activity between D1 and D4 is less pronounced with L-citrulline formation than N

production (suggesting some role of substrate/cofactor availability), they both show the same

qualitative change:  the activity of eNOS in preconfluent, highly proliferating BAtEC is increased

in comparison to confluent, non-proliferating BAtEC.  This change is therefore not likely due to

substrate and cofactor limitation alone.

Another potential explanation for the observed change in eNOS activity is the N feedback

inhibition of NOS.  Nitric oxide feedback inhibition of nNOS [83, 193], iNOS [72] and eNOS

[28, 83, 188] has been shown in enzyme experiments and intact cells.  Although the constitutive

isoforms were more susceptible than the inducible one, micromolar concentrations of N donors

were needed to observe a significant inhibition [188].  An inhibitory effect of N on L-arginine

to L-citrulline conversion was shown on partially purified eNOS and nNOS enzyme by

supplementation with at least 10 µM N.  On the other hand, scavenging of N by oxyhemo-

globin increased, removal of S by SOD decreased the activity of iNOS in cytokine-activated EC

[188] or NOS enzyme preparations [193].  Although the time-course of the N concentration

would explain an inhibition of eNOS at confluence (approximately 10-fold increase between D1

and D5), the maximum N concentration measured in the supernatant (approximately 25 nM) is

probably too low to exert a significant inhibitory effect which would explain the observed 3- to

4-fold change in eNOS activity.

The third potential explanation includes post-translational modification(s) of eNOS protein

during EC growth/proliferation.  During the last years, several reports described the regulation of

eNOS activity by post-translational modifications.  In conjunction with the membrane association

of eNOS, mediated by myristoylation and palmitoylation of the enzyme, its targeting to caveolae,

(microdomains of the EC membrane), was uncovered and shown to be essential for optimal

release of N [137].  Colocalization with caveolin [75], the structural scaffolding protein of

caveolae, is responsible for a markedly attenuated eNOS activity [58, 217].  Increased tyrosine

phosphorylation promotes the eNOS-caveolin interaction and decreases eNOS activity [74],

whereas Ca2+ agonists and A23187 modulate the dissociation of the eNOS-caveolin complex and

increase eNOS activity [57].  Recently, an activation of eNOS by protein-protein-interaction with
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heat shock protein 90 (HSP-90) was unveiled and shown to be stimulated by vascular endothelial

growth factor, histamine and fluid shear stress [73].

In respect to the dependency of the eNOS activity on the interaction with other proteins and on

the phosphorylation state, it appears that the increased eNOS activity in preconfluent, prolifer-

ating EC might be caused by such a post-translational modification.  Detailed studies investi-

gating both the caveolin-eNOS or HSP90-eNOS binding and the phosphorylation state of eNOS

according to the proliferation state of EC cultures are not available, yet.

In summary, the present study showed significant modulation of N production, S generation

and eNOS expression in proliferating EC.  The major observations, not described so far, were

made possible by the characterization of authentic N release from BAtEC and the quantifica-

tion of eNOS expression by ELISA.  Whereas the production of N did not change with

confluence and proliferation state, the amount of detectable free N was low in preconfluent,

highly proliferating BAtEC because of increased S generation.  A significant increase in eNOS

expression was observed several days after seeding, reaching a maximum at confluence.

Unexpectedly, the specific eNOS activity was found to be highest in preconfluent, highly

proliferating BAtEC.  A comparison of N production from intact cells and the L-arginine to

L-citrulline conversion in cell lysates led to the conclusion that the observed changes in eNOS

activity during cell cycle are not primarily due to substrate and/or cofactor availability, but

caused by some other, still undetermined post-translational mechanisms.
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The objective of this dissertation was to study specific aspects of the regulation of endothelial

N formation and the concomitant S-mediated degradation of N.  The establishment and

evaluation of sensitive and specific methods for the detection of both radicals was therefore a

prerequisite.  With the focus on effects of the membrane potential and cell proliferation on eNOS

enzyme activity and eNOS protein expression, novel mechanisms were presented and discussed

with respect to the existing literature.  The evaluation of the interaction of N and S revealed

the importance of the degradation of bioavailable N in in vitro systems of EC and led to the

identification of new ways to prevent this degradation.

The exceptionally fast interaction of N and S represents the most limiting factor for the

analysis of both species.  Most studies published compromise a loss in specificity to gain

sensitivity for the detection of the low levels of both radicals present under physiological

conditions.  Although the application of spin trapping using nitronyl nitroxides in combination

with EPR spectroscopy is documented as specific for N, the method was found to be limited by

the S-mediated reduction of the spin trap.  Because of the demonstrated S generation by EC,

nitronyl nitroxides are not suitable for the quantification of N released from this cell system.

