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RÉSUMÉ EN ANGLAIS

The aim of this study is to characterize the alterations of the signal transduction

of endothelial cells in the pulmonary arterial tree and to determine the effect of

ventilation and nitric oxide ÇNO) inhalation during CPB on endothelial cells.

Six groups of Landrace swine were compared: group 1 = control,

group 2 = sham without CPB, group 3 = CPB 150 minutes + no reperfusion, group 4

= CPB 150 minutes + reperfusion 60 minutes, group 5 = CPB 150 minutes +

ventilation (tidal volume 12 ml/kg) + reperfusion 60 minutes, group 6 = CPB 150

minutes + nitric oxide (NO) inhalation (with ventilation, NO 40 ppm) + 60 minutes of

reperfusion. Branches of second degree pulmonary arteries were isolated and divided

into rings (4mm wide; 16 rings per animal). Contractions were measiired with

potassium chloride (KC1) and phenylephrine (PE). Endothelium-dependent

relaxations were studied using acetylcholine (ACh) and bradykinin (BK) and

endothelium-independent relaxations with sodium nitroprusside (SNP).

Pulmonary reperfusion following CPB induced a statistically significant decrease

in endothelium-dependent relaxations to ACh compared to groups 1, 2 and 3.

Mechanical ventilation and NO inhalation during CPB prevented the reduction of

endothelium-dependent relaxations to ACh. There were no statistically significant

differences between the 6 groups for relaxations to BK and to SNP.

Pulmonary reperfusion after CPB causes a selective dysfunction of Gi-protein

mediated relaxations, most likely through the production of activated oxygen species.

Mechanical ventilation during CPB and NO inhalation prevent the pulmonary

endothelial dysfunction due to reperfusion after extracorporeal circulation.
KEY WORDS: Endothelium, pulmonary arteries, cardiopulmonary bypass, ventilation and NO inhalation.
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RÉSUMÉ EN FRANÇAIS

Le but de cette étude est de caractériser les altérations du signal de

transduction des cellules endothéliales de l'artère pulmonaire et de déterminer l'effet

de la ventilation et du monoxide d'azote inhalé pendant la CEC sur l'endothélium.

Six groupes de porcs «Landrace Large White» furent comparés (groupe l =

témoin, groupe 2 = sham sans CEC, groupe 3 = CEC 150 min sans reperfùsion,

groupe 4 = CEC 150 min et 60 min de reperfusion, groupe 5=CEC 150 min avec

ventilation (volume courant 12 ml/kg) et 60 min de reperfusion, groupe 6=CEC 150

min avec inhalation de monoxide d'azote (avec ventilation, N0 40 ppm) et 60 min de

reperfusion). Les contractions furent évaluées à l'aide de chlorure de potassium

(KC1) et de phényléphrine (PE). Les relaxations dépendantes de l'endothélium furent

évaluées à l'aide d'acétylcholine (ACh) et de bradykinine (BK) alors que les

relaxations indépendantes de l'endothélium le furent à l'aide de nitroprussiate de

sodium (NFS).

La reperfusion pulmonaire cause une diminution significative des relaxations

dépendantes de l'endothélium à l'ACh comparée aux groupes l, 2 et 3. La

ventilation et le monoxide d'azote inhalé per CEC préviennent la réduction des

relaxations dépendantes de l'endothélium à l'ACh. Aucune différence significative

n'a été notée entre les six groupes pour les relaxations au BK et au NPS.

La reperfusion de l'arbre pulmonaire suite à la CEC cause une altération des

vasorelaxations des cellules endothéliales probablement via la production de radicaux

libres. La ventilation et l'inhalation de monoxide d'azote durant la CEC préviennent

la dysfonction endothéliale causée par la reperfusion des poumons après la CEC.

MOTS CLÉS: Endothelium, artères pulmonaires, circulation extracorporelle, ventilation et inhalation de

monoxyde d'azote.
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The Endothelium

The endothelium is a monolayer of cells lining the inside of all blood vessels.

