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Abstract

Although nitric oxide (NO) from inducible nitric oxide synthase (NOSII) is
proposed to be the major factor in the vascular abnormalities of sepsis in rats, its role in
higher order species is not well established. This thesis thus, addresses the role of NO in
septic pigs. I also studied the interaction of NO with superoxide (O2") because of the
important modulating effect that O, has on NO. I chose pigs because their sensitivity to
lipopolysaccharide (LPS) and the pattern of changes in blood pressure, cardiac output,
and systemic vascular resistance, are closer to the human response than what is observed
in rats and mice.

[ first hypothesized that induction of NOSII in pigs is the cause of sepsis-induced
hypotension as occurs in rodents. To test this, [ treated pigs with LPS to simulate sepsis.
In contrast to what is obscrved in rats and mice, plasma nitrite did not change during the
4 hours of the LPS infusion and there was no increase in calcium (Ca)-independent nitric
oxide synthase (NOS) activity in lung tissue from endotoxemic pigs compared to control
animals. Furthermore, there was only minimal induction of NOSII mRNA. However,
there was increased nitrotyrosine formation suggesting formation of peroxynitrite as
observed in endotoxic rats. Thus, NOSII does not play a major role in the vascular
dysfunction of the early phase of hyperdynamic sepsis in pigs, but NO from other sources
may still have a role.

Although the production of NO fro;ll endothelial NOS (NOSIII) in response to
LPS is decreased in septic rats, there are inconsistent results in other experimental
models. My second hypothesis was that NOSIII is not down regulated in septic pigs, and

NO from NOSIII, could contribute to peroxynitrite formation. In support of this, western
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blot analysis of samples from aorta and vena cava showed no down regulation of NOSIII.
There also was an increase in Ca™ -dependent NOS activity of aorta and vena cava after
2-hour of endotoxemia, which indicates increased constitutive NOS activity. Morover,
there was an increase in NOSI in the vena cava. LPS produced a leftward shift in the
dose- response curves of SVR and RVR in response to the NOS inhibitor, L-NAME (N°-
nitro-L-arginine-methyl-ester). This increased sensitivity of endotoxemic pigs to NOS
inhibition supports the evidence of increased NOS activity in the vessels of endotoxemic
pigs.

Peroxynitrite is formed from NO and superoxide (O;). Since NO was not
increased in endotoxemic pigs, I next hypothesized that O’ is increased in endotoxemic
pigs and this reacts with NO from constitutive NOS to form peroxynitrite. To test this
hypothesis, 1 first studied rats to confirm that O, is increased in arterial vessels of
endotoxic rats. There was a small increase in basal O, in endotoxic rats. Stimulation of
NAD(P)H oxidase by giving the substrate, NADH, did not result in different O,
production in control and endotoxic rats. However, inhibition of NOS increased O, in
endotoxic rats. This indicates an interaction between NO production and O, in endotoxic
rats. In septic pigs, the basal level of O, also was increased. However, in contrast to rats,
NADH increased O, production significantly more in arterial rings of endotoxic pigs
compared to control pigs. Moreover, L-NAME decreased O, production in NADH-
treated arterial rings of endotoxemic pigs. These results suggest increased NADPH
oxidase activity in arterial vessels of endotoxemic pigs is NOS-dependent. Furthermore,
we observed an increase in luminol chemiluninesence in arterial rings of endotoxemic

pigs, which also supports the increased production of peroxynitrite.
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Skeletal muscle force is decreased in sepsis, and superoxide dismutase alleviates
this decrease, indicating a role for O;". However, the source of O, generation is not
known in skeletal muscles. I hypothesized that NAD(P)H oxidase in skeletal muscle
could be responsible. | demonstrated by immunohistochemistry and western blot analysis,
that the componenets of NAD(P)H oxidase, gp91 "™, p22 P** and p47 "™ are present in
skeletal muscle and it has similar behavior to other non-phagocytic NADPH oxidases.
The addition of L-NAME to NADH-treated diaphragm strips of endotoxic rats, increased
O, production in endotoxic rats indicating that O, production counters the increased NO
formation as we observed in rat aorta. These observations indicate that O,  generation
from NADPH oxidase in skeletal muscles can play a role in the pathophysiology of

sepsis.



Résumé

Bien que la production de monoxyde d’azote (NO) par la NO synthase inductible
(NOSII) soit proposée comme un facteur majeur intervenant dans les anomalies
vasculaires chez le rat septique, son role chez les espéces supérieures n’est pas bien
défini. Ainsi, cette thése étudie le role du NO chez les cochons septiques, ainsi que les
interactions entre la voie du NO et I’anion superoxide O,". J"ai choisi d étudier le cochon
vu sa sensibilité au lipopolysaccharide (LPS). De plus, chez le cochon, les changements
survenant dans la pression artérielle, le débit cardiaque et les résistances vasculaires
systémiques, reflétent mieux le sepsis humain que les modéles murins.

Premiérement, j'ai émis I’hypothése que |'induction de la NOSII chez le cochon
est la cause de I’hypotension induite par le sepsis, comme chez le rongeur. Pour vérifier
cette hypothese, j'ai traité des cochons avec du LPS pour simuler le choc septique.
Contrairement a ce qui observé chez le rat et la sourts, la concentration de nitrite dans le
plasma n’a pas changé durant les 4 heures d’infusion de LPS. De plus, il n'y a pas eu
d’augmentation de |'activité de la NOS calcium (Ca™")-indépendante (NOS) dans les
tissus pulmonaires des cochons endotoxémiques par rapport aux contrdles. Il n’y avait
par ailleurs qu’une induction minimale de I'’ARN messager de la NOSII. Par contre, il y
avait une augmentation de synthése de nitrotyrosine, suggérant la formation de
peroxynitrite, comme chez les rats endotoxémiques. Ainsi, NOSII ne joue pas un role
majeur dans I’insuffisance vasculaire lors de la premiére phase du sepsis hyperdynamique

chez le cochon, mais le NO provenant d autres sources pourrait néanmoins jouer un role.
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Alors que la production de NO par la NOSIII endothéliale diminue chez le rat
septique, d’autres modéles expérimentaux montrent des résultats contradictoires. Ma
seconde hypothése était que la NOSIII n’est pas inhibée chez le cochon septique, et que
le NO produit par la NOSIII pourrait contribuer a la formation de peroxynitrite.
Conformément a cette théorie, des “western blot” effectués sur des échantillons d aortes
et de veines caves n'ont pas démontré d’inhibition de la NOSIIIL. De plus, 1'activité de la
NOS Ca'’-dépendante a augmenté dans l'aorte et la veine cave aprés 2 heures
d’endotoxémie, indiquant une augmentation de l'activité de la NOS constitutive. Par
ailleurs, il y avait aussi une augmentation de la NOSI dans la veine cave. Le LPS a induit
une déviation vers la gauche des courbes dose-réponse de SVR et de RVR au L-NAME,
un inhibiteur des NOS. Cette plus grande sensibilité a |'inhibition du NO chez le cochon
endotoxémique confirme I’augmentation d’activité de la NOS dans les vaisseaux de
cochons endotoxémiques.

Le peroxynitrite est produit par la réaction entre NO et O;. Vu que le NO n’augmente
pas chez le cochon endotoxémique, j'ai émis I’hypothése que O, augmente chez le
cochon endotoxémique et réagit avec le NO provenant de la NOS constitutive, pour
former le peroxynitrite. Pour vérifier cette hypothése, j"ai d’abord étudié des rats, afin de
confirmer I’augmentation de O;" dans les vaisseaux artériels des rats endotoxémiques. Il y
a eu une légére augmentation du niveau basal d'O;" chez le rat endotoxémique. La
stimulation de la NADPH oxydase par son substrat NADH n’a pas modifié la production
d'0;’, pas plus que chez les rats contrdles. Par contre, I'inhibition de la NOS a augmenté
1'O; chez les rats endotoxémiques. Ceci démontre une interaction entre O;" et la

production de NO chez les rats endotoxémiques. Chez les cochons septiques, le niveau
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basal de O, a aussi augmenté. Contrairement aux rats, NADH a augmenté la production
d’'0O;" de maniére significative dans les parois artérielles des cochons endotoxémiques,
comparativement aux controles. De plus, chez les cochons endotoxémiques, L-NAME a
réduit la production d’O;” dans les parois artérielles traitées avec NADH. Ces résultats
suggérent que I’augmentation de l'activité de la NADPH oxydase dans les vaisseaux
artériels des cochons endotoxémiques dépend du NO. Nous avons aussi observé une
augmentation de chémiluminescence dans les parois artérielles des cochons
endotoxémiques, ce qui confirme I’augmentation de la production de peroxynitrite.

La force développée par le muscle squelettique est diminuée lors du sepsis, et la
superoxyde dismutase réduit cette diminution, indiquant un rdle pour O;". Par contre, la
source d'O;” dans les muscles squelettiques n’est pas connue. Mon hypothése est que la
NADPH oxydase dans les muscles squelettiques pourrait en etre responsable. J ai
démontré par immunohistochimie et par “western blot” la présence de composants de la
NADPH oxydase, gp91™® p22 P and p47 ™°* dans les muscles squelettiques,
similaires aux autres NADPH oxydases non phagocytaires. L addition de L-NAME aux
échantilions de diaphragmes traités avec du NADH chez les rats endotoxiques a
augmenté la production d'O;” chez ces derniers, indiquant que la production d° O; a
inhibé la formation de NO, comme dans |'aorte de rat. Ces observations démontrent que
la synthése d'O," a partir de la NADPH oxydase dans les muscles squelettiques peut jouer

un role dans la physiopathologie du sepsis.
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PREFACE

The McGill Faculty of Graduate studies and Research permits the choice of two options
in the submission of a thesis. Option A is the conventional format known to all
universities whereas option B is in the form of published or publishable papers. This
work is submitted in the format of option B according to the thesis guideline:

Candidates have the option, subject to the approval of their department, of
including as part of their thesis, the text of one or more papers submitted, or to be
submitted, or the clearly duplicated text (not the reprint) of one or more published papers.
If this option is chosen, connecting text, providing logical bridges between the different
papers are mandatory. The text must conform to the Thesis Preparation Guidelines with
respect to font size, line spacing and margin sizes and must be bound together as an
integral part of thesis. The thesis must include as separate chapters or section: 1) a Table
of Contents, 2) a general abstract in English and French, 3) an Introduction which clearly
states the rationale and objectives of the research, 4) a comprehensive review of the
literature (in addition to that covered in introduction to each paper, 3) a final conclusion
and a summary, and 6) a comprehensive bibliography or reference list, at the end of the
thesis, afier the final conclusion and summary. Additional material must be provided,
where appropriate (e.g. in appendices) in sufficient details to allow a clear and precise
judgment to be made of the importance of the research reported in the thesis. In the case
of a manuscript co-authored by the candidate and others, the candidate must have made a
substantial contribution to all the papers included in the thesis. In addition, the candidate
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and to what extent. The supervisor must attest to the accuracy of this statement at the

Ph.D. oral defense. Since the task of the examiners is made more difficult in these cases,

it is in the candidates’ interest to clearly specify the responsibilities of the authors of the

co-authored papers.

Four papers are presented in this thesis. These are the following:

Javeshghani,D. ; Magder,S. Presence of nitrotyrosine with minimal iNOS induction in
endotoxic pigs (submitted to American Journal of Physiology)
Javeshghani,D. ; Magder,S. Regional changes in constitutive NOS and the
hemodynamic consequences of its inhibition in porcine endotoxemia. (submitted to
American Journal of Physiology)

Javeshghani,D. ; Quinn,M. ; Magder,S. Vascular production of superoxide anion by
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CHAPTER ONE

GENERAL INTRODUCTION



1-General Introduction;

Nitric oxide (NO), a noxious unstable gas which is produced as a byproduct of
automobile exhaust, electric power stations and lightning was discovered in body fluids
about 13 years ago. This inorganic gas is produced by many species such as the barnacle,
fruit flies, horseshoe crabs, chickens, trout and humans, and participates in variuos
functions (64)
1.1-Chemistry:

NO is a poorly water-soluble small molecule and has a high partition coefficient
(solubility in H,O at 0, 20, and 60° C is 7.34, 4.6, 2.37 ml/100m] respectively), so it tends
to exist as gas. It is composed of one atom of nitrogen and one atom of oxygen and in
contrast to nitrous oxide, N>O, an inhalational anesthetic commonly referred to as
laughing gas, NO is an uncharged molecule with an unpaired electron so it is a radical
molecule. This makes it highly reactive with other substances but it does not self-react,
because of the length of its bond, which is intermediate between double and triple bond
length. It has a half-life of 2-30 seconds, and because it is uncharged, it can diffuse easily
across membrane (160) (64) (4).
1.2-History:

It was not until 19980's that production of NO by mammals was appreciated. There
had been clues that this occurred. For example, the level of nitrate in urine is higher than the
level in the diet of animals such as rat, pig, human (64), but it was not considered that
mammalian cells produced NO. Instead, it was believed that the source of nitrate production
was the bacteria in the gut. In 1981, Steven R. Tannenbaum and coworkers demonstrated

that a significant amount of nitrogen oxides are produced by mammals, and the amount is
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increased by factors, that result in inflammation (94). Further support for the biosynthesis

of nitrogen oxide in human was obtained in 1981 by Dennis Stuehr and Michael Marletta
who demonstrated that macrophages of mice, which were injected with inflammatory
mediators or infectious agents, produced significant levels of nitrite, and nitrate (244). This
led to the development of the technique of induction of nitrogen monoxide biosynthesis by
adding cytokines or bacterial products to pure cultures of mouse macrophages or
macrophage-like cell line (121) (111).

There was other evidence which indicated NO is a biological mediator. Since the
18™ century nitroglycerin has been prescribed by physicians to treat patients with angina.
This occures by the dilation of blood vessel by this compound. However, it was not known
how this dilation occured. In 1977 Fried Murad and colleagues showed that agents which
release NO activate soluble guanylyl cyclase which produces guanosine monophosphate
c¢GMP (128) (127). Louise J. Ignarro and coworker observed that in order to make vascular
smooth muscle relax, trinitroglycerine and sodium nitrite require the presence of thiols in
muscle tissue to form S-nitrosothiols, which serve as precursors of NO. This evidence gave
a molecular mechanism for the action of nitroglycerine and other NO-releasing substances
(117).

Around that time Furchgott and Zawadzki found that relaxation of arterial strips
depends upon the presence of endothelium, since removal of endothelium causes
acetylcholine induced contraction of strip (82). They proposed that acetylcholine releases a
factor from the endothelial layer of the blood vessel, which diffuses into the neighboring
smooth muscle layer and causes relaxation. Furchgott named this endothelium-derived

relaxing factor (EDRF) (82). Later on, other substances such as histamine, serotonin,
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bradykinin, substance P and thrombin were also found to release of EDRF from

endothelial cells and induce smooth muscle cell relaxation (81).

The chemical nature of EDRF was unknown until 1987, when it was found that the
EDREF effect on the biological system is due to NO (116) (199) (197). Richard M. J. Palmer,
Louise J. Ignarro, Salvador Moncada and coworkers found that the biological effect of
EDREF is dependent on the production of NO from L-arginine (196) (199) (116). They also
measured the release of NO from endothelial cells by chemiluminescence technique and
argued that it was sufficient to explain the relaxation in vascular smooth muscle by EDRF.

Once it was known that macrophages could generate NO, and NO requires L-
arginine, in 1980s, David S. Bredt and Solomon H. Snyder, predicted that L-arginine would
be converted to L-citrulline. They thus used the conversion of tritium labeled L-arginine to
L-citruline to assay nitric oxide synthase activity and monitor the purification of the enzyme
from rat cerebellum. They were unable to find pure enzyme, but they could measure the
substrate conversion in crude homogenates. The reason was that the enzyme activity was
dependent upon Ca/calmodulin complex. (24). This dependency of the enzyme made a
physiological link between the N-methyl-D-asparatic acid (NMDA) receptor and the
enzyme. During neurotransmission, the release of glutamate from presynaptic neuron
activates NMDA receptors of the postsynaptic neuron. This receptor activation causes
channels in the same postsynaptic neuron to open, which allows Ca™ to enter due to its
electrochemical gradient. Calcium ions bind to calmodulin and make a complex, which
associates with the enzyme NOS. Thereafter, in the presence of oxygen and NADPH, the

enzyme produces L-citrulline and NO from L-arginine. (24) (25).
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Since that time the importance of NO as biological signal has been appreciated. A

great deal of research has been focused on NO, and the various functions of NO in
biological systems (176) have been identified including smooth muscle relaxation (217),
platelet activation (212), neurotransmission (25;54), tumor cell lysis (162), bacterial killing
(170), and stimulation of hormonal release (54).

1.3-Measurement:

1.3-i- Reason for NO measurement:

With the discovery of NO, interest in its measurement increased exponentially.
Moreover there were problems with the old techniques to study NO. For example synthesis
of NO is not the only means by which endothelium alters vascular tone (70). Endothelium
also can promote vasodilation by production of prostaglandins such as prostacyclin, EDRF.
or endothelium-derived hyperpolarizing factor (EDHF) (161) (80) (106). An observed
hemodynamic phenomenon may be the summed effect of these endothelial-derived factors.
For example, acetylcholine can change vascular tone through the production of
prostaglandins (76), release of EDRF, or endothelium hyperpolarizing factor (EDHF) (142).
The mechanism of vasodilation in different vascular beds can vary. For example, bradykinin
causes pulmonary vasodilation by releasing NO (44) but in the brain bradykinin alters
cerebral vascular tone via superoxide production (144). Therefore determination of NO as a
factor made researchers develop techniques for its measurement. (4). In the following
sections only common techniques will be described briefly.

1.3-ii- Indirect assay of NO:
Several assays indirectly determine the presence of NO, but none are specific. NO

can increase guanylate cyclase (GC) activity resulting in elevation of cyclic guanosine
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monophosphate (c-GMP). Thus, as discussed above, NO activates soluble guanylate

cyclase to increase c-GMP. However, c-GMP can increase for many reasons independent of
NO synthesis. For example, atrial natriuretic factor stimulates the particulate form of GC to
increases c-GMP, independent of NO (214). On the other hand, NO signaling transduction
can be independent of the production of cGMP by GC. For example, it can activate calcium-
dependent potassium channels (K,) in vascular smooth muscles by NO (21). There can be
dissociation between c-GMP concentration and vascular responses. For example, although
the vasodilatory effect of acetylcholine correlates well with elevated c-GMP in intact bovine
pulmonary artery endothelium, in damaged endothelium, acetylcholine increases c-GMP but
the rings constrict (287) (1).

Another method to measure NOS activity is the measurement of L-citrulline, a co-
product of the action of NOS on L-arginine. This assay determines the Ca-dependent and
Ca-independent NOS activity.

None of these assays determine NO directly but provides information at different
levels. Therefore one needs to collect information from two or three techniques for NO
measurement to overcome the nonspecificity of each assay (4).