However, in respect to the high demand for sensitive S detection methods, the S-mediated

reduction of nitronyl nitroxides is here proposed as a valuable tool for the estimation of low S

levels in cell culture systems.  In the future it will be necessary to design detailed investigations

for the determination of experimental conditions and limitations of this approach.

The method of ozone-mediated N-CL exerts both high sensitivity and specificity for N

when used without chemical reduction for the conversion of N oxidation products back to N.

The versatility of the assay was improved by modification and optimization.  Besides the end-

point determination of N in the supernatant of EC, temporal changes in N release from

cultured EC, isolated NOS enzyme and N donors were continuously monitored and quantified.

The N-CL method, in combination with the SOD-mediated protection of detectable N, was

demonstrated for the first time to be an appropriate method for the estimation of low levels of S

in biological systems.  A thorough comparison to standard methods, such as the cytochrome c

reduction assay, has to be considered for further development of the N-CL assay as a tool for

the quantification of physiological low concentrations of S.

In order to assess the biological activity of N determined by the N-CL, the method was

combined with a superfusion bioassay.  This simultaneous approach enabled the continuous,

time-resolved determination of the actual N concentration and the respective vasorelaxation

(bioactivity).  By comparison of the N concentration in the superfusate of BAtEC and aqueous

N standards with the respective extent of vascular relaxation, it was possible to conclude that

the vasoactive properties of the superfusate are exclusively due to the action of authentic N.
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Based on the biological significance of the reaction between N and S, investigations were

designed to address this interaction.  SIN-1 was introduced as a model system for the simulta-

neous release of N and S.  EPR spin trapping showed solid evidence, not reported so far, that

the formation of H is the result of S disproportionation and concomitant Fenton reaction and

not due to decomposition of peroxynitrite.  The increase of detectable N by SOD in the SIN-1

system and in culture systems of EC suggested the application of small molecules with SOD-

mimetic properties.  The use of these SOD substitutes is desired in respect to the in vivo

limitations of SOD supplementation.  Although nitroxides have been described for their SOD-

mimetic, and in this respect antioxidative properties, evidence about the nitroxide-mediated

increase in detectable (“bioavailable”) N, released from SIN-1 and cultured EC, was described

for the first time by this study.  Therefore, nitroxides might exert pharmacological potential under

conditions of S-mediated diminution of bioavailable N.

The characterization of N release from cultured EC and the understanding of the degradation

of N by S were the foundation of further studies.  The work was focused on two biological

phenomena, the membrane potential and cell proliferation, based on indications about their

involvement in the endothelial N metabolism.

The Em of EC can be modulated by physiological stimulation or pharmacological interven-

tions, as well as pathological conditions.  Although [Ca2+]i has been shown to be strongly

influenced by the Em, no direct evidence has been provided up to now in respect to the Em-

dependent regulation of endothelial N synthesis.  Membrane depolarization and hyperpolariza-

tion of perfused EC was achieved by modulation of the transmembrane K+ distribution and the

Na+-K+-ATPase activity, respectively.  Continuous monitoring of N release enabled the direct

correlation between the change in Em and the corresponding temporal response in N.  This

study showed for the first time that membrane hyperpolarization stimulates and depolarization

inhibits endothelial N release.  By this evidence it was possible to fill the gap in the proposed

signal transduction chain responsible for endothelium-dependent changes in vascular tone in

response to changes in the Em.

The generation of new blood vessels is regulated by a large number of growth factors.

Although their mode of action is not well understood, N is proposed as a mediator.  Whereas

the focus of related studies was mainly on the effect of N on EC growth, information about the

proliferation-dependent regulation of eNOS activity and expression are limited.  A systematic

investigation on proliferating EC showed significant modulation of N production, S generation

and eNOS expression.  The modulation of authentic N by S, which is elevated in proliferating

EC, might reflect a growth-dependent regulatory mechanism.  The comparison of N and NOx

levels suggested further, especially under conditions of elevated S production, the existence of a

significant discrepancy between the detection methods for N and N oxidation products.  After

removal of S by SOD a stable and maintained N production rate was determined.  Quantitative
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measurements of eNOS expression levels by a novel ELISA method allowed the identification of

significant changes in eNOS activity during cell cycle.  The unexpected high activity of eNOS in

preconfluent, proliferating BAtEC could only partly be attributed to limitations in substrate or

cofactor availability.  More important, post-translational modification(s) might be responsible for

a change in eNOS activity during growth and proliferation of EC.  The nature of the protein

modification(s) and the physiological background of the alterations in eNOS expression and

activity remain to be determined.
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A. Method evaluation:  Cytochrome c assay for the detection
of superoxide

A.1. General description and basics of the method

The detection of S is complicated by its instability in aqueous solution.  Several agents have

been applied in the past as detector molecules of S.  Recently it was shown that the widely used

chemiluminescence agent lucigenin can autoxidize and produce S [4, 9].  Both EPR spin

trapping agents and ferricytochrome c react with S, however, SOD has to be used to compensate

the lack of specificity.  In consideration of the fairly uncomplicated application, the cytochrome c

assay became the most common technique for the determination of extracellular S production

in vitro [8, 13].