Important functions of the normal endothelium include inhibition of vascular

smooth muscle cell contraction, inhibition of the proliferation of smooth muscle

cells and fibrocytes, and providing a nonthrombogenic surface and a selective

barrier to circulating proteins and cellular components (Figure 1) 4. However,

owing to its special anatomical position at the interface of blood and organs, the

endothelium is a primary target for injuries such as hypertension and ischemia. A

few studies have analyzed the mechanism associated with lung injury after

cardiopulmonary bypass (CPB) by examining responses of isolated pulmonary

arteries to selective endothelium-dependent and independent activators 5-7

However, no studies have assessed the effect of ventilation and NO inhalation

during CPB on pulmonary artery endothelial dysfunction.

Endothelial cells play a major role in local vasorcgulation by releasing a

variety of vasoactive substances. Vasoactive factors released by the endothelium

fall into 2 major groups depending on their biological activity (Figure 2) 8. The

first group includes endothelium-derived relaxing factors (EDRF), such as nitric

oxide (NO), prostacyclin (PGI2), and the endothelium-derived hyperpolarizing

factor (EDHF) 8. The second group includes endothelium-derived contracting

factors (EDCF) such as endothelin-1 (ET-1), angiotensin H, thromboxane Az

superoxide anion, and endoperoxides 8.

J
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n Figure 1 : The role of the endothelium.
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Endothelium-Derived Relaxing Factors

Nitric Oxide

Furchgott and Zawadzki ^, and Ignarro et al. ^ proposed NO, a labile

diffusible, nonprostanoid substance that mediates the endothelium-dependent

relaxation to acetylcholine (ACh), or a closely related compound as the most logical

candidate for endothelium derived relaxing factor (EDRF). When NO diffuses to the

vascular smooth muscle cells, it stimulates a cytosolic enzyme, soluble guanylate

cyclase that leads to an increase in cyclic GMP (cGMP) intracellularly which in turn

causes vascular smooth muscle cell relaxation by inhibiting calcium release from the

sarcoplasmic reticulum (Figure 3) 11-13. During inflammation and atherosclerosis,

low concentrations of NO prevent apoptotic death of endothelial cells and preserve

the integrity of the endothelial cell monolayer 14,15 Likewise, NO also acts as an

inhibitor of platelet aggregation, adhesion molecule expression (Figure 4) 16 ,17

Altered NO production and/or decreased bioavailablility have been linked to

disorders including hypertension, hypercholesterolemia, diabetes, and heart failure

18

J
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Figure 3: The NO pathway.
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Nitric oxide is produced by a group of enzymes called nitric oxide synthases

(NOS). These enzymes catalyze the production of NO and L-citrulline from L-

arginine, 0-i, and NADPH-derived electrons (Figure 5)19,20 Mammalian systems

contain three well-characterized isoforms of nitric oxide synthase: neuronal NOS

(nNOS, also called NOS l), inducible NOS (iNOS or NOS2), and endothelial NOS

(eNOS or NOS3). The names reflect characteristics of the activity or the original

tissues in which the enzymes were first described, but it is now known that each of

these isoforms is expressed in a variety of tissues and cell types.

The three main isoforms share structural similarities and have nearly identical

catalytic mechanisms 21,22 They all require a number ofcofactors including reduced

nicotinamide-adenine-dinucleotide phosphate (NADPH), and 5, 6, 7, 8 tetra-

hydrobiopterin (BH4) and flavin adenin mono- and dinucleotides (FMN/FAD) that

are needed for dimerization and NO production 19,20 ^he three NOS isoforms

display a number of differences related to their individual functions. For example,

calmodulin functions differently in each of the NOS isoforms and the transcriptional

regulation and post-translational regulation of the catalytic activity is distinct for each

isoform. Neuronal and endothelial isoforms are expressed constitutively and react to

agonist that increase intracellular Ca which stimulates the binding of NOS to

calmodulin activating the enzyme and intiating NO synthesis at small concentration