1.3-iii- Direct assays of NO:

A good sampling method must have rapid sample acquisition and avoidance of
oxygen (O2). In O,-free solutions NO is stable for several days, but in the presence of O,
NO reacts with it. Hence, contamination with O, decreases the recovery of NO. It is
impossible to get rid off contamination by oxygen, but contamination can be minimized.
Another means of recovering NO is to reduce nitrite by acidification and transforming it into

NO. Acidification transforms all nitroso compounds, alkyl or inorganic nitrites, and
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nitrosoamines in vitro back to NO. This gives the exact amount of NO if all nitroxides
were originally derived from NO before reacting with oxygen. However if they were not,
this result overestimates the amount of NO. If the sample is not acidified the assay measure
only the NO present at the time of sampling (4). Sodium or potassium iodides (Nal, KI)
have been used as reducing agents and the effect of varying the KI concentration on the
observed NO production from nitrite has been studied (3). It was found that
chemiluminescence NO readings were directly proportional to the KI dose untill a
concentration of 1 M, at which concentration the reaction plateaus. It is thus recommended
that 1 M KI be used to decrease the variability in transformation to NO (3).
1.3-iii- a- Chemiluminescence assay:

The principle of this technique is based on light that is generated from the reaction of
NO and ozone. The product of ozone and NO is an excited molecule of nitrogen dioxide
(NO2") which emits a photon. The total number of photons produced is proportional to the
NO concentration. The sample is injected into a tight chamber under vacuum condition
(about 3 mmHg to remove O,). If the sample is a liquid, NO is driven into the gas phase by
bubbling the injected solution through an inert gas such as helium (12ml/min X 60 sec).
This process is called stripping which takes advantage of the low solubility of NO in
aqueous solutions. Once stripping is complete, the gaseous specimen is drawn through a
needle valve into the reaction chamber or photomultiplier tube (PMT) and reacts with
ozone, which is generated with an ozone generator. Because the chamber has a vacuum
generated by a pump, any leakage through the rubber piece of the needle valve allows room
air to be sucked into the chamber and results in an increase in background signal. The needle

valve is adjusted to make the NO signal appear as a brief spike, and avoid entrapment of
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foam from the sample. To use chemiluminescence one needs to calibrate the assay.

Gaseous NO or aqueous solutions containing various amounts of NO (20-1000 pmole) are
used for calibration. For example, with a special tight syringe, 5 to 50 ul of 8PPM NO can
be injected, and a calibration curve is produced by plotting the signal from PMT (mV) vs the
known concentration of NO. Linearity of the chemiluminescence with NO has been reported
to be from 20-200 pmole (130) and 300-3000 pmole (4). One can optimize the assay by
changing the integration time, the period of time during which photons are counted before
that value is presented and counting resumes. The integration time should be short enough
so the counts do not saturate the photomultiplier tube but long enough to detect small
signals. It has been suggested that integration time of .06 sec is adequate for most
experiments, but if one uses .25 sec for integration time it results in a more linear and
sensitive NO/chemiluminescence curve. The specificity of chemiluminescence depends on
whether one uses, acid or reducing agents such as potassium iodide (KI) or sodium iodide
(Nal). In the absence of these agents the signal is almost exclusively due to NO and the
signal is small (about one log) compared to when these reducing agents are present.
Therefore acidification may extract NO from non-NO sources as was mentioned before.
which is a disadvantage. Dimethyl sufloxide (DMSO) is one of the solvents that can cause
chemiluminescence at high doses. This problem has been solved by using both a low
concentration of DMSO, (less than .1 ml/10ml) as well as interposing a red filter, to absorb
light at wavelengths emitted by reaction of ozone with DMSO, in front of photomultiplier
tube. One can use also 1M solution of a Fe™ compound to determine if chemiluminescence

is due to NO. This solution reacts with NO, and removes it, and thus decreases the signal. It
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is also required to keep the PMT cool, have a good vacuum to decrease O2 contamination

and finally to dry the gaseous sample to decrease the humidity, which lowers the signal. (4)
1.3-iii- b- Diazotization assay:

Spectrophotometeric methods can also be used to determine NO with the Griess
reagent. This is a mixture of sulfanilic acid and N-(1-naphtyl)ethyl)ethylenediamine that
reacts with nitric oxides in the sample and generates a colored substance. Then its
absorbance is measured at 548 nm by a spectrophotometer (4). This method can be used to
measure plasma or serum nitrites. The nitrate in plasma or serum can also be included by its
conversion to nitrite by reduction. This reduction can be done by bacterial nitrite reductase,
or by metals such as cadmium, or by vanadium at high temperature (90°C). Cadmium is
inexpensive but toxic. Plasma or serum samples after reduction are diluted with nitrite free
water, and then mixed with 30% (w/v) zinc sulfate (ZnSQjs) to precipitate protein and the
supernatant is used for the assay. This technique measures values between 1-100 umole of
Na NO3 (268).

1.3-iii- c- Electron paramagnetic resonance (EPR) assay:

NO has an unpaired electron in its w orbital and is paramagnetic. This electron can
be excited by EPR spectroscopy, and when electron returns to its previous level of energy,
its produces a characteristic spectrum of NO. However since this return process is rapid,
spin traps are needed to measure the radical. Spin traps are compounds that interact with
radicals and make a more stable product that can be detected by EPR (78) (296) (38). The
identity of radical, defined by EPR, is characterized by the magnitude and multiplicity of
hyperfine splitting of the spin adduct spectra, and the amount of radical is proportional to

signal. This technique has a detection threshold of one nmole and has an advantage over the
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chemiluminescence in that it can be used to measure NO in blood and diazotization is not

necessary. However, the equipment required performing EPR is expensive and requires
specialist expertise (4).
1.3-iii- d- Microelectrode NO assay:

Local release of NO from a single cell, or tissue can be measured by a

microelectrode designed for NO. Based on the observation that metaloporphyrins catalyze
the oxidation of NO (NO « - ¢ —-»NO") which generates electrical current, Malinski and

Taha used carbon fiber coated with thin polymeric porphyrin layer. When they coated the
carbon fiber with a layer of Nafion, a negatively charged and anion impermeable material, a
20 fold excess of NO2™ could not produce any current, but they could detect NO from
cultured cells very well. The detection threshold of this technique is 102°M and has a short
response time of 10 msec. (4) (30)
1.4- Reaction with other targets:

NO readily reacts with, superoxide radical (Oy), to yield peroxynitrite (ONOQ") (4)
(107). Because of its small size, NO can pass easily through cell membrane, and once within
the cell, it avidly binds to transition metals such as Fe, Cu, Co, and Mn (4). Nearly all
compounds are possible targets for NO, including proteins, carbohydrate, lipids and nucleic
acids (108), (238). Because of the many possible interactions (122) (171) that NO can have,
its availability can be limited. An important target that will be discussed further elsewhere in
this thesis is superoxide (0;). NO availability can be limited by its interaction with
transition metals in proteins such as iron centers in hemoproteins, and proteins containing

none heme iron-sulfur centers (218) (238). Additionally metal and thiol-containing proteins
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serve as other target sites for NO which include enzymes, receptors, transcription factors,
ion channels and signalling proteins (32) (46).
1.4-i- Reaction of NO with heme-containing proteins:

NO reacts readily with transition metals. For example NO reacts with heme-iron of
guanylate cyclase (GC) which activates GC by a conformational change, and elevates
¢GMP. This in tum reduces the intracellular calcium concentration, and produces
physiological responses such as smooth muscle relaxation, and inhibition of platelet
aggregation. Another example is the reaction of NO with the heme-iron of hemoglobin. NO
has a 10° -fold greater affinity for Hb than oxygen and stability is greater than HbO-.
Exposure of animals to NO results in binding of NO to hemoglobin and the production of
nitrosylated Hb (HbNO) and methemoglobin Hb (Fe") in red blood cells. The proportion of
these two depends on the state of oxygenation of hemoglobin. In arterial blood at a normal
O, saturation (94-99%), almost all NO is converted to methemoglobin and nitrate and there
is little production of HbNO, whereas in venous blood there is more HbNO and less nitrite
(107). The interaction of NO with heme can inhibit enzyme responses such as activity of
cytosolic enzymes, indoleamine 2,3-dioxygenase, cytochrome p450, and even, NOS itself.
In addition NO can interact with other heme-containing proteins including, catalase,
myoglobin, cytochrome C, cyclooxygenase, and peroxidase (129) (256) (107).

1.4-ii- Reaction of NO with none heme-iron:

NO can react with the non-heme iron sulfur cluster of several enzymes and inhibit
them by altering the configuration of catalytic sites (107). These include members of the
mitochondrial electron transport chain including NADH-ubiquinone oxidoreductase

(complex I), NADH succinate oxidoreductase (complex II), the tricarboxylic acid enzyme
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cis-aconitase and ribonucleotide reductase which is involved in cell division (20) (107).
NO binds to iron storage proteins and iron-sulfur containing enzymes such as succinate
oxidoreductase, NADH-ubiquinone oxidoreductase and cis-aconitase, and liberates iron
which can cause lipid preoccupation (218) (291).
1.4-iii- Reaction of NO with superoxide anion:

An important target of NO is Oy, which produces the product, peroxynitrite (204)
(119). Peroxynitrite has a pKa of 6.8 and half-life of about 1 second under physiological
condition. This means that peroxynitrite is sufficiently stable to diffuse away from the site of
formation (293). When protonated, the resulting peroxynitrous acid (ONOOH) decomposes
to form potent toxic oxidants with reactivities equal to hydroxy radical and nitrogen dioxide.
The rate of peroxynitrite formation depends upon the product of concentration of NO and
O5". Thus relatively small increases in O, and NO production may greatly enhance the rate
of peroxynitrite formation to potential toxic level (16). The reaction of NO with O, is three
times faster than the reaction of O, with SOD (18). The reaction of NO with O, is even 30
times faster than the reaction of NO with oxyhemoglobin (137).

Peroxynitrite has been implicated as a toxic metabolite, which leads to vascular
(267) and myocardial dysfunction (230) (118). Peroxynitrite reacts with other molecules
such as nucleic acids, proteins, and lipids (16) (249) (59) (35). The results of these studies
(16) (249) (59) (35) indicate that peroxynitrite is a toxic molecule. This compound is known
to initiate lipid peroxidation (210), sulfhydryl oxidation (211). and nitration of aromatic
amino acids such as tyrosine (263) (17). The toxicity of peroxynitrite is because it can
deplete energy stores of cells (295). Peroxynitrite inactivates mitochondrial actonitase

(40). It also damages DNA, which results in activation of poly-adenosine diphosphate
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ribosyl synthase. Massive activation of this enzyme depletes the cell of NAD and ATP

by poly-ADP-ribosylation (295). However, low concentrations (nmolar) of peroxynitrite
decrease leukocyte rolling and adhesion (150). Moreover it has been demonstrated that
neutrophil-induced myocardial dysfunction is reduced by low concentration of peroxynitrite
(150). Additionally, peroxynitrite increases platelet aggregation, but only in the absence of
thiols, whereas it inhibits platelet aggregation in the presence of thiols (166).

There are in vitro observations that the effects of peroxynitrite are reversible. For
example incubation of coronary arteries from dogs with peroxynitrite resulted in
vasorelaxation which was reversed by washing (154) and incubation of aortic strips from
rats with peroxynitrite resulted in their relaxation. This was inhibited by addition of
oxyhemoglobin as NO scavenger (177).

In sepsis where the formation of either or both NO and O; are increased high levels
of peroxynitrite could be formed and be toxic. We used luminol chemiluminesence to
measure perxynitrite and showed in this study (chapter two) that peroxynitrite formation is
increased in sepsis. We found that low levels of peroxynitrite are formed even under normal
physiological condition, suggesting that peroxynitrite may have some physiological role.
However at high concentration peroxynitrite may induce a generalized permanent
irreversible change in the reactivity of vasculature. Therefore, whether peroxynitrite is
cytotoxic or beneficial, appear to be dependent on its concentration and also its
environmental condition.

1.4-iv- Reaction of NO with thiols:
NO can react with SH group of amino acids, organic acids, and sugars to yield S-

nitrosothiols. However, NO does not directly nitrosate thiols (R-SH) (204) (18). This



14

reaction is thought to occur through generation of intermediate nitrosonium (NO") and
nitrosyl (NO") species (86) that have strong affinity for R-SH (86). There is evidence that
thiols, such as S-nitrosothiols (SNOs) and NO-adducts exert bioactivity without releasing
NO (86).

Interaction of sulfhydryl groups with NO appears to serve a regulatory function (86).
For example, it can inhibit the post-translational traffiking of P47"** of the NADPH-oxidase
complex to the neutrophil cell membrane (86). S-nitrosylation may activate pathways such
as hexose monophosphate shunt (86) by depleting glutathione (109). These modifications
are thought to occur by producing conformational changes similar to phosphorylation of a
protein (86). S-nitrosylation which is the reaction of NO* with sulfhydryl group of cysteine
results in regulation that is different from tyrosine nitration by nitronium (NO3™) which is
not regulatory (86). Nitrothiols in serum are not inactivated by hemoglobin (18). Therefore
it appears that nitrothiols are a pool of nitric oxide, which prolong the half-life of nitric
oxide.

L.5- Biology of NO:

NO is produced from L-arginine in two steps: L-arginine is converted to N-
hydroxy-L-arginine and then to NO and L-citrulline by NOS (243) (26) (237).

Three NOS isoforms have been purified. All isoforms require nicotinamide adenine
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin adenine
mononucleotide (FMN), and tetrahydrobiopterin (BH4) as cofactors. NOSs were initially
classified into two groups: constitutive and inducible forms. The first group are
Ca/calmodulin dependent and can be activated by mediators such as bradykinin,

acetylcholine, calcium ionophore, histamine, leukotriene, and platelet activating factor (24)
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(148) (183) (197). Another isoform was classified as an inducible form, and is induced by

bacterial lipopolysaccharide (LPS), or cytokines (110) (241) (62). The initial NOS
nomenclature reflected the observation that the NO production only occurred in the
inflammatory cells when they were activated, hence the term inducible or iNOS. In contrast
constitutive, refers to isoforms, which are expressed all the time. However, it is now known
that constitutive isoforms can be induced under different physiological conditions, such as
increased shear stress (84), or nerve injury (73). Conversely the iNOS can be expressed
constitutively in some cells such as bronchial epithelial cells (98).

Based on physical and biochemical properties of purified enzymes, NOS is now
classified into three isoforms (228) (242). NOSI (nNOS; bNOS) is Ca/calmodulin
dependent and found in the soluble fraction in brain tissue. NOSII (iNOS) is Ca-
independent, and found in macrophages in cytosolic fraction. NOSIII (eNOS) is
Ca/calmodulin dependent and is localized to the particulate fraction of endothelial cells.
These isoforms come from distinct genes (174).

1.6- NOSI:
1.6-i-Gene:

NOS I gene has been mapped to chromosome 12, in human, chromosome 5 in
mouse, and 12 in rat. The three species have 86-88% identity in their coding sequence. The
full gene structure is known in humans and has a complex structural organization (101). Its
length is 200kb. The major NOS I RNA is made of 29 exons. Its open reading frame codes
for a protein of 1434 amino acids with a predicted molecular mass of 160.8 KDa. It has been
suggested that the three isoforms of NOS were derived from a common ancestor, since there

is a high homology in the size of exons and location of splicing junctions. (73). NOS I gene
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has multiple alleles that vary in size. Cloning studies of cDNAs from human or rodent

tissues have revealed different structures of mRNA. The reasons given for the variability in
NOSI transcripts include alternative promoters in a transcriptional unit, cassett exon deletion
or insertion, and use of alternate polyadenylation site. A characteristic of NOSI gene is
possession of alternative promoter activity. Therefore, assembly of alternative exons and
different promoters can lead to NOSI proteins with different cellular localization and
perhaps different function (73).

1.6-ii- NOSI Regulation:

NOSI was originally thought to be a constitutively expressed enzyme. but recent
observations suggest that it may be regulated in physiological and pathological condition
(73). NOSI is upregulated by stress-inducing stimuli such as spinal cord and nerve injuries,
immobilization stress, electrical stimulation, formalin and phenobarbital administration (73)
(200).

Hypoxia has been shown in most studies to increase the mRNA, protein and activity
of NOSI (99) (234) (206) (125). This upregulation has been suggested to be due to two
mechanisms (73). One mechanism may be that hypoxic exposure of animal activates a stress
pathway that has been shown to increase mRNA, protein, and activity in the hypothalamic
pituitary-adrenal system (135). The second mechanism is binding of hypoxia-inducible
factor to the NOSI genomic sequence and consequent upregulation of NOSI. However,
there is also evidence that show oxygen deprivation decreases NOSI (55). Similarly
asphyxia of rats in prenatal period decreased a NOSI protein that had the size of 150 KDa,

but this was not associated with changes in NOSI mRNA or NOSI activity.
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Body fluid volume and plasma osmolality can upregulate NOSI expression. it has
been shown that hypovolemia increases expression of NOSI in paraventricular and
supraoptic nuclei (261). Chronic salt loading or water deprivation increases plasma
osmolality, which has been shown to upregulate NOSI in hypothalamohypophysal region
(189). This suggests a potential role for this isoenzyme in osmoreceptor signal transduction.
However, a low salt diet upregulated NOSI in kidney (73). The pathway and molecular
mechanism of these different responses are not known.

Lipopolysaccharide alone or combined with [FN-y has been shown to decrease both
mRNA and protein of NOSI (89) (13) in guinea pig skeletal muscle and rat brain, spleen.
stomach, and rectum, although in one study it was upregulated in brain (102). Interestingly it
has been shown that NOSI is required for production of fever in septic animais. Pre-
treatment with 7-nitroindazole, an inhibitor of NOSI in LPS-treated animals lowered body
temperature 1.5°C compared to other LPS-treated rat group. The mechanism of this
regulation is not known.

Sex hormones can also regulate NOSI expression. Estrogen has been demonstrated
to upregulate this isoform in several tissues in rats (73). NOSI protein was increased in
neutrophils of women with high levels of circulating estrogen compared to periods of low
estrogen (83). Treatment of neutrophils, obtained from men, with 17-f estradiol also
increased the level of NOSI (83). Furthermore, incubation of neutrophils with estrogen-
receptor antagonists, tomoxifen and ICI 182780 inhibited the upregulation of NOSI in
neutrophils treated with 17-f estradiol. The inhibitory effect of ICI 182780 was greater than

tomoxifen. Together these observations indicate that estrogen receptors regulate the



18
expression of NOSI in neutrophils, but the mechanism is unknown. In particular 5'-

flanking region of NOSI does not contain estrogen response elements.

Testosterone also has been shown to have a positive effect on NOSI regulation (219)
(227). Reilly et al (227) castrated two groups of rat and they implanted testosterone pellets
in one group. After several days they compared the ratio of intracavernosal pressure to mean
arterial pressure in response to electrical stimulation in both groups and showed that the
testosterone treated group had a larger ratio than the untreated group. By reverse
transcription polymerase chain reaction (Rt-PCR) on penile tissue they showed that the
densities of NOSI was higher in testosterone- treated rats which further supports,
upregulation of NOSI by testosterone (219). Again the molecular mechanism of this
upregulation by testosterone is not known.

In situ hybridization with a NOSI riboprobe of brain sections, of rats that were
injected with cortisone showed a lower density than non-cortisone treated group, indicating
that cortisone down-regulates NOSI (215).

NOSI interaction with other proteins is a mechanism for its regulation. Calmodulin
is one these proteins. At resting intracellular concentration NOSI is inactive, but it is
activated when intracellular Ca™ levels increase sufficiently to maintain calmodulin
binding. When intracellular Ca™ decreases to basal level, calmodulin is released (143).

NOSI contains a PDZ domain at its N-terminus that allows this protein to interact
with other proteins, which regulate NOSI activity. With this domain, NOSI interacts with
PDZ domain of other proteins such as post-synaptic density proteins (PSD-93) in brain,
(PSD-95), a,-syntrophin, and NOSI-adaptor protein (CAPON) (123) in skeletal muscle

(143). However the significance of this interaction is not known. NOSI can also interact
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with other proteins. For example, caveolin-3 (266) and a protein inhibitor of NOSI,

which is called PIN, both inhibit NOSI (124) (126), whereas heat shock protein 90 (Hsp90)
activates NOSI (143).