The reduction of ferricytochrome c (c3+) to ferrocytochrome c (c2+) has a midpoint potential of

+251 mV.  Redox systems with a similar redox potential, such as the one-electron transfer from

S (redox potential in water -270 to -320 mV), are capable to promote the cytochrome c reduction

(Equ. A.1):

3+
2
- 2+

2        c O c      +      O     +                    ⋅ → Equ. A.1

 The acetylated form of cytochrome c was used for part of the experiments since acetylation

has been shown to protect the protein against certain enzymatic redox processes [8].  Although

the S-mediated reduction is rather fast (2.6 × 105 M-1s-1 at pH 7.8 and 1.1 × 105 M-1s-1 at pH 7.0,

Ref. 2), only the SOD-inhibitable portion enables an estimation of the amount of S contributing

to the reduction [4].  The process is characterized by a distinct spectral difference of both redox

forms at 550 nm with εc3+ = 0.89 × 104M-1cm-1 and εc2+ = 2.99 × 104 M-1cm-1.  The concentration

of reduced cytochrome c can be calculated by the Lambert-Beer law (Equ. A.2).

∆ ∆OD  =              cε
c c

l2 3+ +−
⋅ ⋅ Equ. A.2

∆OD - change in optical density

∆εc2+-c2+ - difference in extinction coefficients of c2+ and c3+

l - length of light path

c - concentration
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Estimation of the detection limit:  The theoretical detection limit of the assay is very much

limited by physical factors:  (i) the difference in the extinction coefficient at 550 nm (2.1 x 104

M-1cm-1), (ii) the sensitivity of the spectrophotometer (∆OD ≈ 10-3, accepting a signal to noise

ratio of 3:1), and (iii) the path length (l, 1 cm for a cuvette and approximately 0.156 cm for a

volume of 50 µl in a 96-well plate).  From these parameters the theoretical detection limit was

calculated (Equ. A.2) to be 48 nM and 305 nM for cuvettes and the 96-well plate format,

respectively.  The corresponding minimum S production rates would be for a 30 min assay 1.6

and 10.2 pmol/ml/min, respectively.

Although there is no systematic quantification of S generation from EC available, several

studies on human umbilical vein EC determined rates of approximately 10 to 1.000 pmol/min/

2 × 105 cells by use of the cytochrome c reduction assay [5, 6, 10, 11].  Arnal et al. reported for

BAEC between 30 and 300 pmol/min/mg protein [1].  However, others applied the more sensi-

tive but less specific lucigenin chemiluminescence to measure S from EC because of the failure

of the cytochrome c assay.  In conclusion, the literature did not provide a detailed evaluation of

the cytochrome c reduction for S production by EC.  Several steps were therefore undertaken to

establish a quantitative assay for S generated by EC based on the reduction of cytochrome c.

A.2. Evaluation of the assay by model experiments

All experiments were done in 1-cm-cuvettes or 96-well plates by measurement of the kinetic

change in OD or the OD endpoint at 550 nm.  Measurements were performed using an UV/VIS
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Fig. A.1  Model experiments on the kinetics of cytochrome c reduction caused by the
xanthine oxidase (XO) / hypoxanthine (HX) system in dependence on the concentration of
XO and catalase (performed in 1-cm-cuvettes).

Absorbance of 50 µM cytochrome c in 50 mM phosphate buffer (pH 7.4) was measured in intervals of 30 to 60 s in
1-cm-cuvettes after supplementation with:  (a) 0.1 to 1.0 mU/ml xanthine oxidase (XO) and 10 µM hypoxanthine
(HX), in the presence and absence of 100 U/ml SOD, and (b) 3.0 mU/ml XO, 10 µM HX, and 0 to 100 U/ml
catalase.
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spectrophotometer (Spectrometer Lambda2; Perkin Elmer, Norwalk, CT) or a plate reader

(SpectraMax 250; Molecular Devices, Sunnyvale, CA), respectively.  For the kinetic measure-

ment, data points were taken every 30 or 60 s for 30 to 60 min.  One data point represents the

single measurement for one cuvette or the average of 8 out of 12 wells in the 96-well plate format

(two minimum and maximum values were eliminated).  The model experiments were performed

at room temperature, the cell experiments at 37 °C.