(10-9 M) 23. Qu the other hand, the transcription of the inducible isoform is

performed by macrophages which initiate NO production several hours after being

stimulated by cytokines 23. The activated macrophage produce NO at micromolar

levels (10-6 M) until the enzyme is degraded by proteolysis 23.
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Figure 5: L-arginine to NO.
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Cells that express eNOS include vascular endothelial cells and

cardiomyocytes 24 in blood vessels, NO produced by the eNOS of endothelial cells

has a vasodilatory effect thereby regulating blood flow and pressure ^. Expression

of eNOS is constitutive but regulation occurs in response to factors such as shear

stress, exercise training, chronic hypoxia, and heart failure 25,26 Within the

endothelial cell membrane, small invaginations characterized by the presence of

proteins called caveolins serve as sites for the sequestration of signaling molecules

such as receptors, G proteins and protein kinases. The oxygenase domain of eNOS

contains a motif that binds to caveolin-1, and calmodulin competitively displaces

caveolin resulting in eNOS activation 25 Bound calmodulin is required for activity

of eNOS, and this binding occurs in response to transient increases in intracellular

Ca2+ 21. Thus, eNOS is found at sites of signal transduction and produces short

pulses of NO in response to agonists. Within the cardiovascular system, eNOS

generally has protective effects. Studies with eNOS knockout mice clearly indicate



n

0

8

that eNOS plays a protective role in cerebral ischemia by preserving cerebral blood

flow 27.

The activity of iNOS is induced by pro-inflammatory cytokines,

lipopolysaccharides, endotoxins and bacterial products 28,29 Cells that expresses

iNOS include macrophages, hepatocytes, smooth muscle cells, and cardiac myocytes

29. This inducible isoform of NOS is regulated transcriptionally and is independent

of agonist stimulation and intracellular calcium levels 30;31. Increasing evidence

suggests that iNOS expression is increased in smooth muscle cells and in the

neointima after vascular injury 32-34 y^^ ^f^er allograft transplantation 35 suggesting

that iNOS expression may limit the thrombotic and proliferative response in injured

vessels 31. Respiratory inflammatory disease such as asthma, acute respiratory

distress syn.drome (ARDS), and bronchiectasis are characterized by an increased

expression of iNOS in respiratory epithelial and inflammatory-immune cells leading

to a markedly elevated production of NO locally 2.8 This potent increase in NO

synthesis is presumably an additional host defense mechanism against bacteria, vims

and tumor cells 28,29 Sustained NO production, may be an advantage over other

isoforms, but concern remains that continuous high activity could also increase

superoxide production, leading to peroxynitrite formation 36^ 'j'hg overall

contribution of NO to inflammatory conditions of the lung is not easily predicted

despite extensive research on both the pro-inflammatory and anti-inflammatory

actions of NO and seems to depend on many factors such as the site, time and degree

of NO production in relation to the local redox status and the acute or chronic nature

of the immune response ^.
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Prostacyclin

Arachidonic acid by the action of cyclooxygenase yields cyclic endoperoxide

PGG2 ^. PGG2 is then rapidly modified by the peroxidase moiety of the

cyclooxygenase enzyme to add a 15-hydroxyl group, esssential for biologic activity,

and yields PGHs ^. PGH2 then yields the prostaglandins, prostacyclin via PGI

synthase (Figure 6) 3^. Prostacyclin is synthesized mostly in endothelial cells but also

in the media and advential tissue in response to hypoxia and sheer stress and is a

poweful vasodilator and inhibitor ofplatetet aggregation 37. Prostacyclin causes the

relaxation of the vascular smooth muscle by activating adenylate cyclase thus causing

an increase in the production of cyclic 3'-5' adenosine monophosphate (cyclic AMP)

38. The relaxant effect of prostacylin is essentially additive to NO, although the

cGMP formed when NO is released, may act as an endogenous inhibitor of the

phosphodiesterase that breaks down cAIVIP 2. Hence, NO indirectly increases the

half-life of cAMP, the second messenger of prostacyclin 2. Finally, subliminal

concentrations of prostacylin and NO are strongly synergistic causing a profound

inhibition of platelet aggregation 39.

J
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Figure 6: The cyclooxygenase pathway.
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Endothelium Derived Hyperpolorizing Factor (EDHF)

Electrophysiologic studies of various blood vessels have shown that the

endothelium-dependent relaxation to acetylcholine and other vasodilator drugs such

as bradykinin is associated with membrane hypeqîolarization of the underlying

vascular smooth muscle, for which neither NO, nor prostacyclin are responsible.