Availability of L-arginine, the substrate of NOSI, and tetrahydrobiopterin (BH,), the
cofactor for NOS activity, are also important for the regulation of NOSI activity (264). In
vitro results indicate that deficiency of BH, or L-arginine increases O>" production by NOSI
(264) (281). However, the mechanism of regulation is not known.

1.6-iii- Function:

This isoform plays a role in physiological neuronal functions such as
neurotransmitter release, penile erection, neuronal development, regeneration. synaptic
plasticity, and regulation of gene expression. In various neurological diseases. this enzyme
produces excessive NO, which leads to neuronal injury (73) (200). In knockout mice, the
stomach is grossly distended and urethral sphinncter is dysfunctional These observation
indicate the importance of NOSI in gastric motility, and bladder function (200).

The role of NOSI in the regulation of blood pressure is not clear. It has been
reported that this isoform does not change blood pressure acutely (147), but chronic
administration of 7-nitroindazole increases the blood pressure (194). Recent findings from
homozygote NOSIII knockout mice show that acute and chronic inhibition of NOSI
decreases the blood pressure. The results of this study indicate that NOSI either acts through
the central nervous system or possibly affects on other mediators which, affect vascular
tone. On the other hand NOSI transcript has been detected in vascular endothelial cells
which indicate it may have a role in the vasculature (231). Therefore, the role of NOSI in

regulation of vascular tone remains unclear.



1.6-iv-distribution:

NOSI was originally characterized in rat and porcine cerebellum (168) (229) (24).
but was later found to be widely expressed in different parts of central nervous system in
humans (23), rats (246) (100), and mice (91). NOSI is also found in non neuronal tissues
including myocytes of skeletal muscle in rat (236), guinea pig (88), and human (181).
epithelial cells of lung in rat (187), endothelial cells of brain vessels in rat (231), and human
(7), macula densa cells of kidney in rat (258), gonadotrophs and folliculostellate cells of
pituitary gland in rat (41), adrenal glands in rat (120), and neutrophils in human (271).

NOSI is found in particulate fraction, indicating that it is membrane association. It
has been shown in skeletal muscle that NOSI is anchored to both caveolin3 (191), which
itself is located in plasma membrane (266), and to a-syntrophin, which is a member of
dystrophin-glycoprotein complex (28).

1.7- NOSIII:
1.7-i- Gene:

The human NOSIII mRNA is encoded by 26 exons and spans 21-22Kb of genomic
DNA and is located on chromosome 7. Full-length cDNAs have been isolated from human,
murine, bovine, and porcine endothelial cells. The deduced amino acid sequence predicts a
protein of 133 KDa. The coding cDNA sequence of human and other species is around 90%.
Amino acid homology between NOSIII and NOSI is about 52% and between NOSIII and
NOSII is 58% (73) (74) (148).

1.7-ii- Distribution:
After identification of NOSIII in endothelial cells, (77) the purified protein had a

molecular mass of 135 KDa (208), The purified protein was used to produce antibodies for
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immunohistochemical studies. Beside endothelial cells NOSIII was shown to be present

in cells relevant to cardiovascular system such as in neutrophils (87) platelets (272), cardiac
myocytes (12), and smooth muscle cells (48).
1.7-iii- Regulation:

NOS I[IlI was originally characterized and localized in both cytoplasmic and
particulate fraction of aortic endothelial cells (77) (208), however, the major EDRF/NO
activity was associated with particulate fraction of endothelial cells indicating that
NOSIII is localized to the membrane. In these experiments (77) bovine aortic endothelial
cells (BAEC) was cultured and stimulated with chemicals such as bradykinin, or
inhibited with methylene blue, or L-NAME. The particulate or cytosolic fraction was
added to the rat fetal lung fibroblasts (RFL) and the cGMP content of these cells was
measured as an indicator of NOS activity. Stimulation of BAEC with bradykinin greatly
increased the EDRF/NO activity, whereas mehtylene blue and L-NAME decreased
activity. Both cytosolic and particulate fractions had EDRF/NO activity, but most of this
activity was associated with particulate fraction of BAEC. Addition of calmodulin to
KCl-washed particulate fraction restored activity, and incubation with calcium-chelating
agents reduced it. The authors (77) concluded that this EDRF/NO activity is dependent
on calcium and calmodulin. However, the activity of NOSIII is dependent on its
surrounding microenviroment. NOSIII can be active independent of changes in calcium
concentration (57) as will be explained in a later section of NOSIII regulation.

NOSII, like other proteins, is synthesized in ribosome, and then transported to
Golgi apparatus and plasma membrane. Association of NOSIII with Golgi membrane

occurs by acylation (233) (232) (153). Myristoylation is one example of acylation that
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has been shown to be important for localizing NOSIII and regulation of its function

(233) (232) (153). Sessa et al (233) transfected human embryonic kidney cells with either
mutant or wild type NOSIII cDNA. Because alanine is an amino acid that can be acylated
by myristic acid to associate with membrane of the organelle, they constructed a mutant
by changing glycine-2 to alanine. Therefore, the synthesized protein is not myristoylated
and does not associate with membrane (233). Cells transfected with wild type NOSIII
produced more NO than the mutant-transfected. By using mannosidase, a Golgi marker,
they showed with light microscopy that NOSIII in wild type NOSIII-transfected cells is
localized to Golgi apparatus but in mutant-infected it is not (233). Thus, they showed that
inhibition of acylation by myristoylation inhibits compartmentalization of NOSIIL.
Moreover. this localization into membrane is necessary for the enzyme to use the
substrate efficiently to produce NO (233).

Fatty acylation reactions are essential for membrane association and targeting of
NOSIII (153) (152). This process needs proper molecular signals to translocate NOSIII.
Liu et al (152) ligated the carboxy terminus of wild type or truncated NOSIII cDNA, to a
green fluorescent protein (GFP) to generate chimeras, and transfected NIH3T3 cells to
study localization of NOSIII. They found that the sequence that determines Golgi
targeting of NOSIIL, is the first 35 amino acids (of N-terminus) of NOSIII, which has
both myristoylation and palmitoylation sites. They also demonstrated that mutation of N-
myristoylation site inhibits palmitoylation, and association of NOSIII to Golgi. Instead,
this mutation randomly distributes NOSIII into cytosol. In comparison, mutation of

palmitoylation sites of NOSIII that was by replacing a serine with leucine resulted in
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association of only small fraction of the protein with the Golgi, but the rest of the

mutants were mislocalized to other organells other than Golgi.

Considering the great diversity of tissues in which NO is synthesized, it is likely
that there are important cell specific regulatory pathways. One example is the interaction
of caveolins with NOSIII, which represents a protein-protein interaction.

Once NOSIII associates with the Golgi apparatus, it has the capacity to move to
the plasma membrane and interact with caveolae (65). Caveolae are small invaginations
in plasma membrane and have the chief structural proteins, caveolins (191). Caveolin-1
in endothelial cells and caveolin-3 in cardiac myocytes have been shown to co-
immunoprecipitate with NOSIII (66), which indicates that the targeting of NOSIII to
caveolae in plasma membrane, is tissue-specific.

Calmodulin has been demonstrated to interact with caveolin (173) and
reciprocally regulate NOSIII (173). Incubation of BAEC lysates with calcium and
calmodulin. followed by immunoprecipitation with caveolin antibody, revealed NOSIII
in the supernatants, but not in the bound fraction. This indicates that calmodulin prevents
the interaction of NOSIII to caveolin. In the absence of calcium and calmodulin NOSIII
is bound to caveolin. In the same study (173) the association of NOSIII to caveolin,
attenuated NOSIII activity, whereas addition of increasing concentration of calmodulin
dissociated NOSIII from caveolin and increased activity (173) (67).

Another example of protein-protein interaction that regulates NOSIII activity
occurs with heat shock protein, Hsp90 (143) (84). NOSIII co-precipitates with Hsp90,
when expressed in heterologous expression system, COS-7 cells. Stimulation with shear

stress, or agonist stimulants such as histamine, or vascular endothelial growth factor
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(VEGF) resulted in association of Hsp90 with NOSIII and increased NOS activity.

The antibiotic geldanamycin, a specific inhibitor of Hsp90-mediated process, attenuated
the ¢cGMP production from these human or bovine vascular endothelial cells. This
inhibitor also blocked acetylcholine-induced relaxation of aorta indicating that Hsp90 can
modulate NOSIII by inducing a conformational change in enzyme or by stabilizing its
dimeric form (84).

Recent studies have shown that there are subcellular mechanisms, which regulate
NOSII (79) (57). In these studies the direct effect on NOSIII of protein kinase-B (Akt). a
downstream effector of phosphatidylinositol-3-OH-kinase (PI(3)K) were studied.
Mutants of NOSIII were constructed for these studies by changing serine 1177 in human
or 1179 in bovine NOS to aspartic acid or alanine. Akt phosphorylated wild type-NOSIII.
and increased NO production by stimulation of NOS activity in cells co-transfected with
Akt and wild type NOSII c¢DNA. In contrast, NOSIII mutants were resistant to
phosphorylation (57). Moreover mutation of acylation sites on NOSIII prevented
phosphorylation and activation of NOSIII by Akt. Because acylation of NOSIII is
necessary for its membrane attachment, these results clearly indicate, only NOSIII
anchored to membrane can be phosphorylated by Akt (57). Furthermore, stimulation of
cells by shear-stress results in the phosphorylation of the serine on NOSIII by Akt, that
was unaffected by complete removal of extracellular (57) or intracellular (79) calcium ion
or inclusion of calmidazolium, an inhibitor of calmodulin. This indicates that the
signalling pathway of activation of NOSIII by shear-stress is not regulated by Ca and
calmodulin. Additionally, pretreatment of cells with Wartmannin and LP294002,

inhibitors of PI(3)K, decreased NO production in response to the same stimuli that
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activated Akt, further supporting that the stimulation of PI(3)K signalling pathway

activates Akt, which, thus, activates NOSIII, independent of calcium and calmodulin (57)
(79).
1.7-iii-a- Effect of hypoxia:

NOSIII is regulated by hypoxia but this depends on the tissue and time. In
cuitured human pulmonary artery endothelial cells (294) and bovine pulmonary
endothelial cells (151) hypoxia reduced mRNA and/ or protein level of NOSIII, however.
another study (220) demonstrated the opposite. Exposure of bovine aortic endothelial cell
to low oxygen pressure increased NOSIII mRNA, and protein as well as NOS activity
(6). Others have reported upregulation of NOSIII protein in ischemic cerebral vessels
(292). Additionally, prolonged hypoxic exposure of conscious rats has been reported to
upregulate mRNA of NOSIII (99) (209) and downregulate protein level of NOSIII (99).
The reason for these different findings is not clear.

The molecular mechanisms responsible for regulating NOSII! by hypoxia are not
known. However, it is known that hypoxia induces a number of factors, including
hypoxia-inducible factor-la (HIF-1a) (288) which could upregulate NOSIII (289). It is
also possible that hypoxia indirectly induces NOSIII by stimulating the secretion of
erythropoietin, which in turn causes polycythemia which leads to increased fluid shear
stress, which is known to upregulate NOSIII.
1.7-iii-b- Effect of LPS and cytokines:

Regulation of NOSIII by cytokines and lipopolysaccharide (LPS) is different.
Exposure of cultured bovine aortic endothelial cell (BAEC) (184) and human umbilical

vein endothelial cell (HUVEC) (285) to tumor necrosis factor -a (TNF-a) decreased the
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level of mRNA. This was thought to be due to decreased stability of NOSIII mRNA.

BAEC treated with TNF-a also had markedly increased in NOS activity as evidenced by
increased cGMP and a slight decrease in the level of mRNA (148) whereas rats treated
with lipoloysaccharide (LPS) (155) had a decreased NOSIII RNA in lung, heart, and
aorta compared to untreated animals. These observations indicate that cytokine regulatory
effect on NOSIII is dependent on cell type or experimental model.

Tissue or cytokine-dependency of NOSIII regulation has been observed in other
studies as well. Intraperitoneal treatment of rats with LPS increased NOSIII mRNA in the
liver 8 fold at 12hr but it then decreased (33). The increase did not occur in the kidney.
Administration of interleukin-2 (IL-2), a potent activator of interferon-y (y-INF) and
TNF-a production has also been shown to increase NOSIII immunoreactivity in astrocyte
cells of the brain (15). Taken together, it appears that cytokines and LPS may regulate
NOSIII expression differently in different tissues.

The mechanism of downregulation of NOSIII by TNF-a in BAEC is thought to
be due to destabilization of NOSIII transcript (99) (285), through a cytosolic protein,
which interacts, with the 3'untranslated (UTR) region of NOSIIImRNA. Using band shift
assay and cross-linking assay Alonso and colleagues (2) (224) identified a 129-nucleotide
uridine-cytidine rich region in the middle of the NOSIII mRNA 3'-UTR that binds a 60
KDa cytosolic protein in endothelial cells. They showed that incubation of TNF-a with
BAEC, increased complex formation of this cytosolic protein with the NOSIII mRNA
specific sequence, and decreased NOSIII mRNA expression. However it is not yet known
if other cytokines affect NOSII mRNA expression through the same protein. Moreover

the sequence of amino acids of this is not known yet.
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Various other factors such as estrogen, TGF-B, oxidized LDL and also

proliferative status of cell are important in the regulation of NOSIII as well (73) (19).
1.8- NOSII:

This enzyme was originally purified from murine macrophage (283) and later
was cloned from various cell types including rat vascular smooth muscle (90), cardiac
myocytes (104) and hepatocytes (188).

1.8-i- Gene:

NOSII is encoded by a single-copy gene comprised of 26 exons and 25 introns
and is located on human chromosome 17 (179). The promoter regulatory region of the
murine gene has several DNA-regulatory sequences for binding of transcription factors.
[FN-y response element (IFN-y-RE), nuclear factor kappa B (NF-kB) binding motifs.
nuclear factor IL-6 (NF-IL6) binding sites, IFN-a response element (IFN-a-RE).
activating protein 1 (AP-1) sites, and tumor necrosing factor response elements (TNFa-
RE) (200) (75) (42).

1.8-ii- Regulation:

This isoform of NOS is regulated at transcriptional, posttranscriptional, and
translational level (200).

Expression of NOSI can be regulated transcriptionally by cytokines such as TNF-
a, IL1-B, IL-2, IL-6 or IFN-y or bacterial lipopolysaccharide (LPS) (200). NF-kB is the
essential factor for mediation of NOSII transcription. Although transcription binding
sequences exist on the NOSII gene for several transcription factors, it appears that the

presence of NF-xB site is also essential for their effect on transcription (200). NF-xB is
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composed of a group of nuclear proteins including C-rel, PS0/P105 (NF-xB,), P65

(Rel A), P52/P100 (NF-xB;) and Rel B. In resting cells, NF-xB is in the cytoplasm as a
complex with the inhibitory protein, IkB, which belongs to the I-kB family. Following
activation of cells by a number of agents (eg. LPS and TNF-a), I-kB is first
phosphorylated and then degraded. This allows NF-kB to translocate to nucleus and bind
to the regulatory region on the NOSII and promote gene activatation (254) (11) (274).
IxB can be upregulated by a number of factors for example, glucocorticoids and NO (9)
(96). To induce NOSII investigators combine cytokines to potentiate the induction of
NOSII. However, at transcriptional level the interaction of these factors with each other
and with NF-xB is not known.

Postranscriptional regulation of NOSII expression occurs by a number of
mechanisms. For example, LPS increases the half-life of NOSII RNA. On the other hand.
TGF-B inhibits NOSII expression by increasing degradation of NOSII protein, and
decreasing the stability of NOSII mRNA (75).

Expression of NOSII is downregulated by a number of factors including TGF-p1.
2, and 3 (277) (276) (253), IL-4, IL-8, IL-10 (75) (134), glucocorticoids, (136) (226)
(250), prostagiandin E2 (PGE2)(51) and NO itself (96)

To date it is not known whether the activity of NOSII protein can be regulated by
interaction with other proteins. It has serine and tyrosine residues, which can be
phosphorylated, but the significance of the phosphorylation sites is not yet known.

Recently it has been shown that phosphatidylinositol 3-kinase (PI3-kinase)

inhibits NOSII induction (52). Treatment of macrophage cell line RAW 264.7 with
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wortmannin, an inhibitor of PI3, increased the expression of NOSII and nitrite

production by LPS. In addition, cotransfection of the cells with both the active subunit of
PI3 and NOSII, decreased NOSII promotor activity in response to LPS. In the same
study, the authors (52) found that PI3 inhibition by wortmannin occurs in response to
LPS, IFN-y, but not to IL-1B or TNF-a. The authors (52) showed that NF-xB activity
was increased with inhibition of [P3, indicating that IP3 decreases iNOS induction by
NF-xB in these cells. In the same study (52) LPS increased phosphorylation activity as
measured by phosphorylation of phosphoinositol. However, it is not known if IP3 can
phosphorylates iNOS itself.

Activation of NOSII by the LPS component of Gram-negative bacteria occurs by
the interaction of LPS with LPS binding protein, and this complex interacts with cell
surface molecules CD14 or may be transduced across the membrane via the toll-like
receptor-2 (257). In addition, products of Gram-positive bacteria can induce NOSIIL
These include cell wall components such as lipoteichoic acid, as well as secreted
extracellular toxins such as staphylococcal protein toxic shock syndrome toxin-1 (157)
(290).

Availability of cofactors and substrate for NOSII is another way of regulating the
activity of NOSII. To produce NO, this protein must be dimer. Tetrahydobiopterin, a
cofactor of NOSII promotes the assembly of the enzyme subunit (45;260). With, reduced
availability of L-arginine, the substrate of iNOS, the enzyme produces O, (282). Thus
these are other postranslational mechanisms, which, can regulate NOSII expression.

1.8-iii- Distribution:
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NOSII has been reported to be induced in different cells, such as macrophages

(159), lymphocytes (223), polymorphonuclear leukocytes (PMN) (68), platelets (43),
hepatocytes (188), chondrocytes (198), cardiac myocytes (265), keratinocytes (105),
adipocytes (186), neurons (178), pancreatic ilets (61), glial cells (286), vascular smooth
muscle cells (182), retinal epithelial cells (202), mesangial cells (225) airway epithelium
(98), renal tubular epithelium (274), colorectal carcinoma (140), and pulmonary artery
(39). NOSII is a cytosolic protein and on SDS page the purified NOSII from
macrophages migrates with a molecular mass of 125 to 135 KDa. In general, cells
derived from rodents are more easily stimulated to produce NOSII than in higher order
species.

Most studies on the expression of NOSII are on rats. In humans there are reports
of NOSII in conditions other than sepsis. such as heart failure, as well as constitutive
expression in human bronchial epithelium (104) (263). Yet, there are few reports of direct
evidence of NOSII expression in other tissues in human sepsis. Probably in higher
species expression of this protein is under tighter control. Thus the role of NOSII in
sepsis in species higher than rodents is not known.
1.8-iv-Function:

Whereas the constitutive NOSs produce small amounts of NO, production of NO
from NOSII is sustained for hours. This is believed to cause the vasodilation in septic
shock in rodents (244). High levels of NO are cytotoxic and inhibit a number of enzymes
including complex | and complex II of electron transporting system, glyceraldehyde-3-
phosphate dehydrogenase, a glycolytic enzyme, and ribonucleotide reductase, a key

enzyme in the synthesis of DNA (179).
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Whether the expression of NOSII is helpful or not, depends on the condition.