In preparation of the cell experiments, the cytochrome c assay was tested by use of the S

generating system XO/HX (cf. 2.6).  A 50 µM cytochrome c solution was prepared freshly in

50 mM phosphate buffer (pH 7.4).  Before the solution was transferred to the cuvettes or 96-well

plates, half of the samples were supplemented with SOD.  XO and HX were added at the

respective concentration shortly before the first time point.

One-cm-cuvettes:  In a first step, 0.1, 0.3 and 1.0 mU/ml XO were used in the presence of

10 µM HX to monitor the general kinetics of cytochrome c reduction (Fig. A.1 a).  The definition

of the XO activity (1.0 U XO converts per min 1.0 µmol xanthine or approximately 0.5 µmol HX

to uric acid at 25 °C and pH 7.5) was used for an estimation of the HX conversion rate

(Table A.1).  The S production rate was calculated from the linear slope of the OD during the

initial 20 min, based on the assumption of a complete reaction of S with cytochrome c [3].  The

yield defined as the ratio between measured S and the theoretical HX consumption, was not

constant but decreasing with raising XO concentration (Table A.1).  Fridovich showed in 1970

that only 20 % of the oxygen consumption by XO (pH 7.0, in air) was utilized to form S directly,

while 80 % was reduced to H2O2 in an apparently concerted two-electron step [3].  However, at

100 % oxygen the ratio between consumed xanthine and produced S was nearly 1.  The higher

“efficacy” in S generation compared to the data by Fridovich [3] could be determined by

differences in the experimental conditions, especially in regard to the use of HX instead of

xanthine.  The lower yield at higher XO concentrations is most likely explained by a drop in

oxygen tension during the oxygen consuming conversion of HX.  The surface to volume ratio in a

cuvette is small and gas diffusion might not be sufficient.  Based on the discrepancy of the S

XO concentration [mU/ml] 0.1 0.3 1.0

HX consumption (per def.) [nmol/ml/h] 3.0 9.0 30

SOD [U/ml] 0 0 100 0 100

∆OD (slope of first 20 min) [1/h] 0.0390 0.1128 0.012 0.342 0.069

S production per 1 h [nmol/ml/h] 1.86 5.37 0.57 16.3 3.29

yield [%] 62.0 59.7 54.3

Table A.1  Comparison of hypoxanthine (HX) consumption and cytochrome c reduction at
different concentrations of xanthine oxidase (XO, in 1-cm-cuvettes).
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yield it seems clear that a calculation of the exact S amount generated by the XO/HX system is

rather complicated.  Nevertheless the system supported reproducible S fluxes for further

qualitative characterization.  A second observation was made after addition of 100 U/ml SOD to

prevent S-mediated reduction (Fig. A.1 a).  Only 80 and 90 % prevention was achieved in the

presence of 0.3 and 1.0 U/ml XO.

The drop in absorbance observed after 40 min (1.0 mU/ml XO, Fig. A.1 a) was assumed to be

connected to reoxidation of cytochrome c.  It is known that in the presence of cells, reactants are

produced by enzymatic processes which can oxidize cytochrome c and cause an underestimation

of S generation by this assay.  H2O2 is one of the possible reactive species, however, its

contribution in vitro was shown to be rather low unless submillimolar concentrations of H2O2 are

generated [14].  To check a possible contribution of H2O2 to the reoxidation of cytochrome c,

catalase was added at a concentration range of 0 to 100 U/ml to the XO/HX system (3.0 mU/ml

and 10 µM, Fig. A.1 b).  The initial rate of cytochrome c reduction was not significantly changed

in the presence of catalase (average of 23.8 ± 0.35 nmol/ml/h, n = 5).  However, catalase

prevented at a concentration of ≥ 1.0 U/ml the drop in absorbance after reaching its maximum.

The catalase-mediated protection of reoxidation of reduced cytochrome c was therefore used in

the cell experiments by supplementation with 100 U/ml catalase.

96-well-plate:  The measurements of OD changes in a cuvette do not enable the performance

of kinetic measurements on intact cell monolayers.  For this reason, the cytochrome c assay was

adapted to a 96-well plate format as described previously for neutrophils [12].  The model

experiments with XO/HX were performed as described for the experiments in cuvettes.

The right panel of Fig. A.2 a shows the kinetics of cytochrome c reduction for 0.1 to 10 U/ml

XO in the presence of 100 µM HX.  The rates of cytochrome c reduction as determined by the

linear slope during the first 10 min, are presented in the right panel.  Table A.2 contains the

theoretical rates for HX consumption and the actual S production rates (compare to Fig. A.1).