Another, as yet unidentified substance is involved: endothelium-derived

hyperpolarizing factor (EDHF). It tends to act mainly in smaller blood vessels, in

contrast to NO which is more active in large arteries 40 However, when the

synthesis of NO is inhibited, EDHF can mediate close to normal endothelium-

dependant relaxation in large vessel. Hence, EDHF could be an important backup

mechanism in the regulation of the vascular smooth muscle cells when the production

of NO is decreased although its exact role in physiological and pathological states is

unknown 4l.

Muscarinic Ml subgroup receptors are membrane receptors responsible for

the release of EDHF induced by acetylcholine 42 ^Q release of EDHF by

endothelial cells is controlled by the cytosolic calcium concentration and is inhibited

by calmodulin agonists 42. EDHF appears to act endogenously on smooth muscle by

opening potassium channels which are not ATP-dependent 19 Furthermore, EDHF

is formed from the pre cursor arachidonic acid via the cytochrome P-450 and has

some of the characteristics of epoxyeicosatrienoic acids (EET) in certain blood

vessels 43. The cytochrome P-450 CYP9 has recently been identified as the principal

producer of EDHF 44.

J
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Endothelium-Derived Contracting Factors

Endothelial dysfunction, as defined by an abnormal increased tendency to

vasoconstriction or loss of the vasodilatory capacity of a vascular bed, may be due to

an impairment in endothelium-dependent relaxation, caused either by the reduced

release (or activity) of endothelium-dependent relaxation factors, and/or a greater

propensity to evoke endothelium-dependent contractions. Currently, the EDCFs that

have been identified include superoxide anions, endoperoxides, thromboxane A2 and

the peptide ET-1 8. In endothelial dysfunction, the decrease of NO production by the

endothelium 45 may increase the generation of ET-1 and initiate a vasoconstriction

response via the angiotensin D[ pathway.

Endothelin

Big-endothelin is produced by endothelial cells and is converted via the

endothelin converting enzyme (ECE) in endothelin-1 (ET-1). Endothelin is a 21-

residue peptide released by cultured endothelial cells 46. ET-l is a potent arterial and

venous vasoconstrictor which exerts long term effects on vascular smooth mucle

tone. Thrombin, angiotensin II, catecholamines, vasopressin, interieukin-1, growth

factor pl and platelets products can activate endothelin receptors thus releasing ET-1

preferentially towards the vascular smooth muscle (Figure 7). However, the

stimulated production of ET-1 causes an increase in NO production via a negative

feedback control which can in turn inhibit the synthesis of endothelin-1 by

endothelial cells 2.

u
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Figure 7: The factors promoting ET-1 synthesis.
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There are two ET receptor subtypes: EÏA-RS and ETs-Rs. In the vasculature,

EÏA receptors are located on the vascular smooth muscle cells where they mediate

both vasoconstriction and growth 47. In contrast, ETs receptors located primarily on

vascular endothelial cells mediate vasodilation via the release of NO and prostacyclin

while the ETs receptors located on vascular smooth muscle cells mediate

vasoconstriction (Figure 8). ETs receptors also play an important role in ET-1

clearance 48 EÏA-RS and ETe-Rs are linked to phospholipase C which leads to the

fomiation of inositol triphosphate (IP3) and diacylglycerol (DAG) 49 These second

messengers lead to the intracellular release of calcium and activation of protein

kinase C 49. in addition, endothelin receptors are coupled via Gi-proteins to voltage

operated calcium channels 49.

J
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Figure 8: The ET-1 pathway.
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Low blood concentrations of ET-1 in physiological conditions activate ETs

receptors on the surface of endothelial cells resulting in the release of NO and

prostacyclin provoking vasodilatation ^'50 Q^ the other hand, high blood

concentration of ET-1 in physiological conditions activates EÏA receptors on vascular

smooth muscle cells provoking prolonged contractions 51. An overproduction of

endothelin-1 in physiological conditions is counteracted by a high NO production

causing the immediate inhibition of ET-1 regeneration and of its vasoconstrictor

effect 1. This retroactive inhibition of endothelin production and action in not only

due to NO release, but also to prostacyclin and EDHF release 52.