For example in inflammation it is beneficial. NO has antibacterial effect through the
formation of nitrotyrosine (63) or possibly through other mechanisms such as inhibition
of respiratory chain enzymes, iron-sulfur proteins and other :netalloproteins. On the other
hand in autoimmune disease it is detrimental (93) (269) (221). In heart failure, NOSII is
expressed in endothelial and vascular smooth muscle cells and the heart myocytes but the

functional significance of it is not known (104) (265).
1.9- Role of NO in blood coagulation:

Nitric oxide is involved in regulation of platelet activation. Platelets are blood
elements that ensure the integrity of vessel wall. The contact of platelets to altered
biological or nonbiological surfaces, is called adhesion and when platelets interact with
each other, they form a hemostatic plug. The process of adhesion involves expression of
specific receptors on platelet surface or change in the affinity of receptors such as
GPIIb/Il1a. This occurs when platelets are exposed to subendothelial surface or collagen.
In the process of aggregation, platelets can bind to fibrinogen, which traps other blood
elements and forms a blood clot. In vessels, the formation of this clot is finely controlled
by stimulatory factors from activated platelets and inhibitory factors such as prostacyclin
PGI2 from endothelial cells adjacent to the area of altered endothelial surface. In vivo.
platelets are kept in an aggregation -disaggregation equilibrium in order to ensure a rapid
response to activating signal. Elevation of ¢cGMP negatively modulates the aggregatory
process of platelets (31). Activation of guanylate cyclase by nitric oxide produces cGMP.
This results in activation of protein kinase G, which by an unknown mechanism leads to

inhibition of phospholipase C, inositol 1,4,5-triphosphate and Ca mobilization in plateiet
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(31) (273). Because NO can inhibit platelet aggregation, platelet aggregation has been

used as a method of assessing NO generation (213).

Although generation of NO has been shown in many in vitro studies to inhibit
platelet aggregation (31) (284), Marietta et al (165) suggest that elevation of NO is not
necessarily associated with inhibition of aggregation. They infused L-arginine into 10
healthy volunteers for 30 minutes, collected platelets, and measured L-citrulline
generation and platelet aggregation. The citrulline level was increased indicating that
nitric oxide was increased, but this was not associated with platelet aggregation, which
they believe was due to decreased platelet sensitivity to NO. This unexpected response of
platelets could have been due to the experimental conditions, but other studies have
demonstrated similar resuilts. For example, Picunio et al (207) administered LPS to
conscious rats and observed a rapid and transient decrease in circulating platelets, which
they concluded was because of platelet activation and aggregation. The disappearance of
single platelets, which was used, as an index of platelet aggregation, was associated with
significant increase in nitrite indicating nitric oxide has increased. Similarly Bar et al
(14) isolated platelets from pregnant and non-pregnant volunteers and assessed
aggregation and P-selectin expression as index of platelet activation. They observed that
the cytokines, which were supposed to increase nitric oxide, increased platelet
aggregation, in non-pregnant woman but inhibited aggregation from pregnant woman.
These results contrast with another study where LPS, which is supposed to release
cytokines, decreased platelet aggregation (235). This antiaggregatory effect was also
associated with increased nitrite production, increased cGMP, and decreased in calcium

mobilization. Thus these results present a contradictory picture of NO effect on platelet
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activity. Taken together under physiological condition nitric oxide inhibits platelet

adhesion and aggregation.
1.9-i- NO effect on leukocytes:

In addition to its effect on platelets, nitric oxide has been shown to affect the
interaction of leukocytes with vascular endothelium. Leukocytes move freely in blood
stream. When leukocyte are required to reach the site of injury in the extravascular space
they first have to marginate. During this process they slow down by a process called
rolling, which is followed by adhesion to blood vessel lumen or endothelial cells. They
then extravasate to extravascular space. Interaction of leukocyte with endothelial cells
involves expression of receptors such as P-selectin which has been used as an index of
ieukocyte adhesion. Nitric oxide has been proposed to be a regulator of leukocyte-
endothelial interaction, however, observations (193) (192) (145) (149) (95) are not
consistent. For example Lefer et al (149) used three isoforms of NOS-knockout mice to
study rolling and adherence of leukocytes to endothelial cells in postcapillary venules
under video-microscopy. P-selectin expression was higher in NOSIII and NOSI
knockouts than NOSII knockout or wild type mice. NOSIII knockouts had a higher
rolling and adherence than the NOSI that was significantly attenuated by the
administration of P-selectin ligand or monoclonal antibody against P-selectin for its
neutralization. This group (149) further observed that administration of thrombin into
mesenteric vessels, resulted in a higher and faster expression of P-selectin in NOSIII
knockout mice. Therefore, they demonstrated that NOSIII isoform has greater effect in
the leukocyte-endothelial interaction than the two other NOS isoforms. Similarly,

Kosonen et al (145) studied this interaction in co-cultures of endothelial cells and
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polymorphonuciear leukocyte (PMN). They added human PMN leukocyte to cultured

rabbit endothelial cells that were supplemented with nitric oxide-releasing compounds.
They further induced adhesion by treatment with TNF-a and measured the number of
adhered leukocytes to endothelial cells by staining with fluorescein isothiocyanate
labelled CD18 monoclonal antibody. They demonstrated that NO-donors decreased
leukocyte adhesion in a dose dependent manner after 30 minutes incubation. Nitric oxide
resulted in an increase of cGMP in leukocyte, and ¢cGMP-analogues decreased the
leukocyte adherence as well. Thus these observations (149) (145) demonstrate that nitric
oxide decreases rolling and adherence of leukocyte to endothelial cells.

In contrast, there are other studies (193) (192), which indicate the opposite effect
of nitric oxide on leukocyte. For example, Okayama et al (193), who also used
endothelial cell culture, and assessed P-selectin expression as an index of leukocyte
adherence. They treated human umbilical vein endothelial cells (HUVEC) with different
inhibitors to analyze the mechanism of adherence and observed that treatment with an
NO-donor increased leukocyte adhesion and P-selectin expression. The induction of
adherence by NO-donor was inhibited by an inhibitor of protein kinase G (KT5823), but
not by a protein kinase C inhibitor (Go6976), a trypsin kinase inhibitor (genistein) or a
protein kinase inhibitor (H-89). They also (192) observed that the same NO-releasing
compound does not effect leukocyte adhesion if used at .5mM instead of ImM.
Additionally, another study demonstrated no relationship between NO and leukocyte
extravasation (47). In this study, they administered oyster glycogen intraperitoneally and
collected leukocytes that also had NOSII. Using an NOS inhibitor, L-iminomethyl-lysine

(L-NIL), they reported reduction of the NO concentrationin lavage fluid, as was
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measured by a decrease in nitrite and nitrate, and there was no change in leukocyte /
endothelial cell interaction. The reason for the discrepant responses of leukocyte in the
above mentioned experiment could be differences in the microenvironment of leukocytes.
Because NO can react with other molecules it possibly produced molecules which could
have had the opposite effect on leukocytes. In general, it appears that nitric oxide inhibits
leukocyte adhesion and aggregation.

1.10- Role of NO in Vasculature:

It was originally thought that NO dilates vessels by decreasing the intracellular
calcium concentration of vascular smooth muscle (115). However, the available data in
the literature do not conclusively show this. Bolotina et al (21) used patch clamping
technique to test the direct effect of freshly dissolved NO on membrane patches of rabbit
aortic smooth muscle and observed activation of K., channel which would decrease
intracellular Ca™. They used N-ethylmaleimide (NEM) an inhibitor of nitrosylation, and
demonstrated that the activation of K, channel by NO was inhibited. Additionally, they
applied myristic acid, a fatty acid, which activates of K*., and showed that this occurs in
NEM pretreated membrane patches indicating that NO modulation of channels differ
from that caused by the fatty acid. To support further the direct effect of NO they used
methylene blue, a guanylate cyclase inhibitor. This did not change the NO-induced
relaxation of isolated aortic ring, although the ¢cGMP content of these rings was
significantly reduced. They concluded that nitric oxide directly activates K", channels,
which could cause hyperpolarization and relaxation of vascular smooth muscle by
outward diffusion of potassium ions through K*¢; channels. In contrast, Davison et al (53)

believe that the vasodilatory effect of NO donors is not due to decomposition and release
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of NO from these compounds. They injected both L and D isomers of S-

nitrosocysteine (SNC) into a closed chamber that had either rat blood or porcine aortic
smooth muscle cell. The NO released by L- and D-SNC, upon addition to the cells in
chamber, was carried in a stream of nitrogen gas under vacuum to a chemiluminescence
NO analyzer. They found that the amount of NO produced from decomposition of these
two isomers of S-nitrosocystein were equal, however they observed that L-SNC is a more
potent vasodilator agent than D-SNC suggesting that the vasodilatory effect of S-
nitrosocystein is not simply due to its decomposition to NO. They argued that the
nitrothiol moiety itself is biologically active.

There are studies which indicate that NO relaxation of smooth muscle involves
guanylate cyclase-catalyzed production of 3', 5'-cyclic monophosphate (cGMP) with
subsequent activation of protein kinase G (PKG) (5) (49). For example, Archer et al (5)
demonstrated that exposure of vascular rings to saturated NO solutions results in
relaxation associated with increased cGMP level. This relaxation effect was mimicked by
the addition of inhibitors of cGMP-phosphodiestrase. Addition of potassium chloride
(KCl) which decreases the concentration gradient of K and blockers of K channel nearly
eliminated the relaxation in response to NO and inhibitors of cGMP-phosphodiestrase.
Inhibitors of K channel dephosphorylation, okadeic acid, enhanced whole cell K-current
and pretreatment of vascular smooth muscle cell with methylene biue inhibited the effect
of NO. Thus, this study (5) shows that NO increases ¢cGMP which results in
phosphorylation of a K channel and its activation. This activated K channel
hyperpolarizes the cell and relaxes the vessel. However, in this study (5) they did not use

NEM, an inhibitor of nitrosylation to make sure that NO and not its compound induce



37

relaxation. Whether NO or its compounds such as nitrothiols have different effect on
potassium channel in smooth muscle is not known, however Campbell et al (37)
demonstrated that nitric oxide and S-nitrosothiols exert discrete and opposite effect on
Ca-channels in ventricular myocyte. Also, it is not clear whether that the concentration of
nitrothiols in vivo are high enough to allow NO to function as a vasodilator.

Cyclic GMP is a second messenger. It can mediate NO signalling by I) activation
of cGMP-dependent protein kinase (60) (156) (180) ) regulation of phosphodiestrase
activity (56) (114) and III) regulation of ion channels (5) (50). In smooth muscle cells
elevation of cGMP activates cGMP dependent protein kinase G (PKG) (180). PKG can
phosphorylate the inositol I,4.5-triphosphate receptor (IP3)(141) and leads to a decrease
in calcium concentration and finally muscle relaxation. However the significance of [P3
phosphorylation in the process of relaxation is not known. In summary relaxation of
vascular smooth by NO could occur directly or indirectly by the elevation of cGMP
which leads to activation of a K channel and relaxation of smooth muscle.

L.11- NO as a neurotransmitter:

Synaptic functions for NO were first established in peripheral nervous system.
Researchers observed that certain actions of autonomic nervous system were not blocked by
using cholinergic or adrenergic nerve fibers, which indicates that these non-adrenergic non-
cholinergic (NANC) are mediated by other neurotransmitters. After EDRF was identified as
a neurotransmitter, similarities between NANC and EDRF suggested that they are the same
substances (27) (34). For example, bovine retractor penis muscle has inhibitory nerves
whose neurotransmitter was unknown. Electrical stimulation relaxed this muscle and this

was inhibited by oxyhemoglobin, which binds to nitric oxide (22). Definitive evidence in
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these experiments was obtained when specific inhibitors of NOS were used such as
monomethyl arginine (34). Thereafter, neurotransmission by nitric oxide was demonstrated
in different tissues supplied by autonomic nerves including myentric plexus of
gastrointestinal tract, cavernosal nerve and adventitia of deep cavernosal arteries, and
cerebral blood vessels (54) (167)

Nitric oxide is an unusual neurotransmitter (195) because it is not released as
packaged vesicles and is not released by exocytosis. In the central nervous system it is
produced by activation of N-methyl-D-aspartic acid (NMDA) receptor in postsynaptic
membrane. NMDA receptor activation allows Ca entry across postsynaptic membrane and
results in increasing intracellular Ca. This in turn activates NOS, which produces NO. Nitric
oxide can diffuse to presynaptic activating soluble guanylate cyclase to catalyze production
of cGMP (146). Elevation of c¢cGMP can affect the function of ion channeles,
phosphodiestrase activity, or activate cGMP-dependent protein kinases that in turn aftect
subcellular function (146).

In addition to the brain, peripheral nerves use NO as neurotransmitter. For example,
inhibition of NOS results in increased adrenergic vasoconstrictor response and regulation of
bronchial vascular tone,. it is believed that ATP released from the sympathetic neurons
causes the release of nitric oxide, which can act on the pulmonary vasculature to relax.
Furthermore neurons of the gastrointestinal system, urinary tract, and vascular bed of
bronchi stain positively for NOS. (237)

1.12- Septic Shock:
Septic shock is defined as a state of inadequate tissue perfusion for the metabolic

demands of the body as a result of overwhelming bacterial infection (8) (201). It is the
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cause of large number of death in North America (10) (203). Septic shock is

characterized by hypotension, tachycardia, high cardiac output, and low systemic
vascular resistance (92). The main cardiovascular manifestation of septic shock is a
marked decrease in blood pressure despite adequate restoration of circulating blood
volume and vasoconstrictor therapy (92).

Increased production of nitric oxide by the inducible form of nitric oxide synthase
(NOSII) has been proposed to be a major factor in the hypotension and loss of vascular
tone that occur in sepsis (175) (240) (247). For example incubation of vascular smooth
muscle cells with tumor necrosis factor and interlukin-1 have been shown to induce
NOSII and increase NO production. This induction is associated with increased cGMP
and decreased contractile response to noradrenaline. Pre-treatment with L-NAME and
cycloheximide abolishes the increase in cGMP and NOS activity and is independent of
presence of Ca in these cells (36). Injection of LPS into rats, increases NOS activity 10-
15 fold by 10 hours post injection. (139). LPS injection results in widespread expression
of NOSII mRNA and its protein (113) (278). The induction of NOSII is associated with
increased nitric oxide in exhaled gas (239) (172), increased concentration of plasma
nitrite /nitrate in rats and mice(259) and a marked increase in Ca-independent NOS
acttvity which is consistent with NOSII activation (278). Increased formation of nitric
oxide by this isoform has been further supported by using selective inhibitors of this
isoform (222). Inhibition of NOS restores blood pressure in endotoxic dogs (131) (133)
rats (255) pigs (164) (172) and septic human (205). In LPS-treated mice.
aminoguanidine, a selective inhibitor of NOSII increases the survival rate (278). Finally

the role of NOSII has been tested in NOSII-gene knockout mice (163) (280). Survival
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was significantly increased in knockouts. Furthermore mutant mice were resistant to
LPS and were protected from cardiovascular collapse induced by LPS, whereas wild type
mice died when challenged with LPS.

Nitric oxide itself or through the elevation of ¢GMP, leads to decreased
intracellular Ca™. This results in vasorelaxtion. Nitric oxide can also react with
superoxide to produce peroxynitrite which participates in irreversible changes in tissues
(35) (252) (59) (119) These changes probably cause passive relaxation of vessel to
circulating volume and hypotension. On the other hand, there is a lot of evidence, which
is inconsistent with the hypothesis that NO from the NOSII is responsible for the
hemodynamic abnormalities of sepsis. Szabo et al (251) measured blood pressure and Ca-
independent NOS activity as an indicator of NOSII induction. They found that
hypotension occurred 2-3 hrs before the elevation of Ca-independent NOS activity.
Expression of NOSII is not correlated with the level of NO (248) (262). INOS knockout
mice had a reduced resistance to Listeria monocytogenase suggesting non-NOSII-
dependent mechanism(s) are functioning (163). Cardiac output is decreased in rodents
(222) and hypotension is biphasic. There is an immediate and transient decrease in
pressure which recovers partially within 15 minutes followed by, a delayed and
prolonged hypotension (113) (278) (239). However, in humans, cardiac output is not
decreased by sepsis and hypotension is monophasic in response to LPS (245). The
increase in the plasma concentration of nitrite /nitrate in endotoxemic rodents is 5-6 times
greater than in control rats (259) (72), but the increase in septic patients is much less
(190) (97). Moreover the sensitivity of rodents to LPS is much less than in humans.

Rodents require doses of endotoxin (163) (270) (139) which are orders of magnitude
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greater than those used in human studies (245). Although the presence of NOSII

mRNA in human tissue is documented, there are only a few such reports. The role of
NOSII in species other than mice and rodents is thus not clear.
1.13- Rational for our study:

The pathophysiological role of NOSII in hyperdynamic sepsis is not clear.
Moreover it is not clear whether there is only increased NO production or increased
production of radicals such as superoxide as well, which interact with NO to produce
peroxynitrite. Therefore an objective of this study was to determine if NOSII plays a role
in animals larger than rodents and second to investigate if O7; is increased and interacts
with NO to produce peroxynitrite.

1.14- Animal models in Sepsis:

Many different animals and approaches have been used to study sepsis. LPS is one of the
commonly used agents to induce sepsis. LPS, is a stable and relatively pure compound. LPS
is convenient to use, for it can be stored in lyophilized form until it is used. LPS is a
macromolecular glycolipid within the Gram-negative bacterial cell wall and is composed of
a polysaccaride chain and a core. The polysaccharide chain accounts for antigenic variability
among species and strains of Gram-negative bacteria, and the core has the toxic properties.
In contrast to LPS, bacteria are typically stored frozen, grown in culture for 18-24 hours
prior to use, washed several times to remove culture medium and solubilized bacterial
products. Using fecal suspensions or bowel devascularization and perforation are other
means of inducing sepsis by bacteria. Whereas doses of LPS can be accurately and readily

measured, doses of live bacteria are not quantified accurately and it is more difficult to
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ensure reproducibility of the septic challenge. In fact in septic models of bowel

devascularization or perforation, the dose of infecting organism is not known.

The largest amount of experimental work is in rats. Small mammals (rats, mice,
guinea pigs) are inexpensive to purchase and maintain. It is economically feasible to use a
large sample size. Moreover they are suitable for studies in which organ function is
examined such as Langendorf preparation to examine cardiac function. In addition rats are
ideal for studies of microvascular function with the use of intravital microscopy to study
blood flow in organs such as mesentry. kidney, or liver.

Although it is possible to measure cardiac output and pulmonary artery pressure in
rats, catheterization of larger species (sheep, dogs, pigs, and primates) for the measurement
of cardiovascular parameters such as ventricular pressure is easier. Bccause of their small
circulating volume, blood sampling in rodents and mice is limited.

In rabbit models of sepsis, depending on the dosage of endotoxin that has been used.
both low (279) and high (69) cardiac outputs with hypotension have been demonstrated. The
dose of LPS is lower than in the rat. It has been observed that doses of 50-500 ug result in
hypotension, decreased systemic vascular resistance and increased cardiac output (69).

Other animals, which have been used, are sheep (216) (158) (169). Adminitration of
low doses of LPS over several days produces a hyperdynamic response in unanesthetized
sheep. In this animal, catheters are positioned in the atria and arterial vessels. A low dose of
6-1.5 ng/kg of LPS is infused every 12-hour for 5 days and after 4-5 days of recovery the
studies are performed. A high cardiac output does not develop as early as in other models
such as pigs or humans, which may be because of the low dose or species difference (245).