Except for 0.1 mU/ml XO, the yield of S production in relation to the HX consumption was with

21 to 26 % lower than in the previous experiments using 10 µM HX (in cuvettes) and in better

agreement with the value published by Fridovich [3].

XO concentration [mU/ml] 0.1 0.3 1.0 3.0 10.0

HX consumption (per def.) [nmol/ml/h] 3.0 9 30 90 300

∆OD (calc. slope for 1 h) [1/h] 0.0045 0.0262 0.0894 0.2820 1.0098

S production per 1 h [nmol/ml/h] 0.34 1.99 6.81 21.47 76.9

yield [%] 11.4 21.3 22.7 23.8 25.6

Table A.2  Comparison of hypoxanthine (HX) consumption and cytochrome c reduction at
different concentrations of xanthine oxidase (XO, 96-well plate format).
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For a better understanding of the effect of the HX concentration on the XO activity,

1.0 mU/ml XO was coincubated with HX at various concentration in the range of 0 to 100 µM

(Fig. A.2 b). The bar graph on the right panel shows that the XO was in respect to the HX
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Fig. A.2  Model experiments on the kinetics of cytochrome c reduction caused by the
xanthine oxidase (XO) / hypoxanthine (HX) system in dependence on the concentration of
XO, HX, and SOD (96-well plate format).

Absorbance of 50 µM cytochrome c in 50 mM phosphate buffer (pH 7.4) was measured in intervals of 30 s in 96-well
plates after supplementation with (a) 0.1 to 10 mU/ml XO and 100 µM HX, (b) 1.0 mU/ml XO and 0 to 100 µM HX,
and (c) 1.0 U/ml XO, 10 µM HX, 10 U/ml catalase and 0 to 300 U/ml SOD.  Left graphs:  the time course of change
in absorbance.  Right graphs:  endpoint absorbance after 60 min incubation.
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concentration fully active at 10 µM HX and had approximately 30 % activity at 1.0 µM HX.

The amount of SOD necessary for the prevention of the cytochrome c reduction was deter-

mined in an additional experiment (Fig. A.2 c).  An 80 % protection of cytochrome c against

S-mediated reduction was achieved by 10 U/ml SOD.  Only the highest concentration used

(300 U/ml SOD) provided a better protection (87 %).  For the cell-based experiments, a SOD

concentration of 500 U/ml was applied in agreement with the literature.  However, the lack of a

complete prevention of cytochrome c reduction by SOD indicated the presence of other, S-

independent redox processes.  In systems with a low S generation, this phenomenon might

generate a non-specific background reduction which can lower the sensitivity of the assay,

significantly.

A.3. Application of the cytochrome c assay to BAtEC

As shown in the previous chapter, the cytochrome c assay keeps the potential for a sensitive

detection of S.  However, several criteria have to be considered during the application of this

assay and the evaluation of the generated data.  First, the theoretical sensitivity of the assay might

be limited by the S-independent reduction of cytochrome c.  Acetylated cytochrome c was used

for selected experiments to minimize this effect.  Second, reoxidation of cytochrome c during the

experiment might lead to an underestimation of S generation.  The assay was supplemented with

catalase and the reduction kinetics were monitoring by using the 96-well plate format.  And third,

based on the very fast reaction between N and S (about 105 times faster than the S-mediated

reduction of cytochrome c, Ref. 2, 7), supplementation with a NOS inhibitor is necessary in

systems with expected N production.  All cell experiments were therefore performed in the

presence of 0.5 mM L-NAME.

When cytochrome c was applied to cultures of proliferating and growing BAtEC (1 to 6 days

in culture), significant reduction was not observed under non-stimulated (“basal”) nor A23187-

stimulated conditions.  Based on the difference of N determined in the presence and absence of

SOD (cf. Fig. 3.37), the estimated S production was in cells cultivated for 1 day in the range of

the N production but lower for all older cells (2 to 6 days in culture).  Since the N production

rate in the presence of SOD was stable at a value of approximately 3 pmol/min/mg protein, the

maximum S production rate was not expected to exceed this value and therefore more than one

magnitude below the detection limit of the cytochrome c assay.  With reported differences in S

production by EC of more than one order of magnitude [5, 6, 11], a quantitative comparison is

not possible.  However, the (at least) 3 times higher S production rate in highly proliferating,

preconfluent BAtEC (D1) compared to confluent cells (D4) is in good agreement with the

relationship between S formation and EC proliferation found by Arnal et al. [1].
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