The ratio of EÏA and ETs receptors in human resistance and conduit

pulmonary arteries is approximatively 9:1 47 and the net effect in pulmonary arteries

is constriction. Endogenous production of endothelin plays a role in the development
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of pulmonary hypertension. In a human in vitro model of denuded pulmonary

arteries, ET-1 induced a concentration-dependent contraction that was inhibited by

the EÏA selective antagonist BQ-123 53^ Likewise, other studies of human

pulmonary resistance arteries and endothelium denuded intralobar pulmonary arteries

have confirmed that ET-1 causes pulmonary artery vasoconstriction predominantly

via EÏA receptors, although there is some evidence that ETe receptors may contribute

at low ET-1 concentrations 54 ET-l stimulated proliferation of human pulmonary

artery smooth muscle cells is mediated via EÏA receptors 55. NQ produced by the

pulmonary vascular endothelium may inhibit the expression or activity of ET-1 56

u

Angiotensin II

Endothelial cells express angiotensin II (ANG II) 57 receptors in certain

vascular beds. AT] endothelial receptors are coupled to phospholipase C which

inhibits the vasoconstrictor effects of ANG II and the release of NO and prostacyclin

2. Activation ofATs leads to endothelium-dependent relaxation to bradykinm 58. in

the vascular smooth muscle, ANG II has several effects : vasoconstriction and

promotion of cellular proliferation by AT] receptors -'-'. Angiotensin II can also

stimulate free radical production, by the NADH/NADPH oxidase in vascular smooth

muscle, which scavenges NO ^. It also increases endothelin expression and release

by smooth muscle cells thus producing an even greater vasoconstriction 2. ANGII

stimulates ET-1 release in endothelial cells, but NO inhibits ET-1 expression and

production. In the presence of endothelial dysfunction, NO production is reduced

which favors ET-1 generation and initiates a vasoconstrictor response via the ANG II
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pathway 45. Thus, ANG II acts not only through the endothelin pathway, but also

through an increased in oxidative stress, an important mechanism in the development

of injury 61.

Thromboxane

Arachidonic acid by the action of cyclooxygenase yields cyclic endoperoxide

PGG2 37. PGG2 is then rapidly modified by the peroxidase moiety of the

cyclooxygenase enzyme to add a 15-hydroxyl group, esssential for biologic activity,

and yields PGHz 37. PGH2 is transformed into the prostaglandins (PGs) and

thromboxane Az via the TXA synthase 37. Thromboxane (TXAz) causes undesirable

effects such as platelet aggregation and vasoconstriction of vascular smooth muscle

cells. On the other hand, platelet aggregation and vasoconstriction mediated by

TXÂ2 become useful when bleeding is present. However, nitric oxide, through a

negative feedback mechanism, can minimize inducible cyclooxygenase expression by

inhibiting nuclear factor-KB and nuclear factor interleukin-6 activation and may be

important for limiting excessive or prolonged PGs production in pathological events

62

J
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Oxygen Free Radicals

Free radicals form hydrogen peroxide (H202) and subsequently hydroxyl

radicals cause endothelial dysfunction by scavenging endothelial derived NO ^.

Superoxide anion (02-) can interact with NO to form peroxynitrites that decomposes

into hydroxyl radicals which are the main effectors of oxidative injury, i.e., lipid

peroxidation Dq'. Lipid peroxides activate phospholipase Az which triggers the

endothelial expression of adhésion molecules, the release of proinnammatory

mediators, the release of cytokines leading to the adhesion of leukocytes to

endothelial cells and the activation and infiltration of polymorphoneutrophils (PMN)

^. Free-radical scavengers and antioxidants attenuate pulmonary endothelial

dysfunction resulting from oxygen free radicals ^.

Endothelial production of superoxide anions can contribute to a reduction of

the vasodilatory capacity by scavenging NO ^ and may promote vascular smooth

muscle cell growth and vascular damage in hypertension 67. in chronic experiments,

reactive oxygen species may also directly impair the G-protein-dependent signal

transduction process and the oxidative stress could be a result of a generalized

dysfunction of G-protein mediated relaxations 68.