It has been also observed that the hyperdynamic pattern develops after 7-9 hours of 9-
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24ng/kg.hr for 24 hours administration. Live bacteria (1.5x 10° microorganism) also have

been used. The hyperdynamic phase is preceded by a initial drop in cardiac output (216).
The results obtained from this model show that once the hyperdynamic pattemn develops, it
stays for a long time (169), suggesting that, this model is good for longer studies of sepsis.
It is also easy to handle this model.

In pigs large doses of LPS 100-200ug/kg produce no change in cardiac output by 40
minutes, whereas the mean arterial pressure and systemic vascular resistance drop and they
die (29) (185). Similar results have been obtained with.Sug/kg/hr, Sug/kg/hr, and
15ug/kg/hr for 2 hours (138) (58) (275). We found that in this study (chapter two) by
infusing an appropriate amount of fluid, to keep the right atrial pressure from falling, This
hyperdynamic model is produced with a small increase in cardiac output and fall in blood
pressure and a fall in systemic vascular resistance. This hyperdynamic model is closer to the
human septic pattern than other septic models in the early phase of sepsis.

1.15- Role of NO in septic shock:

Increased nitric oxide production has been proposed to be a major factor in
pathophysiology of sepsis and in particular, a cause of hypotension (240) (175). There are a
number of pieces of evidence that support the concept of NO induced hypotension.

Thimermann and Vane (255) observed that injection of E.coli lipopolysaccharide
(LPS) (15 mg/kg) into rats resulted in a long lasting low level of systemic arterial blood
pressure. This hypotension was attenuated by L-NMMA, an inhibitor of NOS, but restored
by injection of L-arginine, the substrate for NOS.

Excess production of NO from NOS, in particular NOSII, is believed to be

responsible for the hypotension and loss of vascular tone. For example, Hom et al (113)
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administered LPS intravenously into rats and observed hypotension in a biphasic pattern.

The first phase of hypotension was immediate and transient and the second phase was
prolonged and delayed. Pre-treatment with dexamethasone attenuated the prolonged second
phase of hypotension. This indicates that it is likely that NOSII is induced during sepsis.
Dexamethasone, a glucocorticoid, binds to glucocorticoid-responsive elements (GREs), and
negatively regulates induction of cytokines and NOSII (233). It has been observed that
pretreatment of rats with LNMMA significantly attenuated the hyporesponsiveness to NE
which occurs with an infusion of LPS. Northern blot images of different tissues such as
brain, heart, kidney, liver, lung, and spleen revealed a high level of induction of NOSII
mRNA compared to non-LPS treated animals. Western blot analysis of the tissues in these
animals shows a high level of induction of NOSII protein in septic rats but not control
animals.

The presence of NOSII is associated with a large increase in plasma concentration of
nitrate/nitrite (85) (103) (112), and Ca-independent NOS activity (139) (85). For example
Gardiner et al injected LPS in rats and produced hypotension. The hypotension was
associated with increased plasma nitrite NOII activity in heart, liver, lung and aorta. This
was prevented by pretreatment of animals with L-NMMA. Knowles et al (139) used a
spectrophotometric method to measure the oxidation of oxyhemoglobin to methemoglobin
by NO as an index of NOS activity, as well as. L-citrulline generation when extracts of
tissues were incubated with radiolabelled L-arginine to measure NOS activity. They injected
different doses of LPS into rats and followed the experiment for different periods and
collected lung, liver and brain tissues. They found an increase in NOS activity in the liver

and lung, which was LPS dose-dependent, but it was not abolished by addition of EDTA, a
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calcium chelator. This indicates that the increased NOS activity resulted from the Ca-

independent isoform of NOS. They concluded that this isoform of NOS is likely the cause of
increased nitrite level in endotoxin-treated rats.

Increase expired NO is also seen with endotoxin. Stewart et al (239) bled one group
slightly to make them hypotensive and administered LPS (20 mg/kg) to another, to make
them hypotensive. They also measured mean arterial pressure and collected expiratory gases
for NO measurement by chemiluminescence. They showed that in normal hypotensive rats,
NO production was not increased, but in LPS-treated rats it was increased after a few hours.
Exsanguination of LPS-treated rats increased NO production further. Since this dose of LPS
has been shown to upregulate NOSII in septic rats (113), and a few hours were required for
the increase in it, it is likely that NOSII was responsible for this high level of expired NO.
This group (113) believes that the lung produced the NO, and the NO was not from other
tissues and transported by circulation. However, it can be argued that it is not only the lung
but also pulmonary vessels that produced the NO, which was not bound to hemoglobin
because of the exanguination (239).

Kilbourn and Belloni (132) tested the potential of cytokines to stimulate cultured
murine endothelial cells to produce nitrite. INF-y, in combination with tumor necrosis factor,
interlukin-1 or endotoxin increased nitrite accumulation in the culture medium. Depletion of
L-arginine from culture medium or addition of N°-monomethyl-L-argininee (L-NMMA), an
inhibitor of nitric oxide synthase blocked the accumulation of nitrite and addition of L-
arginine resulted in production of nitrite by these endothelial cells. Thus stimulation of

cultured endothelial cells with cytokines produced arginine-derived nitrogen oxide.



46
Cytokines increase the Ca-independent NOS activity. Busse and Mulsch (36)

isolated smooth muscle cells from rabbit aorta and cultured them. They further prepared
the cytosolic fractions and measured the cGMP produced by soluble guanylate cyclase as
an index of NOS activity. They found that the cytosol obtained from TNFo/INFy-treated
segments induced a marked increase in guanylate cyclase (GC) activity which is
consistent with the release of NO by increased NOS activity. In further support for a role
of NOS, when the cytokine treated cytosol of cultured smooth muscle cells was treated
with L-NNA, GC activity was decreased, but increased several fold when L-arginine was
added. They also found that the GC activity of cytokine treated smooth muscle cells was
Ca-independent indicating that it was likely NOSII.

Endotoxin also activates NOS activity in the vasculature. Fleming and her
colleagues (71) incubated rat aortic rings in culture dishes that contained LPS for 5 hrs and
measured contractile force followed by ¢cGMP content of the rings as an index of NO
release. Incubation of vessels with LPS, resulted in decreased tension and hyporeactivity to
noradrenaline. They also found that the addition of LNMMA restored the contractile
response in LPS-treated rings. The cGMP level of LPS-treated aortic rings was
approximately 10 times higher than the cGMP level in un-treated aortic rings. Thus they
demonstrated that endotoxin-induced vasodilation is cGMP dependent.

Patients who receive TNF as part of chemotherapy for cancer have a marked
hypotension. Kilbourn and his colleagues (131) hypothesized that this could be due to TNF
release of NO. Thus they administered TNF to anesthetized dogs and cbserved a fall in
systemic blood pressure, which was reversed with an inhibitor of NO. Administration of L-

arginine, the substrate of NOS, produced hypotension, and this was reversed by inhibitors of
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NOS. However, when they administered nitroglycerine, which forms NO without NOS,

followed by the administration of inhibitors of NOS, blood pressure was not restored. This
indicates that TNF induces hypotension by activation of NOS, which releases NO.

The hypothesis of NO-induced hypotension also has been tested in humans. Petros et
al (205) injected L-NMMA and NG-nitro-L-argininee methyl ester (L-NAME) which inhibit
NOS to two patients with sepsis to inhibit the production of NO. These two patients had a
progressive fall of both systemic vascular resistance and blood pressure despite the use of
vasoconstrictor and volume replacement. After treatment with NOS inhibitors, the
hypotension was reversed and systemic vascular resistance increased, and in one of them the
cardiac output increased, but in the other it decreased and the patient died because of

recurrent intra-abdominal sepsis.
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Link to chapter two:

Inducible NOS has been hypothesized to be the major factor in the vascular abnormalities
of sepsis. This hypothesis is based on the observation that NOSII is induced in rats and
mice. However when we started this study there was no evidence of NOSII induction in
human sepsis. Investigators use ng of LPS in humans, pug of LPS in pigs, and mg of LPS
in rats to make them septic. Therefore, septic pigs are closer models than septic rat to
human. Thus, this study was designed to address the role of NOSII in porcine model of

sepsis.
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Abstract

Objective: The induction of the inducible form of nitric oxide synthase (NOSII),
production of large amounts of nitric oxide (NO) and subsequent production of peroxynitrite
(OONQ) are believed to be major factors in the hemodynamic abnormalities of sepsis.
However, most of the data comes from studies on rats and mice. We examined the role of
NOSII in endotoxemic pigs which have a hemodynamic pattern more similar to humans than
rats. Method: Pigs were anesthetized and ventilated and given endotoxin (n=12), 20 n.g/kg
over 2 hours, or saline (n=7). They were sacrificed after 2 (n = 8 endotoxin, 7 control) or 4
hours (4 endotoxin). We measured cardiac output (CO), mean arterial (P,,), pulmonary and
central venous pressures, expired NO and plasma nitrate/nitrite concentration. We measured
NOS activity in lung tissue by the L-[2,3, *H]-arginine to L-[*H]-citrulline assay and NOSII
protein by Western analysis in multiple tissues. We probed for NOSII by
immunohistochemistry in lung and liver. We measured NOSII mRNA by Northern analysis
in liver and lung. We also measured nitrotyrosine as evidence of OONQO" production by slot
blot, Western analysis and immunohistochemistry in multiple tissues. Results: By 2 hours,
P,, fell and CO did not change so that systemic vascular resistance decreased from21.5+2.9
to 12.7+3.1 mmHg - L' - min (p < 0.05) and remained at 11.3 = 1.7 mmHg - L' min in the
animals followed for 4 hours. Plasma nitrate/nitrite, and NOS activity did not change. There
was also no difference of expired NO at zero time and at 4 hours in (n=4) We found no
NOSII by Western analysis with 5 different antibodies in multiple tissues. However, we
found a small amount of NOSII by immunohistochemistry in inflammatory cells and small

vessels with two antibodies. There was a small increase in NOSII mRNA in liver and lung.
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Despite the minimal increase in NOSII, we found increased nitrotyrosine by slot blot, Western
analysis and immunohistochemistry in small vessels and in inflammatory cells. Conclusion:
In contrast to what is seen in rats and mice, there is only minimal NOSII present in endotoxic
pigs with low SVR, but there is still production of nitrotyrosine which indicates probable
OONO' production. This suggests a role for constitutive NOS in the vascular abnormalities
of sepsis and caution should be used when extrapolating the septic response in rodents to

larger animals.

Introduction

Increased production of nitric oxide (NO) by the inducible form of nitric oxide
synthase (NOSII) has been proposed to be a major factor in the pathophysiology of sepsis (44,
52, 54). In particular, NOSII is believed to be responsible for the hypotension and loss of
vascular tone that occurs in sepsis. This hypothesis is based on a number of observations.
Infusion of endotoxin results in the production of large amounts of NOSII in rats and mice
(23, 52,23). The presence of NOSII is associated with large increases in plasma nitrate/nitrite
concentrations (29) and expired NO (51) and a marked increase in calcium independent NOS
activity which is typical of NOSII induction. Increased NO production is associated with an
increase in smooth muscle cyclic GMP which mediates vascular dilatation (8). Increased NO
is also believed to affect the vasculature by interacting with superoxide O, (4, 3) and
producing peroxynitrite (OONO’). OONO  is a reactive oxygen species (4, 46) which can
cause diffuse cellular damage by nitrating important cellular proteins and by breaking DNA

strands which activates poly(ADP-ribose) synthetase (50, 56). Furthermore, inhibition of
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NOS restores arterial pressure in endotoxic dogs (27, 28), rats (57), pigs (36) and septic
humans (45). The benefit of a NOS inhibitor is even greater when the inhibitor has
specificity for NOSII (48). Finally, mice which have a genetically altered non-functional
NOSII gene (knockout model) survive longer than wild type mice when given endotoxin or
bacteria (34, 65). Based on these observations, clinical trials have been organized to study
the therapeutic effects of NOS inhibitors in septic patients (16).
On the other hand, a lot of evidence is inconsistent with the hypothesis that NO from
NOSII is responsible for the hemodynamic abnormalities of sepsis. Hypotension in rodents
occurs before the induction of NOSII (55) and does not correlate with the concentration of
NO (58, 60). Although, some NOSII knockout mice survive an endotoxin infusion better than
wild type mice, no benefit was demonstrated in one model (34). Cardiac output is generally
decreased in rodents given endotoxin (13), whereas cardiac output is increased in humans
(53). Rodents also require doses of endotoxin (13) which are orders of magnitude greater
than those used in human studies (53). Although the presence of NOSII mRNA in human
tissue is well documented, there are much fewer reports of NOSII protein in human tissue.
Furthermore, although plasma nitrate/nitrite concentrations are elevated in septic patients, the
concentrations are much lower than in rodents (15, 43). The role of NOSII in species larger
than mice and rodents is thus not clear.
We have been studying a porcine model of sepsis which has many of the
hemodynamic features of septic humans. We found that endotoxin infusion increased
expired NO, but there was no evidence of NOSII production by Western analysis in different

tissues (38). This, however, could have been due to a lack of specificity of the antibodies.
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The objective of the present study was to look further for evidence of NOSII in endotoxemic
pigs. We performed Northern blotting for NOSII mRNA, Western analysis for NOSII
protein, NOS activity assay with the L-[2,3, *H}-arginine to L-[*H]-citrulline assay, measured
changes in plasma nitrate/nitrite and performed immunohistochemistry on multiple tissues.
We found that NOSII mRNA is induced, but there was only a minimal amount of NOSII
protein and no significant increase in NOS activity or plasma nitrate/nitrite. However, to our
surprise, we found evidence of increased nitrotyrosine which indicates that peroxynitrite was
likely formed. This suggests that production of NO from constitutive NOS may be important
in the pathophysiology of sepsis. In a companion paper, we found increased endothelial NOS
(NOSII) and neuronal NOS (NOSI) protein and increased NOS activity in the aorta and vena
cava. Our results indicate that murine and rodent data may be very misleading for the
understanding of the role of NO in other species, including humans, and far too much

emphasis may have been placed on NOSIL

Materials and Methods

Animal Preparation: The experiments were performed in juvenile pigs weighing 25-30 kg.

They were allowed to have access to water but no food one day before the experiments. After
premedication with intramuscular injection of ketamine hydrochloride (20 mg/kg) (Ayerst),
xylazine (2 mg/kg) (Bayer), and 0.4 mg/kg atropine sulphate (Sigma), animals were
anesthetized with a bolus of sodium thiopental (10 mg/kg). They were placed in the

recumbent position in a V-shaped support, intubated orotracheally with a cuffed endotracheal
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tube, and ventilated with a volume ventilator at 10-15 ml’kg and 12-18 b/min and 5 cmH,0
positive end expiratory pressure.

The left femoral vein was cannulated and used for administration of fluid and drugs.
A catheter was advanced into the thoracic portion of the inferior vena cava to record central
venous pressure. A balloon-tipped flotation catheter (Swan-Ganz, Edward Laboratory, Santa
Anna, CA) was inserted through the right jugular vein and positioned in the pulmonary artery
for measurement of right atrial pressure (Pra), pulmonary artery (Ppa) and pulmonary
occlusion pressures (Pcw), as well as cardiac output (CO) by thermodilution. The right
common carotid artery was cannulated to record arterial pressure (P,,). Transducers were
referenced to the mid-point of right atrium. PaCO, was maintained between 35-40 mmHg
by adjustment of respiratory rate and PO, was kept above 90 mmHg with supplemental

inspired oxygen as necessary.

Measurement of Nitrate/Nitrite: To measure nitrate/nitrite concentration in plasma blood,
samples were collected in EDTA containing tubes, centrifuged at 4000 rpm for 20 minutes
and then the separated plasma was frozen at -20°C until analyzed. When ready to process,
samples were thawed and 25 ul of 30% (w/v) ZnSO, were added to 200 ul of sample to
precipitate plasma proteins of samples and spun at 12,000 rpm for a few minutes. After
incubation with cadmium fillings to reduce nitrate to nitrite at room temperature for 16-17
hours, the supernatant was separated. Triplicates of each sample (100 n:l/tube) were prepared.
diluted to 1 ml with double distilled water, and 100 wl fresh Griess reagent (1%

sulfanilamide, .1% naphtyethylenediaminedihydrochloride, 2.5% concentrated H,PO, acid;



104

Sigma) were added. Nitrite concentration was measured at 550 nm against a standard curve

of sodium nitrite.

Expired NO: At time zero and then each hour, gas was collected from the expiratory port of
the ventilator and vigorously mixed manually for 10 seconds before the NO content of a 50
ml aliquot was determined by chemiluminescence (NOA 270B NO analyzer, Sievers Medical
Instruments Inc., Boulder, CO) as previously described (39). Briefly, a photomultiplier tube
produces an electrical signal proportional to the light generated from a chemical reaction
between NO in the sample and ozone in the reaction chamber. The NO analyzer was
calibrated using areference gas of known NO concentration (Medigas Inc., Montreal, Quebec,
Canada). Expired NO is expressed as the rate of pulmonary NO excretion (V NO) in
pmol/kg/min which was calculated as the product of the expired NO concentration at body

temperature and minute ventilation (V).

Homogenization: Frozen tissues were homogenized at a ratio of 1 gram/3-6 ml of ice-cold
homogenization buffer. Homogenization was first done with pestle and mortar and then with
a homogenizer in ice and salt-cold environment. The homogenate was centrifuged at 10,000-
11,000 rpm for 15-20 minutes at 4°C. Supernatants were aliquoted and frozen at -80°C.
Homogenization buffer (pH = 7.4) had the final concentration of 50 mM Hepes, 100 M
dithiothreitol (DTT), .55 uM leupeptin, 100 .g/ml phenylmethylsulfonyl fluoride, 2 ..g/ml

aprotinin, 1.4 uM pepstatin A, 2.5% glycerol in double distilled water.
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NOS assay: Supernatant (50 »l) from the homogenate was added to 10 ml pre-warmed (37°C)
tubes which contained 100 ul of reaction buffer of the following composition: 50 mM
KH,PO,, 60 mM valine, 1.5 mM NADPH, 10 mM FAD, 1.2 mM MgCl,, 2 mM CaCl,, 1
mg/ml BSA, 1 ug/ml calmodulin, 10 M BH,, and 25 ul of 120 M stock L-[2,3 *H] arginine
(150-200 cpm/pM). The samples were incubated for 30 min at 37°C, and the reaction was
terminated by the addition of cold (4 °C) stop buffer (pH =5.5), 100 mM HEPES, and 12 mM
EDTA. Dowex SOW resin (8% cross-linked, Na™ form) was added to eliminate excess L-{2.3
*H] arginine. Enzyme activity was expressed in pmole of L-citrulline produced x mg total
protein’ x min'. Protein was measured by the Bradford technique with bovine serum
albumin as a standard (BioRad Inc. Ca). The supernatant was assayed for L-[*H] citrulline
by liquid scintillation counting. NOS activity was also measured in the presence of 1.5 mM
of each EGTA and EDTA which replaced CaCl,-calmodulin in the reaction buffer and in the
presence of 1 mM of NCnitro-L-arginine methyl ester (L-NAME, a NOS inhibitor).
Ca’*/calmodulin-independent NOS activity was calculated as the difference between samples
assayed in the presence of EGTA/EDTA and those measured in the presence of L-NAME.
Western blot: Frozen tissue extracts were thawed on ice and mixed with equal volume of
sample buffer (composed of 4 ml distilled water, 1 ml of .5 M Tris-HCI, pH = 6.8, .8 ml
glycerol, 10% SDS (w/v), .05% (w/v) bromophenol blue, .4 ml of 2-beta-mercaptoethanol)
followed by heating at 95°C for 5 minutes. They were centrifuged and loaded on 8% or 4-
12% Tris/glycine/SDS-polyacrylamide gel for fractionation. Predetermined MW standards
(Novex Inc.) were used as markers. Protein on the gel was blotted onto nitrocellulose or

PVDF membranes at 4°C at 25-30V and 370-380 mA for 150 minutes. After transfer, the
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membranes were incubated with 7% skim milk, and 1% heat-inactivated (60°C) fetal calf
serum (Sigma) in wash buffer for 2 hrs, or overnight, at a cold temperature. NOSII protein
was detected by incubating with primary antibodies at concentrations of 1:500 to 1:1000.
Two monoclonal antibodies were used. The major one we used was directed against a 21
KDa protein fragment from the mouse macrophage NOSII (Signal Transduction Laboratory
#N32020). The other was provided by Dr. Hattori (21). We used three polyclonal antibodies,
Signal Transduction #32030, the antibody in reference Saleh et al (49) and No53 (provided
by John Humes at Merck, Rahway, NJ). Nitrotyrosine was detected with anti-nitrotyrosine
polyclonal antibody. The membranes were washed three times with wash buffer and then
incubated with the appropriate secondary antibody for the primary mono- or polyclonal
antibody at concentrations of 1:500 to 1:1000. Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL kit) according to the specifications of the manufacturer
(Amersham). Blots were scanned with an imaging densitometer, and the optical densities of

protein bands were quantitated with software (Sigma Gel, Jandel Scientific, San Rafael, CA).