J
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Pulmonary Endothelial Dysfunction

J

Although the exact mechanism behind CPB-induced pulmonary hypertension

is not fully elucidated, previous studies have shown that pulmonary vascular

endothelial dysfunction plays an integral role. After cardiac surgery with CPB,

pulmonary dysfunction is commonly observed 69 ry^ dysfunction has multiple

causes. In part, it is caused by the absence of pulmonary blood flow during total CPB

and by its near absence during partial CPB. This state of reduced pulmonary

perfusion followed by the restoration of normal perfusion results in an ischemia-

reperfusion injury of the sensitive pulmonary endothelium. Reoxygenation produces

reactive Oy. reactive products resulting in lipid peroxidation with endothelial damage

^0. It is documented that ischemia-reperfusion injury causes endothelial dysfunction

manifested by impairement of endothelium-dependent vasodilatation to neurohumoral

agents such as acetylcholine and serotonin 71,72

Adhesion molecules, important in the initiation of activated leukocytes injury

in the pulmonary endothelium, have also been shown to increase in an ischemia-

reperfusion rat lung model and are likely contributors in the pathogenesis of

ischemia-induced pulmonary injury 73,74 yhe decreased pulmonary blood flow

during CPB results in very low shear stress in the pulmonary capillaries which

accentuates neutrophils activation as neutrophils appear to be exquisitely sensitive to

sheer stress ^. Activated neutrophils release neutral serine, elastase, matrix

metalloproteinases and oxygen radical species which damage the alveolar-capillary

basement membranes and the extracellular matrix 75. After cardiac surgery, there is

an increased permeability of the alveolar-capillary barrier due to the systemic
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inflammatory response associated with cardiopulmonary bypass promoting the

development of pulmonary edema ^.

Other factors causing pulmonary vascular endothelial dysfunction include the

inflammatory response to CPB elicited by the contact of blood with non physiologic

surfaces resulting in activation of the complement pathway with neutrophil activation

and sequestration. A group of circulating glycoproteins comprises the complement

system and from the basic matrix of the body's response to immunologie, traumatic,

infectious, or foreign body insult 3. Complement is activated through two

interrelated cascades termed the classical and the alternate pathways. The classical

pathway is usually initiated via interaction with antigen-antibody complexes.

Chenoweth et al. first demonstrated in 1981 that the alternate pathway is activated by

exposure of blood to foreign surfaces such as CPB resulting in the generation of C3a

and C5a anaphylatoxins 76 ^he C3a causes smooth muscle contraction in a wide

variety of animal tissues 3. The C5a is 10 to 20 times more active than C3a on a

molar basis and has a wider biological activity 3. C5a rapidly binds to circulating

neutrophils which become activated and undergo deposition and sequestration in the

lungs releasing superoxides and lysosomal enzymes which in turn produce direct

endothelial damage, alterations in capillary permeability and accumulation of

extravascular water 3. Thus, leukocytes are stimulated during CPB to adhere to

stimulated endothelial cells, but ischemia-reperfusion further stimulates leukocyte

adherence and cytotoxicity ^.

u
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Pulmonary Hypertension

During CPB, the absence of pulmonary blood flow favors the accumulation of

neutrophils in the lungs which can cause damage to pulmonary endothelial cells and

provide a favorable setting for the development of pulmonary hypertensive crises ^.

There are two forms of pulmonary hypertension: primary and secondary which are

both associated with obliteration and narrowing of resistance pulmonary arteries and

thickening of the intima 77,78 The finding of fibromuscular hyperplasia of the

intima in chronic pulmonary hypertension has caused increased interest in the role of

the pulmonary endothelium 79. Important differences in the levels of eicosanoids and

endothelium derived nirtic oxide production between primary and secondary

pulmonary suggests that the two different forms of pulmonary hypertension involve

seperate underlying mechanisms and distinct patterns of endothelial dysfunction ^9.