Immunopreciptation: Immunoprecipitation of NOSII protein was performed on tissue from
lungs of pigs treated with endotoxin for four hours. Lung tissue from endotoxic rats was
used as a control for the technique. Tissues were ground in immunoprecipitation lysis buffer
in a liquid nitrogen cooled mortar, until a homogenous mixture was obtained. This mixture
was homogenized in an ice-cold environment and centrifuged at 10,000 - 11,000 rpm for 15
minutes at 4°C. Supernatant was aliquoted and the protein concentration was determined.

We then mixed 500 ..g of tissue extract, with 2 .1 of monoclonal antibody (21) and 20 ul of
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both protein A and protein G (beads) which was washed three times (wash buffer had 20 mM
HEPES, 150 mM, NaCl .1% Triton X-100, and 10% glycerol pH of 7.5). The mixture was
incubated at 4°C for 2 hrs or overnight. Following incubation and 5 minutes centrifugation,
100 ng of protein was taken from the supernatant of immunoprecipitation. The beads were
washed three times with wash buffer, spun and the supernatant was discarded. The proteins
of the precipitate were solubilized from beads by addition of 1X Bio-Rad sample buffer
(composed of 4 ml distilled water, | ml of .5 M Tris-HCI pH = 6.8, .8 ml glycerol, 10% SDS
(w/v), .05% (w/v) bromophenol blue, 0.4 ml of 2 beta-mercaptoethanol), heated fro 5 minutes
at 95° C, and then subjected to SDS-PAGE electrophoresis (8% Novex gel) in the same
condition as above. Proteins were transferred to PVDF membrane blocked for 2 hrs or
overnight. NOSII protein was detected by incubating with the Hattori anti NOSII monoclonal
antibody (1:1000 dilution) (21) and anti-mouse antibody as secondary antibody (1:1000
dilution) on the shaker at cold temperature for 2 hrs. Immunoreactive bands were visualized

by chemiluminescence.

Detection of NOSII in porcine neutrophiles

To determine if our antibody could detect NOSII, we needed to find a porcine tissue
which expressed it. To do so, we treated a pig with 10 ng/kg/hr LPS for 2 hours and
supported it with volume as in our previous studies. After a total of 4 hours, we injected
carrageenan (Sigma type [V) into the pleural space and waited another 5 hours (total = 9
hours) to allow neutrophils to migrate to pleural space and then sacrificed the animals.

Pleural fluid was collected. The cells were spun down and washed three times with 17 mM
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Tris buffer which had .75% NH,Cl to lyse the red cells. A Wright stain of the sample showed
predominantly neutrophils. These were then lysed and frozen for further analyses including

western blot as above.

Slot blot: Sample buffer was added to 100 n.g of protein of tissue extract and loaded on a slot
blot manifold with a nitrocellulose membrane soaked with transfer buffer or a PVDF
membrane soaked with methanol, followed by soaking in transfer buffer. After suction for
3-5 minutes, the membranes were blocked with blocking solution at cold temperature for 2
hours, or overnight, and then incubated with primary anti-nitrotyrosine polyclonal antibody
(1:1000). They were then washed, incubated with secondary anti-rabbit antibody (1:1000),
washed again and bands were visualized by chemiluminescence and the densities measured
as above. For negative control 10mM nitrotyrosine was prepared in phosphate -buffer saline
and incubated with primary anti-nitrotyrosine antibody for two hours at room temprature to

block the antibody.

RNA Extraction and Northern Analysis

Total RNA was extracted from lung and liver tissues with TriZol reagent following
the manufacturer’s instructions. RNA content was determined by optical density and the

quality was examined on a 1% agarose gel stained with ethidium bromide.

Polymerase Chain Reaction
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To obtain probes for Northern analysis, we first psrformed reverse transcriptase PCR
on tissue from porcine lungs. We reverse transcribed 1 ug of total RNA to the
complementary DNA (¢cDNA) with random hexamers and then cloned it with Moloney
murine leukemia virus reverse transcriptase (MMLV RDA, Gibco, BRL). Samples were
incubated at 42°C for 60 minutes and 10 minutes at 95°C and quickly chilled on ice. The
total volume of the reverse transcriptase mixture was 20 uL. We used 5 uL of the reverse
transcriptase product for polymerase chain reaction (PCR) with oligonucleotides for porcine
NOSII based on a sequence kindly provided by Michael P. Murtaugh (University of
Minnesota, St. Paul, MN, USA) (forward 5' GTL CAA CCT GCA GGT CTT CG3' and
reverse 5' CCA TGA TGG TCA CAT TCT GC3'). The sample volume was 50 ul to which
TAQ polymerase (GIBCO-BRAL) were added. PCR was performed in a programmable
thermocontroller (MJ Research Inc.). We began with a denaturation step at 95°C for 15
seconds. annealing at 55°C for 30 seconds and extension step at 72°C for | minute and 30
seconds for 35 cycles.

The polymerase chain reaction product of NOSII cDNA was cleaved out with the
restriction enzyme and ligated with T-4 DNA ligase into bluescript KS* vector which was
then transformed into competent E-coli cells. The culture was grown overnight at 37°C and
spread on agar plates (containing 1.5% Agar, 0.2% ampicillin, 0.5% isopropropol-thiogalacto-
peranozide and 0.2% xgal for a blue-white selection). White colonies, containing the vector,
were picked and the plasmids were isolated using standard procedures. After cleavage with
the restriction enzyme, the samples were separated by gel electrophoresis and bands of

appropriate size cut out for sequencing. The sequence was compared with the available rat
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and human NOSII , and pig NOSIII sequences in Genebank . This comparison showed 57%
and 72% homology with rat and human NOSII respectively, and 34% with pig NOSIII . Once
it was established that it was indeed NOSII, large scale plasmid preparation was performed.
After plasmid isolation and enzymatic cleavage, the product was separated by gel
electrophoresis and the insert was elluted into 0.7% low melting point agarose and purified
with phenol-chloroform extraction. The probe was then labelled with alpha[**P]
deoxycytidine triphosphates by Nick translation.

For Northern analysis, total RNA (50 ng) samples were fractionated by
electrophoresis in a denaturing formaldehyde 1% agarose gel. The RNA was transferred to
Hybond-N nylon membrane by capillary diffusion with 20 x SSC. After RNA
immobilization by bathing under vacuum for 2 hrs at 80°C, the membranes were pre-
hybridized for 3 hrs at 42°C with 5 x SSPE, 5 x Denhrd’s solution, 0.5 % SDS, 58%
formamide and 10 xg/ml of a heat denatured salmon sperm DNA. Hybridization was done
overnight at the same temperature in a solution containing **P labelled probe for NOSII
which was randomly labelled. The membranes were washed with 2 x SSPE/0.1% SDS for
5 minutes at room temperature 3 times, followed by 2 more washes at 42°C with 0.2 x
SSPE/0.1% SDS for IS minutes and, finally, 1 hour at 65°C, with a 1 x SSPE/0.5% SDS
solution. The membranes were exposed to a KODAK film at -80° C for 70 days. Integrity
and equal loading of RNA samples was assessed by hybridization of the membranes using

a P labelled olignucleotide specific for 18S ribosomal RNA .

Immunohistochemistry
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Tissue samples for immunohistochemistry were immersed in 4% paraformaldehyde

in phosphate-buffered saline (PBS) (0.01 M phosphase buffer at pH 7.2 with 0.15 M NaCl)
for 3 hours then transferred to PBS containing 15% sucrose and 0.1% sodium azide and
stored at4°C. Immunohistochemistry was performed using avidin-biotin-peroxidase complex
(ABC) method (24) with Vectastain Elite kit (Vector Laboratories, Burlingame, CA) using
a polyclonal or monoclonal antibody (Signal Transduction) for NOSII and polyclonal to
nitrotyrosine as previously described (49) . Cryostat sections (10 «m thick) were cut from
tissues, picked up on poly-lysine coated slides and dried at 37°C overnight. The sections were
then washed in PBS three times for 5 minutes each and incubated in 10% normal goat serum
for 30 minutes at room temperature followed by incubation with antisera overnight at 4° C.
After 3 more washes in PBS, sections were incubated with biotinylated goat anti-rabbit IgG
anti-serum for 45 minutes, washed in PBS and incubated with ABC for 45 minutes.
Immunoreactive sites were developed by immersion of the section in a solution containing
0.01 % hydrogen peroxide and 0.025% 3,3diamino benzidine. Sections were counterstained
with Harris’ hematoxylin dehydrated, cleared in toluene and mounted. For negative controls,
sections were incubated with 10% normal goat serum instead of primary antisera, or with
antisera preabsorbed with respective antigens prior to the addition to sections.

Immunohistochemistry was performed in paired tissues in 3 control and 3 endotoxic animals.

Protocol
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Afterinsertion of the lines, the animals were stabilized. Baseline hemodynamics were
obtained and animals randomly received either 10 wg/kg/hr for 2 hours of endotoxin (n=8)
or normal saline (n=7). Animals were sacrificed between the second and third hours. An
additional 4 animals were given endotoxin for 2 hours and followed for 2 more hours (4 hours
total). An infusion of 6% dextran was given as necessary to maintain the central venous
pressure between 4 and 5 mmHg during the full course of the experiment. Generally, not
much fluid was required in the septic animals in the first hour, but the amount increased
significantly in the second hour. Only small amounts of fluid were required in the control
animals. Animals were sacrificed by an overdose of KCI. Tissue samples from the aorta,
vena cava, pulmonary artery, left ventricle, lung, kidney cortex, kidney papillae, spleen,
diaphragm and liver were rapidly frozen in liquid nitrogen and stored at -80°C for further

analysis. Samples were also placed in paraformaldehyde for immunohistochemistry studies.

Statistical Analyses:

All data are presented as mean + SD. Significance was accepted at p <0.05. Repeated
measures over time were analyzed with a two-way ANOVA for repeated measures (Sigma
Stat - Jandel Scientific) and, where significant differences were found, post hoc analysis was
performed with the Student Newman Keul’s test. Comparison of unpaired single repeat data

was performed by unpaired t-test.
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RESULTS
Blood gases: At the start of the experiment, the pO, in the control animals was 125 + 12
mmHg and remained at 125 + 1 lmmHg after two hours of observation. In the endotoxin
treated animals, the pO, started at 139 + 25 mmHg before receiving endotoxin and was 120
+ 21 mmHg after two hours of endotoxemia, and 113 £ 22 mmHg in the 4 animals treated
for four hours. The initial pH in the control group was 7.48 and did not change during the
experiment. In the endotoxin treated animals, the pH began at 7.48 + .03 and was 7.47 + .03
after two hours of endotoxin, and 7.13 + .04 after four hours. The initial pCO, in the control
group was 39 + 3 mmHg and did not change during the experiment. In the endotoxin treated
animals, the initial pCO, was 42 + 4 mmHg and was 48 + 9 mmHg following two hours of
endotoxemia and 55 £ 9 mmHg in the animals treated for four hours. The hematocrit in the
control animals started at 25 + 4% and remained at 19 + 6% after two hours. In the endotoxin
treated animals, the hematocrit started at 27+4 and remained 23 + 7 at two hours and 23 + 11

in the animals treated for four hours.

Hemodynamics: The cardiac output, mean arterial blood pressure (P, ,) and systemic vascular
resistance (SVR) are shown in Figure 1 for the full course of the experiment. The cardiac
output siarted at 5.38 =+ 1.17 L/min. It fell significantly during the first 30 minutes of
endotoxemia and then returned to baseline by 60 minutes and stayed at this level for the rest
of the experiment. P, started at 117 £ 13 mmHg. It rose slightly during the first 30 minutes
and then began to fall. The decrease from baseline was significant by 90 minutes of

endotoxin infusion and reached 71 + 13 mmHg at 2 hours. It changed little after that. There
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was no change in the control group. The SVR rose in the first 30 minutes and was back to
baseline by 60 minutes of endotoxemia. By 90 minutes, it was significantly below baseline.
P,,, remained stable after 120 minutes of endotoxemia and was less than half the initial value.
There was no change in the control group. Changes in pulmonary artery pressure (PAP) and
pulmonary vascular resistance (PVR) are shown in Figure 2. There was an immediate rise
in PAP with endotoxemia which then decreased by 60 minutes and remained stable during
the rest of the experiment. There was no change in the control group. The PVR thus
increased during the first 30 minutes and declined to a stable but elevated level after the first

60 minutes.

Nitrate/Nitrite and Expired NO: Plasma nitrate/nitrite concentrations are shown in Figure
3. There was no increase in plasma nitrite in the endotoxin-treated animals for up to 4 hours
of observation; if anything, there was a tendency for a decrease at 4 hours. The mean of the
control group (n = 5) at 2 hours was 33 £ 22 .M. It was 28 + 17 uM in the endotoxin treated
animals (n = 8) and remained at 9 = 3 «M at four hours (n = 4). There was no change in
expired NO during the four hours of study in four animals (38 + 29 pmol/min/kg at time zero

and 34 + 22 at pmol/min/kg at 4 hours).

NOS activity: The measurement of NOS activity in the lung is presented in Figure 4. These
measurements were performed on the lungs of animals treated for 4 hours of endotoxemia (n
=4). There was no change in total NOS activity or calcium independent NOS activity in the

endotoxin treated animals when compared to the control animals.
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Western Analysis:

Western blots for NOSII were performed with five different antibodies on multiple
tissues. The principal antibody was a monoclonal antibody to mouse macrophage lysate
(Signal Transduction N32020). We analyzed lung (n = 7), kidney (n = 7), liver (n=7), left
ventricle (n = 7), aorta (n = 5, plus 3 pooled samples), vena cava (n = 5), pulmonary artery
(n = 4) and diaphragm (n = 4) from animals treated for two hours and failed to detect NOSII
in any of these tissues. An example is shown in Figure 5 a. We also analyzed lung, liver,
aorta, vena cava, pulmonary artery and spleen from 4 animals, which were followed for four
hours and found no NOSII (Figure 5 b). We analyzed lung and liver with the polyclonal used
for immunohistochemistry (49), liver, lung, aorta, vena cava, pulmonary artery and spleen
with the polyclonal from Dr. R. Hattori (21), lung, liver aorta, vena cava with the polyclonal
antibody from Signal Transduction (32030), lung (n=5), liver (n=4) and pooled samples (n
=4) from liver, lung, pulmonary artery, vena cava, spleen, aorta with polyclonal antibody (No
53) from Merck Frost.

The immunoprecipitation of NOSII from porcine and rat lung with monoclonal
antibody (Hattori) is shown on the left of Figure 6. NOSII was immunoprecipitated (IP) from
rat lung (Lane 4) and there was only a small amount of NOSII in the supernatant (sup-Lane
5) . The crude extract also showed an NOSII band (Lane 6). No bands were demonstrated
in crude sample (Lane 1), supernatant (Lane 2) or immunoprecipitate from the pig lung,

although clear bands could be seen for the proteins used for the immunoprecipitation. The
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right hand side of the figure shows Western biot of neutrophils obtained from the pleural
space of the pig treated for 9 hours. The signal transduction antibody was used for these
studies. The large arrow shows that NOSII was evident even in the crude sample and a very
large signal was seen in the immunoprecipitate. Thus, this antibody is able to detect porcine

NOSIL

Nitrotyrosine:

Figure 7 shows the slot blot analysis of the lung tissue with an anti-nitrotyrosine
antibody for 5 control and 8 endotoxic animals after 2 hours of endotoxemia. There was a
significant increase in density in endotoxic versus control animals (p <0.05). Figure 8 shows
a slot-blot analysis with anti-nitrotyrosine antibody of liver homogenates. The signal was
very faint in all control samples. Three of the septic animals had a strong signal, whereas the
fourth did not. Figure 9 shows a slot-blot analysis of the aorta of 4 control and 7 septic
animals. The density of the bands was significantly greater in endotoxic animals than control
animals.

A Western blot for nitrotyrosine from aorta and lung tissue from animals followed for
4 hours is shown in Figure 10. No bands were seen in the two aortic samples or lung sample
from control animals. A faint band could be seen in the aorta of endotoxemic animal (S),
and astronger band in the two samples from lungs. In the lung, bands were identified at 87,

186 and 204 KDa.

Northern Analysis
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Northern analysis of the lung (top) and liver (bottom) for NOSII mRNA are shown

in Figure 11. The 18 S rRNA was used to control for loading. One control animal showed
an increased signal for NOSII mRNA, whereas the other 3 showed faint staining. All 4 septic
animals showed evidence of NOSII mRNA. However, overall NOSII signals were weak and
were only obtained after 70 days of exposure. No control animals showed evidence of NOSII

in the liver, but NOSII was present in all 4 endotoxic animals.

Immunohistochemistry:

Immunohistochemical analysis of NOSII in lung and liver is shown in Figure 12. Two
antibodies were used to detect NOSII. Staining was stronger with the polyclonal antibody
(49) than with the monoclonal antibody (Signal Transduction, #N32020) (49) . Bronchial
epithelial cells and inflammatory cells stained positive for NOSII in both control and
endotoxemic animals, but inflammatory cells were more prevalent in endotoxemic animals,
and thus there was more NOSII. NOSII staining was also present in glandular tissue in the
lungs of endotoxemic animals as well as some small vessels. There was NOSII staining of
endothelium of small vessels in both the lung and liver of endotoxemic animals but not in
control animals.

Immunohistochemical analysis for nitrotyrosine is shown in Figure 13. Nitrotyrosine
was evident in endothelial cells as well inflammatory cells in liver and lung. It was
particularly evident in the vasa-vasorum of the aorta and vena cava and subepicardial vessels

of the heart. There was no staining of bronchial epithelial cells despite NOSII being present
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in these cells. It was also was present in renal tubules of endotoxemic animals and even

control animals.