Primary pulmonary hypertension (PPH) has, by definition, no known cause. It

affects young adults, women being afflicted more often than men 79 Usually the

patients afflicted by this disorder test positive to antinuclear antibodies (ANA) which

is often linked to systemic lupus erythomatosus (SLE) and antiphospholipid antibody

syndromes 79 Other know triggers for plexigenic pulmonary arteriopathy include

cirrhosis and portal hypertension, atrial septal defect, anorexigens, L-tryptophane,

cocaine, autoimmune disorders, human immunodeficiency vims infection, obesity

and thyroid disease 80. PPH is characterized by abnormalities of the pulmonary

vascular biology in each layer of the blood vessel. The lumen has a prothrombotic

diathesis, the smooth muscle cells are depolarized and calcium-overloaded and the

adventitia displays excessive remodeling ^1. In PPH, the endothelium produces

excessive amounts of vasoconstrictor factors such as endothelin-1, develops
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abnormalities in the balance of prostacyclin and thromboxane production and an

increased secretion of the procoagulant plasminogen activator inhibitor 82. in vitro

studies on vessels of animals with pulmonary hypertension have demonstrated a loss

of endothelium-dependent relaxation due to a decreased production of NO ^3

secondary to a decrease in the expression and activity of eNOS ^. Administration of

NO directly to the pulmonary vasculature by means of inhalation has been effective

in the short-term treatment of pulmonary hypertension 84,85 Besides NO inhalation

other vasodilatory treatments include: adenosine, calcium channel blockers, steroids,

L-arginine (minor vasodilation), prostacyline and prostaglandins 80,86 ^he specific

lack of response to L-arginine in patients with PPH is compatible with a fundamental

defect in the expression or activity of NOS which cannot be overcome by substrate

loading ^.

Secondary pulmonary hypertension (SPH) affects patients with congestive

heart failure (CHF) and patients with alveolar hypoxemia from chronic obstructive

lung disease. SPH due to CHF is the consequence of pulmonary arterial wall

remodeling leading to abnormalities of elastic fibers, intimai fibrosis, and medial

hypertrophy that result in vascular stiffness and reduced vasodilator responsiveness

^. Secondary pulmonary hypertension is also associated with a decreased

pulmonary clearance of endothelin-1, a decreased intracellular availability of L-

arginine, a decreased production of endothelium derived NO and a decreased activity

of eNOS 79,88 possible therapeutic approaches include: NO inhalation, L-arginine

(major vasodilatation), prostacyclin, and oxygen therapy ^2 This favorable response

to substrate loading suggests that a limitation of the intracellular availability of L-
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arginine, possibly due to defective transport, might contribute to the low levels of

basal nitric oxide production in the pulmonary circulation of patients with SPH ^2.

J

Cardiopulmonary Bypass

Cardiopulmonary bypass (CPB) remains essential for the majority of cardiac

operations since it allows the surgeon to work while the heart is stopped and the lungs

are deïïated. CPB replaces the functions of the heart and lungs by temporarily

bypassing the venous blood through an extracorporeal device that oxygenates and

returns the blood to the arterial system of the patient ^. In the clinical setting, after

attaining a steady state on pump most of the venous blood is deviated in the venous

reservoir of the CPB machine resulting in minimal blood How through the pulmonary

circulation. Subsequently, the ventilator is turned off causing a further decrease in

blood flow through the pulmonary artery.

Although extracorporeal circulation is useful and saves many lives, it causes a

significant amount of stress and injury to the organism, a phenomenon known as the

whole body inflammatory response, which is triggered by the contact of blood

elements with the nonbiocompatible material of the bypass circuit 7. More

specifically, this systemic inflammatory response involves the activation of the

alternate complement pathway, leukocytes, and endothelial cells with release of

cytokines, proteases, leukotrienes, arachidonic acid metabolites, oxygen free radicals

and is also associated with clumping of neutrophils which can lead to obstruction of

capillary blood ïïow, coagulopathy, bleeding, and significant end-organ dysfunction,

including neutrophil-mediated pulmonary injury 90 Activation of the complement

pathway has been incriminated as the major biochemical pathway mediating lung
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injury due to the adhesion of polymorphonuclear leukocytes to the microvascular

endothelium resulting in leukocyte extravasation.