DISCUSSION

The major observations of this study are that endotoxemic pigs with a low systemic
vascular resistance have only a small induction of NOSII messenger RNA (mRNA) and a
small amount of NOSII protein which could only be detected by immunohistochemistry
during four hours of sepsis. We found no increase in NOSII activity nor an increase in
plasma nitrate/nitrite. However, by both immunoblotting and immunohistochemistry
technique, we found that nitrotyrosine was increased in multiple tissues. These results
indicate that large amounts of NOSII and NO are not necessary for the production of the
hemodynamic abnormalities of endotoxemia, nor for the production of nitrotyrosine and
challenges the prevailing hypothesis that NOSII and NO accounts for the vascular dysfunction
of septic shock.

We were concerned that our failure to detect NOSII on Western analysis may have
been related to the specificity of the antibodies, and the short period of observation. In the
present study, we therefore included animals which were studied for up to 4 hours which
allowed more time for the induction of NOSII. We also used 5 different antibodies, 2
monoclonal and 3 polyclonal. However, we still failed to detect NOSII by immunoblotting,
even when we loaded large amounts of protein and when we tried to immunoprecipitate
NOSII. To confirm that our NOSII antibody worked, we obtained a solution rich in

neutrophils by producing pleural inflammation in pigs pre-treated with endotoxin. In this
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sample, we were indeed able to detect NOSII which indicates that the antibody works in the
pig. We finally obtained evidence by immunohistochemistry that some NOSII is indeed
present. There was a small amount of constitutive expression in pulmonary epithelial cells
as seen in humans (18, 30, 33) and NOSII appeared in small vessels after two to three hours
of endotoxemia. However, the quantity of NOSII was very small for up to four hours of
endotoxemia.

That the amount of NOSII was very small is also supported by the very small
induction of NOSII mRNA, lack of change in NOS activity in the lung, the lack of change in
plasma nitrate/nitrite and lack of change in expired NO. Yet, these animals had a marked
decrease in systemic vascular resistance. In another study, with the same protocol, we have
also observed decreased responsiveness to norepinephrine as occurs in human sepsis (10).
Thus, the pattern of NOS in pigs is very different from rodents and the NOSII hypothesis
needs to be re-evaluated.

There are a number of problems with the NOSII hypothesis for sepsis even in rats.
Rats become hypotensive and have decreased reactivity to catecholamines much before the
induction of NOSII (55). Nitrite concentration does not correlate with hypotension (58). In
one NOSII knockout model (32), survival was not improved after endotoxin injection, and
even in one of the studies in which survival was improved, animals were still hypotensive
(34). In the cecal perforation model of sepsis in rodents which has a hemodynamic picture
much more similar to humans, NOSII induction is much less than in rats injected with

endotoxin (60).
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Support for the NOSII hypothesis is even weaker when higher order species than rats
and mice are considered. Although plasma nitrite is elevated in septic humans, the increase
is much smaller than what is observed in rats, and the increase may be due to decreased
clearance of nitrite (15). Endotoxic rats have a large production of expired NO, whereas in
a previous study, we found only a small increase in expired NO after two hours of
endotoxemia in pigs (38) and in this study we found no change at 4 hours. To date, no study
has demonstrated increase expired NO in septic humans.

There is evidence of constitutive expression of NOSII in humans (18, 30, 33), but the
evidence for physiologically significant NOSII induction in septic humans is weak. NOSII
can be found in human macrophages and endothelial cells of inflamed tissues (40), but the
evidence for NOSII in circulating monocytes is inconsistent (1). NOSII mRNA is found in
atherosclerotic lesions (9), multiple cell types (26, 37, 42, 44) and various tumor cells (47)(3).
There are also reports of NOSII in dilated human hearts (12, 19, 22). NOSII mRNA has been
found in human smooth muscle cells but no NOSII protein or NO production have been
reported in these studies (6, 35).

Evidence of NOSII protein in humans by Western analysis has only been found in
three studies to our knowledge. Haywood et al (22) found NOSII in the hearts of patients
with dilated cardiomyopathies. Recently, Lanone etal (31) found NOSII by Western analysis
in the rectus abdominis muscle of septic patients. The clearest evidence of NOSII protein
in humans is that of Wheeler et al (62) who isolated neutrophils from the urine of patients and
were able to demonstrate NOSII by Western analysis in immunoprecipitates from neutrophils

of patients with urinary tract infections (62).
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An important part of the proposed pathophysiology of tissue injury in the NOSII
hypothesis is the production of OONO" by the reaction of superoxide (O, ) with NO in a
reaction which is essentially diffusion limited (5). The high concentrations of superoxide
dismutase in tissues normally keeps this reaction to a minimum. However, when NO
production is increased, as occurs with NOSII induction in rodents, OONO" production is
markedly increased. Once OONO' is formed, the reaction is essentially irreversible (4).
OONO' has a relatively long half-life and therefore can diffuse and attack distant targets (5.
46). It is stable in alkaline solution, but has a pKa of 6.6 at 0° C. Once protonated to
peroxynitrous acid, a potent oxidant, it rapidly dissociates and reacts with proteins and lipids.
Since acidosis is common in sepsis, this would tend to increase the proportion of
peroxynitrous acid.

Targets of OONO" are tyrosine residues on proteins. These are nitrosated to form 3-
nitrotyrosine residues which are said to be a “footprint” of prior attack of peroxynitrate (25).
Despite not finding a large increase in NOSII, we found nitrotyrosine in multiple tissues, both
by immunoblotting and immunohistochemistry. What then are the potential sources?

Even though NOSII was present in small amounts, it is still possible that it was the
source of OONO" and nitrotyrosine. Both NOSII and nitrotyrosine were present primarily
in endothelial cells and inflammatory cells. This distribution is similar to what has been
observed in the hearts of rats treated with cytokines (2). If the location of NO production by
NOSII was strategically matched to regions with increased O, production, OONO could be
preferentially produced without a detectable increase in plasma nitrite. O, for the reaction

could come from inflammatory cells or from NADH/NADPH oxidase in vessel wall (14, 39).
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It is even possible that NOSII itself could produce both O, and NO, for this occurs when the
substrate L-arginine, or its co-factor tetrahydrobiopterin (BH-4), are in limited supply (63,
64). The possible role of NOSII as the source of the nitrotyrosine is supported by the work
of El-Dwairi et al (11). They found that endotoxin induced only a small increase in NOSII
in skeletal muscle of endotoxic rats, but induced a large increase in constitutive NOSs . Yet
the time course of the appearance of nitrotyrosine followed that of NOSII rather than
constitutive NOSs. Of note, the molecular size of the nitrated proteins they saw on the
Western analysis were the same as we observed.

OONO' could also come from the reaction of NO from constitutive NOS with
increased production of O, . Based on the rate of production of NO by endothelium of the
rabbit aorta, Beckman et al (4), calculated that the intraluminal rate of NO production could
reach 8 mM/min (4). The increase in plasma concentrations of various agonists in
endotoxemia, including endothelin and catecholamines, could increase constitutive NO
production even more. Indeed, a four-fold increase in local NO production by direct
measurement has been found in vivo (7, 17). Since there are many plasma stores of NO, this
local production might not translate into an increase in plasma nitrite, especially if the NO
reacts with O, to form OONO". OONO formation by this mechanism, however, would also
require an increase in O, . This, too, has been shown to occur in endotoxemia (7). As
discussed with NOSII, possible sources of O, are increased production by inflammatory cells
as well as production of O, by endothelial or smooth muscle NADH/NADPH oxidase.
Alternatively it is possible that NOSIII produces both NO and O, because of inadequate

substrate or cofactors (63). In rodent studies, NOSIII has been found to be decreased in
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endotoxemia. However, in the companion paper, we show that NOS activity and constitutive
proteins (NOSIII and NOSI) are increased in the aorta and vena cava of septic animals.

Besides coming from reactions with OONQ , nitrotyrosine could also be produced by
the reaction of tyrosine residues with other reactive molecules (20). These include perchloric
acid which could come from infiltrating neutrophils (59, 61) and hydroxyl radical from
myeloperoxidase. However, it is argued that the concentration of these molecules is likely
too small in biological systems for this to be an important factor (46) and, although these are
reactive molecules, their biological activity also differs from peroxynitrite. For example,
perchloric acid is more potent than peroxynitrite as a blocker of prostaclyclin synthesis but
much slower (66).

No matter what the source, the presence of nitrotyrosine in small vessels is a sign of
oxidative injury in a potentially strategic location for vascular regulation, for these are
resistance vessels. Lipid peroxidation and nitrosation of proteins of the walls of endothelial
cells could alter transmembrane potential, normal channel function and receptor activation
and thus explain the lack of responsiveness to agonists as well as hypotension. The
diffuseness of the injury is also consistent with the widespread evidence of nitrotyrosine.

[f nitrotyrosine is related to production of NO, whether from NOSII or NOSIII, then
it is rational to inhibit NOS function. However, NO is also important for normal vascular
function, including the matching of flow to metabolic needs and preventing the adhesion of
inflammatory cells. Thus, inhibition of NO could have potentially harmful effects (17). In

most studies, (17) NOS irhibition raises arterial pressure but decreases cardiac output (36,
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41). If, however, OONO is produced by dysfunctional NOS, because of inadequate substrate
or cofactors, perhaps some NOS inhibition might be beneficial.

The markedly different response of pigs to endotoxin when compared to rats and
mice, raises questions about the significance of data from rodents and mice. The usual doses
of endotoxin in rodents is 10-20 mg/kg; we used 20 ..g/kg in our pigs, for larger doses were
fatal. In human studies, nanogram quantities of endotoxin have been used (53). Rats have
a marked generalized increase in NO production, which is far different from the pathological
picture seen in pigs and what has been observed in humans. It is possible that the large
increase in NO which is seen in rodents masks more physiological changes that are the true

culprits in sepsis.
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Time course of cardiac output (CO,L/min), arterial pressure (P, mmHg) and systemic
vascular resistance (SVR, mmHg.min.L") for 2 hours in control (0) and endotoxemic
animals (@) for 2 hours (n=12) and 4 hours (n=4). There was an initial fall in cardiac
output but by 60 minutes. It was back to baseline and did not change further. The arterial
pressure, P,; began to fall after 30 minutes and did not change significantly between 2
and 4 hours. The SVR rose in the first 30 minutes but was back to baseline by 60 minutes
and below baseline by 90 minutes. There was no change in any of the control values.
(Mean * SD) (* represents p<0.05 compared to time zero)
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Figure 2
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Time course of pulmonary artery (PAP, mmHg) and puimonary artery vascular resistance
(PVR, mmHg.min.L™) in control (0) and endotoxemic animals (e). PAP and PVR rose in
endotoxemic animals in the first 30 minutes. The level came down by 60 minutes but
remained above baseline level in the control group (Mean + SD) (* represents p<0.05
compared to time zero)
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Figure 3
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Time course of plasma nitrate/nitrite in 5 control and 6 endotoxemic animals for 2 hours, and
4 endotoxemic animals at 3 and 4 hours. There was no significant change in plasma
nitrate/nitrite over time and no significant difference between groups.
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Figure 4
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NOS activity in the lung of animals with 4 hours of endotoxemia (n=4). There was no change in
total NOS activity or calcium independent NOS activity in endotoxin treated animals.
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® Figure 5 (a)
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Examples of a Western blot analysis with anti-NOSII monoclonal antibody on

pooled extracts of control (C) and endotoxemic pigs (S) after 2 hours (n=4) (a) and

4 hours (n=4) (b). The appropriate size band was seen in macrophage lysates (mac

lys) and lung tissue from endotoxic rats. However, there was no evidence of iNOS

in any of the porcine tissue; pul art=pulmonary artery; v cava= vena cava (standard
. is lane used for size by using stained protein with known molecular weight.
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Figure 6
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Immunoprecipitation of NOSII from LPS-treated porcine and rat lung on 4-12% gel
electrophoresis (Right figure). Lane 1, crude pig lung extract. Lane 2, supernatant of
porcine lung. Lane 3, immunoprecipitation of porcine lung. Lane 4,
immunoprecipitation of rat lung. Lane S, supernatant of rat lung. Lane 6, crude rat
lung extract. The arrow marks the expected size of NOSII protein. There was no
evidence of NOSII in any of the samples from the pig (lane 1-3). The two bands in
lane 3 represents the immunoprecipitated proteins. A dark band was seen (lane 4) in
the immunoprecipitate of the rat lung , and there was only a faint band in the
supernatant of the sample (lane 5). NOSII was also seen in the crude extract from rat
lung (lane 6). Left figure shows the result of electrophoresis of 40pug of endotoxic

rat skeletal muscle and 40pug of endotoxemic pig neutrophils on 14% gel. Protein size
(KDa) is shown next to it.
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Example of a slot blot analysis of lung tissue with antinitrotyrosine
antibody for 5 control ( C ) and 8 endotoxic ( E ) animals after 2 hours of
endotoxemia. Densitometric analysis showed a significant increase in
endotoxemic (septic) animals.
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o Figure 8
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Slot blot analysis of liver homogenates with nitrotyrosine antibody in 4 control
and 7 endotoxemic animals (septic). A strong signal was seen in 3 septic
animals but not in the other 5.
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Figure 9

control septic

Slot blot analysis of aortic tissue with nitrotyrosine antibody in 4 control and 7
endotoxemic animals (septic). By densitometric analysis there was a significant
increase in nitrotyrosine in the aorta of endotoxemic animals.
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Figure 10
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Examples of Western blot analysis with nitrotyrosine antibody on samples of aortic and
lung tissue. No bands were seen in the control samples. There was a faint band at
approximately 204 kDa in the aorta as well as the lungs of endotoxemic animals. Fainter
bands were also at 186 and 87 KDa in the lung from endotoxemic animals.
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‘ Figure 11(a)
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Examples of a Northern blot analysis of lung tissue (a), and hepatic tissue (b) for NOSII
mRNA. The 18s RNA was used as a control for loading. Exposure was for 70 days.
NOSII was evident in 1 of 4 control lungs samples and in all 4 endotoxemic animals.
There was no IINOS RNA detected in any of the control liver samples, although the
loading, based on the 18s RNA, appeared a little less. NOSH was evident in the 4

endotoxemic animals.
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Figure 12 on page 147 (previous page)

Photomicrograph of lung and hepatic tissue. Figures (a) and (b) represent bronchial wall
from control animals. The monoclonal antibody (mAb) (ST #N32020) was used in (a)
and the polyclonal antibody (poly Ab) (Saleh, Ref. #50) was used in (b). NOSII is
evident in epithelial cells with the polyclonal antibody (arrow in b) and in occasional
small vessels in (a), but not in endothelial cells. (c) and (d) represent lung from
endotoxic animals with the monoclonal antibody (c) and polyclonal antibody (d). There
was more NOSII evident in small vessels and inflammatory cells (arrows, ¢). There was
no NOSII present in epithelial cells with the monoclonal antibody, whereas it was
evident with the polyclonal antibody in epithelial cells and glandular tissues. (e) shows
evidence of NOSII in the endothelial layer of a small pulmonary vessel (poly Ab). (f)
shows control hepatic tissue with no NOSIL. There was a very small amount of NOSII in
the lining of the central vein (g and h) (poly Ab) and in some inflammatory cells in the
liver parenchyma. Magnification: a, b, d, fand g x 100, c, e, h x 200.
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Figure 13 on page 149 (previous page)

Photomicrograph of tissues from control and endotoxic animals. Nitrotyrosine was
evident in the small vessels and inflammatory cells in the adventitia of the aorta, vena
cava and small vessels of the heart (arrows), but there was none seen in control
animals. It was also evident in the lining of some bronchial vessels and the
macrophages in the lung. There was patchy staining for nitrotyrosine in the renal
tubules of both control and endotoxic animals. No nitrotyrosine was seen in the liver
of control animals but there was slight staining in celis lining the central vein and in
some inflammatory cells in the liver.Magnification: x100
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Link to chapter three:

Because the reports regarding the regulation of constitutive NOSIII are contradictory. I
investigated this in our porcine model of sepsis. This is important because the production
of peroxynitrite requires the increase in either NO or O, or both. Because I detected no

NOSII activity, I hypothesized constitutive NOS activity is increased to produce NO.
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CHAPTER THREE

REGIONAL CHANGES IN CONSTITUTIVE NOS
AND
THE HEMODYNAMIC CONSEQUENCES OF ITS

INHIBITION IN PORCINE ENDOTOXEMIA
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ABSTRACT

The role of constitutive nitric oxide synthases in sepsis remains controversial. Part
of the problem is that many of the studies have been performed in rats which respond
differently than larger animals. Our objective, therefore, was to determine if constitutive
nitric oxide synthases, i.e. eNOS (NOS-III) and nNOS (NOS-I) are still active, in vessels of
hyperdynamic, endotoxemic pigs. We also characterized the dose-response relationship of
the NOS inhibitor N°-nitro-L-arginine-methyl-ester (L-NAME) in the arterial, venous and
pulmonary circuits as a reflection of NO production. We anesthetized and ventilated 14 pigs
which were instrumented for measurements. We measured mean circulatory filling pressure
(MCFP) and resistance to venous return (RVR) by transiently arresting the circulation with
a balloon in the right atrium. Animals were given with 20 »g/kg of endotoxin (n = 8) or
saline (n = 6) over 2 hours. They were then given progressively increasing doses of L-
NAME (0.5 to 16 ng/kg). We injected 20 ng boluses of norepinephrine (NE) at baseline,
after 2 hours, and after 0.5, 4 and 16 ng of L-NAME to test the pressor response. Tissue was
obtained from 6 control animals followed for 2 hours, 8 animals treated for 2 hours and then
sacrificed and 4 animals treated for 2 hours and sacrificed after 2 more hours. Cardiac output
did not change and the systemic vascular resistance (SVR) fell in endotoxin animals. By
Western analysis eNOS was increased at 2 and 4 hours in the aoita and vena cava and this
was paralleled by changes in nNOS in the vena cava. In contrast, eNOS decreased in the
pulmonary artery and nNOS did not change. Calcium-dependent NOS activity increased in
the aorta and vena cava, but decreased in pulmonary artery at 4 hours. The dose-response

relationships to L-NAME for SVR, RVR and cardiac output were shifted to the left in
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support of increased sensitivity. L-NAME decreased cardiac output and 90% of the fall was
reached by 4 mg/kg. The pressor response to NE was depressed in endotoxemic animals and
was partially restored with 4 mg/kg of L-NAME. In conclusion, in contrast to data from rats,
cNOS activity is present in the systemic vessels of septic pigs and could play a role in the

pathophysiology of sepsis.

Key Words: sepsis, cardiac output, nitric oxide, venous resistance, pulmonary artery
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INTRODUCTION

The septic syndrome is characterized by a loss of vascular tone, decreased
responsiveness of arterial vessels to catecholamines and an increase in cardiac output (1).
Increased production of nitric oxide (NO) has been proposed to be a factor in these vascular
abnormalities.(2;3) The potential role of NO gained strength with the identification of a form
of nitric oxide synthase (NOS) which can be induced in vivo by bacteria or their
lipopolysaccharide coating (LPS) which is referred to as endotoxin (4). Inducible NOS
(iNOS, NOSII) produces large amounts of NO and can be induced outside the endothelium
so that it can have diverse hemodynamic effects (3). However, induction of iNOS protein
takes more than three hours (5), yet the loss of vascular tone and hyporesponsiveness occurs
within the first hour of endotoxemia (6). For example, tumor necrosis factor-a (TNF-a)
produces hypotension in dogs within 30-40 minutes, and this is reversed by an inhibitor of
NOS activity (7). We also found that endotoxemic pigs have hypotension and a loss of
vascular responsiveness to catecholamine which is reversible with a NOS inhibitor (8-10),
despite the lack of major iNOS induction. Furthermore, LPS stimulates an immediate
release of NO from bovine endothelial cells (11;12). These observations support a role for
constitutive NOS in the hemodynamic abnormalities of endotoxemia. On the other hand, NO
release from endothelial cells and eNOS expression have been shown to be decreased by LPS
(13-16) or treatment with the cytokine, TNF-a (13). Thus, the role of endothelial NOS in
LPS induced shock needs to be clarified, for it has important implications for the appropriate

management of NOS activity in sepsis.
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The objectives of this study were therefore: 1) to determine whether the amount of
the constitutive NOSs, eNOS and nNOS, are changed in the vessels of LPS treated pigs
versus control animals, 2) to determine whether there is a change in calcium dependent NOS
activity in the vessels of LPS treated animals versus control animals, 3) to characterize the
dose-response relationship of the NOS inhibitor, N®-nitro-L-arginine-methyl-ester (L-
NAME) in normal and LPS treated pigs, 4) to determine if there is a dose of L-NAME that
will restore vascular responsiveness without decreasing cardiac output in endotoxemic
animals, and 5) to determine whether there is a differential effect on eNOS and the
hemodynamic response to a NOS inhibitor in the arterial, venous and pulmonary circuits.
We predicted that there would be no change or an increase in eNOS in LPS treated animals.
This would argue that eNOS is still available to play a role in the early hemodynamic

abnormalities seen in endotoxemic animals.

MATERIALS AND METHODS
General Methods

All procedures were performed according to the guidelines of the animal care
committee of McGill University. Domestic pigs (n = 14) weighing approximately 30 kg
were sedated with ketamine 30 mg - kg, atropine 1.0 mg - kg’ and xylazine 2 mg - kg™
Twenty minutes later they were anesthetized with 10 to 15 mg ‘kg”' of sodium thiopental;
anesthesia was maintained with a continuous intravenous infusion of sodium thiopental at
5 mg - kg' - hr'. The animals were placed in the supine position in a V-shaped support,

intubated with a cuffed endotracheal tube, and ventilated with a volume respirator at a tidal
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volume of 12 ml - kg and a frequency of 12 to 15 breaths - min"' and 5 cm water positive
end-expiratory pressure. Through a midline incision in the neck, the left common carotid
artery was isolated and cannulated with a polyethylene catheter for pressure measurements.
The right internal jugular vein was isolated and a Swan Ganz flow-directed catheter was
passed into the pulmonary artery. A 12F balloon-tipped catheter with a 50-cc capacity
(Prewitt aortic occlusion catheter #10, Pramel Inc., Longueuil, Québec, Canada) was placed
in the right atrium through the external jugular vein. When inflated to 40 cc, this balloon
transiently obstructed the circulation and was used to stop venous return and measure the
mean circulatory filling pressure (MCFP). The right femoral vein was cannulated with a
polyethylene catheter (Cole Palmer, Anjou, Québec) for the administration of drugs. Blood
gases were monitored, and we tried to keep PCO, between 30 and 40 mmHg by adjusting the
ventilator, and PO, at greater than 90 mmHg by giving supplemental oxygen. Cardiac output
was measured by the thermodilution (Abbott 3300, North Chicago, Chicago, IL) method by
injecting 3 ml of 5% dextrose in water at room temperature into the right atrial port of the

Swan Ganz catheter.

Measurement of MCFP

To measure MCFP, the balloon in the right atrium was rapidly inflated with 40 cc of
air for 15 to 20 seconds (8). This transiently arrests venous return, and the venous pressure
measured in the central vein rises and reaches a plateau at a pressure which is equal to the
pressure upstream in the compliant region of the venous system. This procedure could be

repeated frequently without an effect on the hemodynamic parameters or general condition
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of the animal. It was reproducible with <0.5 mmHg difference on repeated measurements
under the same conditions. The measurement is obtained after 15 seconds because this
avoids reflex changes, although the arterial plateau pressure (APP) remains above the venous
plateau pressure (VPP). The APP remains higher than VPP because volume continues to
drain through the high arterial resistance and also because there is an arterial critical closing
pressure, which traps volume in the arterial vessels (17). This volume is accounted for by
the formula MCFP - VPP + (APP - VPP) (arterial compliance/venous compliance), where

the ratio of arterial to venous compliance is assumed to be 1:30.

Hemodynamic Calculations

The SVR was calculated as SVR = (mean P,, - P, )/CO, where P, is arterial blood
pressure. Pulmonary vascular resistance (PVR) was calculated from PVR = (mean PAP -
P;)/CO, where PAP is pulmonary artery pressure. Resistance to venous return (RVR) from

RVR = (MCFP - P, )/CO. All these are in the units of mmHg - L' - min.

Western Blot

Frozen tissue extracts were thawed on ice and mixed with equal volume of sample
buffer (composed of 4 ml distilled water, 1 mi of .5 M Tris-HCI, pH = 6.8, .8 ml glycerol,
10% SDS (w/v), .05% (w/v) bromophenol blue, 0.4 ml of 2-beta-mercaptoethanol) followed
by heating at 95°C for 5 minutes. Samples were centrifuged and loaded on 8% or 4-12%
Tris/glycine/SDS-polyacrylamide gel for fractionation. Predetermined MW standards

(Novex Inc.) were used as markers. Protein on the gel was blotted on to nitrocellulose or
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PVDF membranes at 4°C at 25-30V and 370-380 mA for 150 minutes. After transfer, the
membranes were incubated with 7% skim milk, and 1% heat-inactivated (60°C) fetal calf
serum (Sigma) in wash buffer for 2 hrs, or overnight, at a cold temperature. ENOS, and
nNOS proteins were detected by incubating with primary antibodies at concentrations of
1:500 to 1:1000. ENOS was detected with a monoclonal antibody (Signal Transduction
Laboratory #N30020) and human endothelial cell lysate (Signal Transduction Laboratory
#E15900) was used as positive control. nNOS was detected with a monoclonal antibody
(Signal Transduction Laboratory #N31020). Rat pituitary tumor cell line (Signal
Transduction Laboratory #G28900 ) was used as positive control for ntNOS. The membranes
were washed three times with wash buffer and then incubated with the appropriate secondary
antibody for the primary mono or polyclonal antibody at concentrations of 1:500 to 1:1000.
Immunoreactive bands were visualized by enhanced chemiluminescence (ECL kit) according
to the specifications of the manufacturer (Amersham). Blots were scanned with an imaging
densitometer, and the optical densities of protein bands were quantitated with software

(Sigma Gel, Jandel Scientific, San Rafael, CA).

NOS Activity

Supernatant (50 nl) was added to 10 ml pre-warmed (37°C) tubes which contained
100 w1 of reaction buffer of the following composition: 50 mM KH,PO,, 60 mM valine, 1.5
mM NADPH, 10 mM FAD, 1.2 mM MgCl,, 2 mM CaCl,, 1 mg/ml BSA, 1 nxg/ml
calmodulin, 10 «M BH,, and 25 I of 120 uM stock L-[2,3,’H]- arginine (150-200 cpm/pM).

The samples were incubated for 30 min at 37°C, and the reaction was terminated by the
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addition of cold (4°C) stop buffer (pH = 5.5), 100 mM HEPES, and 12 mM EDTA. Dowex

50W resin (8% cross-linked, Na" form) was added to eliminate excess L-[2,3,’H]- arginine.
Enzyme activity was expressed in pmole of L-citrulline produced/mg/min total protein.
Protein was measured by the Bradford technique with bovine serum albumin as a standard
(BioRad Inc. Ca). The supernatant was assayed for L-[’H] citrulline by liquid scintillation
counting. NOS activity was also measured in the presence of 1.5 mM each of EGTA and
EDTA which replaced CaCl,-calmodulin in the reaction buffer, and in the presence of | mM
of the NOS inhibitor N°-nitro-L-arginine methyl ester (L-NAME). Ca’/calmodulin-
independent NOS activity was calculated as the difference between samples assayed in the

presence of EGTA/EDTA and those measured in the presence of L-NAME.

Polymerase chain reaction

Total RNA was obtained from 50 - 100 n.g of liver, lung and aorta, by homogenizing
the tissue with TriZole, (Gibco-Brl). For the aorta we used the modification of the procedure
made by Chomczynski (18). The reverse transcriptase (RT) was performed on 1 ng of total
RNA. Polymerase chain reaction was then carried out in an automated thermal cycler (M.J.
Research) on 200 ng of the RT product. The sequence of the oligonucleotides used for
primers are as follows (19):
forward: 5' GAA CAL GAG ACG CTG GTG CTG GTG G-3'
and reverse: 5' GGA GCC GAG CCC GAA CAC ACA GAAC-3
The sample was cycled 35 times with an annealing temperature of 55°C. RNA quantity and

PCR reaction were controlled by performing PCR for GAPDH on the RT product with
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porcine specific primers. The reaction for GAPDH was cycled 24 times which we previously
found to be on the linear portion of cycle number vs GAPDH amplification. We also loaded
six concentrations of the RT product ranging from 12.5 ng/ml to 250 ng/ml to confirm that
the eNOS reaction was still in the linear phase of the concentration/reaction relationship and

we confirmed that 200 ng was within the linear phase.

Northern Analysis

To create an eNOS probe for Northern analysis, the polymerase chain reaction
product of eNOS cDNA was cleaved out with the restriction enzyme and ligated with T-4
DNA ligase into PGEM-T vector ( Promega Inc. Madison) which was then transformed into
competent E-coli cells. The culture was grown overnight at 37°C and spread on agar plates
(containing 1.5% Agar, 0.2% ampicillin, 0.5% isopropyl-thiogalacto-pyranaside and 0.2%
Xgal for a blue-white selection). White colonies, containing the vector, were picked and the
plasmids were isolated using standard procedures. After cleavage with the restriction
enzyme, the samples were separated by gel electrophoresis and bands of appropriate size cut
out for sequencing. Once it was established that it was indeed eNOS, large scale plasmid
preparation was performed. After plasmid isolation and enzymatic cleavage, the product was
separated by gel electrophoresis and the insert was elluted into 0.7% low melting point
agarose and purified with phenol-chloroform extraction. The probe was then labelled with
alpha[*’P] deoxycytidine triphosphates by random priming.

For Northern analysis, total RNA (50 ug) samples were fractionated by

electrophoresis in a denaturating formaldehyde 1% agarose gel. After RNA was transferred
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to Hybond-N nylon membrane by capillary diffusion with 20 x SSC. After RNA
immobilized by bathing under vacuum for 2 hrs at 80°C, the membranes were prehybridized
for 3 hrs at 42°C with 5 x SSPE, 5 x Denhard’s solution, 0.5% SDS, 50% formamide and
10 g/ml of a heat denatured salmon sperm DNA. Hybridization was done overnight at the
same temperature in a solution containing **P labelled probe for eNOS which was randomly
labelled. The membranes were washed with 2 x SSPE/0.1% SDS for 5 minutes at room
temperature 3 times, followed by 2 more washes at 42°C with 0.2 x SSPE/0.1% SDS for 15
minutes and, finally, I hourat 65° C, witha 1 x SSPE/0.5% SDS solution. The membranes
were exposed to a KODAK film at -80°C. CNOS mRNA was semiquantitated by

comparing the density of the eNOS fragment to labelled GAPDH.

Protocol

The animals were stabilized for 30 minutes and baseline hemodynamics, including
measurement of the MCFP, were obtained. We then gave a 20 g bolus of norepinephrine
(NE) and measured the change in arterial pressure (P,.,). In 6 animals, we infused sufficient
normal saline (average of 25-30 ml/kg) to maintain the right atrial pressure at approximately
3 mmHg for two hours (control). In the other 8 animals, we infused 20 ng/kg of E. Coli
endotoxin over two hours. After the two hours, we repeated the 20 ..g bolus of NE in both
groups. We then gave both groups of animals 0.5, 1, 2, 4 and 16 ug/kg of L-NAME, in
progressive 10 minute steps, and repeated the hemodynamic measurements at each dose. We

also repeated the norepinephrine boius after the 0.5, 4 and 16 n.g doses of L-NAME.
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For western and activity analyses we obtained tissue from 6 control animals sacrificed
after 2 hours, 8 animals treated for 2 hours with endotoxin and then sacrificed and 4 animals

treated for 2 hours with endotoxin and then followed for 2 more hours (total equals 4 hours).

Statistics

All values represent mean + SD. A two-way ANOVA for repeated measures was
used to evaluate significant differences between control and septic animals and, where
significance was found, post hoc analysis was performed with a Student-Newman Keul’s
test. Densitometric data were analyzed by a “t” test or the Mann-Whitney test. The statistical

significance was considered at p < 0.05 for all tests.

RESULTS

In the animals that underwent the dose-response study with L-NAME, the PO, in the
control group started at 134 +£ 19 mmHg and 161 + 22 mmHg in the endotoxemic group. It
did not change significantly over the course of the experiment in either group (control 153
+ 24 mmHg, endotoxin 156 + 55 mmHg). The PCO, began at 40 + 3 mmHg in the control
and 41 £ 5 mmHg in endotoxemic animals. PCO, also did not change significantly over the
course of the experiment (control 38 + 3 mmHg, endotoxin 38 + 7 mmHg). The pH began
at 7.49 in the control and 7.44 in the endotoxemic group and did not change significantly
(control 7.48, endotoxin 7.35). The initial hemoglobin in the control animals was 10.4 £ 0.7
g/dl and remained at 10.4 = 1.0 g/dl. In the endotoxemic group, it started at 10.8 + 1.0 g/dl

and was 12.0 £ 1.1 g/dl at the end (p = ns).
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The hemodynamic values before endotoxin (time zero) and at 120 min, which was
just before the L-NAME infusion, are given in Table 1. There was no significant change in
cardiac output in control or endotoxemic animals over this time period. Arterial pressure
(Part) fell in endotoxemic animals and so did the SVR, but SVR did not change in control
animals. The PAP was increased in endotoxemic animals. The hemodynamics in the
animals from which the tissues were obtained for Western analysis and activity analysis had

a similar hemodynamic profile and are reported in the companion paper (20).

Western Blotting

Immunoblotting (Western analysis) was performed on tissue samples from individual
animals as well as pooled samples from animals studied for two hours and four hours. An
example of the Western analysis at four hours is shown in Figure 1 (n = 4, control 4 and
endotoxin 4). Density was greater in endotoxemic animals. There was no significant
difference in iNOS with endotoxin (not shown).

Western analysis was performed on individual and pooled samples for eNOS in the
vena cava. An example of a Western blot on pooled samples (n = 3) from vena caval tissue
at 40, 80 and 120 g of protein under control and endotoxemic conditions is shown in Figure
2. The density of staining was greater for endotoxemic animals at each dose. An example
of nNOS in the vena cava is shown in Figure 3. The density in endotoxemic animals was
also increased (p<0.05).

An example of a Western analysis for eNOS in the pulmonary artery is shown in

Figure 4 for 3 control and 3 septic animals treated for 2 hours. By densinometric analysis
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eNOS was decreased in endotoxemic animals at 4 hours. Western analysis performed on
pooled samples and individual samples for nNOS in the pulmonary artery showed no change

in endotoxemic animals (Figure 5).

NOS Activity

NOS activity in the aorta was significantly higher at two hours in endotoxemic
animals (n = 8) (Figure 6 , top figure). Unfortunately, the tissues at 4 hours were not
adequate for analysis. Activity was also increased in the vena cava (n = 4) at two hours,
compared to control animals (n = 3) and remained increased at 4 hours (n = 4) (Figure 6,
middle figure). NOS activity in the pulmonary artery was unchanged two hours of
endotoxemia (n = 6) compared to controls (n = 4) but was decreased at four hours (n = 4)
(Figure 6, bottom figure). NOS activity was predominantly calcium dependent and there was

no increase in the calcium independent portion over time.

Polymerase Chain Reaction and Northern Analysis

After establishing the linear range for the PCR reaction by loading different amounts
of cDNA, we found no significant regulation of eNOS (data not shown) in aorta, lung and
liver at two hour, and at four hours in lung and liver. (The RNA from the aorta at 4 hours
was degraded.) PCR of eNOS on RNA in lung and liver from an animal studied after 6
hours of endotoxemia also did not appear decreased. Northern analysis on RNA from the

lungs of 3 animals showed no regulation of eNOS mRNA (Figure 7).
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Hemodynamic Response to L-NAME
The dose responses to L-NAME after two hours in control and endotoxemic animals
are shown in Figure 8. Cardiac output began to fall with the first dose of L-NAME in both
control and endotoxemic animals (Figure 8 a). The dose-response curve of the change in
cardiac output in the endotoxemic group was shifted to the left of the control group
indicating increased sensitivity. By 4 mg/kg of L-NAME, 86% of the maximal fall in cardiac
output was reached in endotoxemic animals. P,,rose with L-NAME in both groups and the
relationship was shifted to the right in endotoxemic animals 8 b). SVR increased in both
groups with L-NAME; the response in endotoxemic animals was shifted to the left (Figure
8 c) indicating increased sensitivity to the L-NAME. L-NAME increased the pulmonary
artery pressure in both groups, but the overall dose effect was not significant by the two-way
ANOVA (Figure 8 d). Separate analysis of the control group showed a dose effect. The
effect of L-NAME on the pulmonary artery pressure was significantly different by ANOVA
in endotoxemic vs. control group. The MCFP increased in the control group with L-NAME
and decreased slightly in the endotoxemic group (Figure 8 e). There was no dose effect.
RVR increased with L-NAME in both groups and, as with SVR, the dose response curve
was shifted to the left in the endotoxemic animals (Figure 8 f) indicating increased

sensitivity.

Pressor Response to Norepinephrine
Figure 9 shows the change in arterial pressure in response to norepinephrine at

baseline and after two hours of saline or endotoxin and then after selected doses of L-NAME
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for each group. The pressor response to norepinephrine (NE) was significantly decreased
after two hours of endotoxemia compared to baseline and compared to the response in saline
treated time control animals. Infusion of 1 mg/kg of L-NAME had no effect on the decreased
response to NE in endotoxemic animals, but the pressor response was partially restored after
4 mg/kg of L-NAME and there was no greater benefit at 16 mg/kg (Figure 9). L-NAME had

no significant effect on the NE response in saline treated animals.

DISCUSSION

The major observations of this study are that eNOS protein and calcium-dependent
NOS activity were increased after two hours of endotoxemia when a low SVR state and
decreased vascular responsiveness were fully established. This challenges acommonly held
belief that eNOS is decreased in sepsis in the systemic circulation (16). However, eNOS
was decreased in the pulmonary artery by Western analysis and activity analysis at four
hours, indicating the presence of regional differences. We also found that endotoxin infusion
shifted to the left of the dose-response effect of L-NAME on SVR, RVR and cardiac output.
Finally, the dose of L-NAME which restored the pressor response to norepinephrine caused
a large fall in cardiac output.

Once it was recognized that NO from eNOS is essential for normal regulation of
vascular function, its potential role in the vascular dysregulation of sepsis was considered.

However, conclusions about the role of eNOS are contradictory because of differences in
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experimental models, species, levels of analysis and the time of exposure. Furthermore, at
the time of the first studies, it was not known that there is an inducible isoform of NOS (21).

The role of NO in sepsis was first examined by testing agonist induced vasodilation
and release of endothelium-derived relaxing factor (EDRF) from vascular rings from animals
treated in-vivo with tumor necrosis factor-aipha (TNF-a) (13) orendotoxin (14;15) or vessels

treated in-vitro with TNF-a (22). A consistent observation was a shift to the right of
endothelial dependent dilators, such as acetycholine, whereas endothelial independent
agonists were not affected (13;14,15;22). 