J

The Pathophysiology of Lung Injury

The pulmonary circulation is a low-pressure, high-capacity system ^ with a

normal pulmonary artery systolic pressure of < 25 mm Hg and a pulmonary vascular

resistance (PVR) averaging 67 ± 30 dynes's'cm"2 at sea level 91. The pulmonary

vasculature can accommodate large increases in blood flow with little increase in

pressure during exercise 92 or during occlusion of either the right or left pulmonary

artery 93.

The right ventricle (RV) can accommodate large increases in venous return

without a rise in pulmonary arterial pressure but, in contrast, modest increase in

pulmonary vascular tone can result in RV failure ^. Thus, the pulmonary circulation

is important in the modulation of right ventricular afterload and RV output. It is also

a major determinant of the regulation of venous return to the left ventricle (LV) hence

protecting the LV against excess preload 87.

During CPB, the standard practice is to stop mechanical ventilation of the

lungs and to let them equilibrate to atmospheric pressure. In this state, the lungs are

subjected to micro atelectasis, encounter surfactant washout, interstitial edema and

associated lung water accumulation which result in a decrease in the static lung

compliance. In particular, activation of the complement cascade and neutrophils

leads to the release of cytokines, proteases, arachidonic acid metabolites, and oxygen

free radicals which cause endothelial dysfunction and induce pulmonary

vasoconstriction (Figure 9). The increase in pulmonary vascular resistance causes
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ventilation-perfusion mismatches that lead to hypoxia and acute hypoxic

vasoconstriction 69.

Figure 9: Pathophysiology of lung injury after CPB.
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PULMONARY INJURY

Lung injury remains an important cause of postoperative morbidity, despite

continuing improvements in CPB techniques and postoperative care. The major

causes of pulmonary morbidity post-CPB are atelectasis, acute respiratory distress

syndrome (ARDS), and pulmonary hypertension. Almost all patients suffer from

varying degrees of atelectasis which is the collapsing of lung tissue. ARDS also

known as acute lung injury or "pump lung" is a rare complication which occurs in

1.3% of cases but results in a mortality ranging between 50% to 75% 89 ARDS

results from the systemic inïïammatory response due to CPB which leads to

complement activation and capillary leak, causing flooding of the pulmonary

interstitium ^.

J
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Pulmonary hypertension is present when the pulmonary artery systolic

pressure exceeds 30 mm Hg or the mean pulmonary artery pressure is > 19 mm Hg

^. An underlying degree of pulmonary hypertension is present in up to 20% of

cardiac surgery patients and its reversibility is dependent upon the degree of

endothelial dysfunction and whether it is associated intimai proliferation and medial

hypertrophy. The most frequent cause of lung injury post-CPB results from damage

of to the endothelium barrier leading to subclinical pulmonary edema.
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Few studies have analyzed the mechanism associated with lung injury after

CPB by examining responses of isolated pulmonary arteries to selective

endothelium-dependent and independent activators 5-7. However, no studies have

assessed the effect of ventilation and NO inhalation during CPB on pulmonary

artery endothelial dysfunction.

Nyhan et al. have shown in a chronic canine model that CPB induces a

selective pulmonary artery endothelial dysfunction to acetylcholine observed 4 days

after CPB with recuperation of the function at 14 days after CBP 5. This study

focuses on the chronology and mechanisms of pulmonary endothelial dysfunction in

the short term/acute phase, rather than in the chronic phase, since it is often

immediately after weaning from CPB and in the days following surgery that severe

hypoxia and pulmonary complications occur.

The objectives of the present study were to identify the mechanism of

pulmonary endothelial dysfunction, specifically the role of reperfusion after CPB in

the acute pathogenesis of endothelial dysfunction, to characterize the alterations in

signal transduction pathway of endothelial cells in second degree pulmonary artery,

and to determine whether ventilation with and without additional NO inhalation

during CPB could prevent the pulmonary endothelial dysfunction.

J
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Background. Cardiopulmonary bypass (CPB) remains the cornerstone of the

majority of cardiac surgeries. Endothelial dysfunction of the pulmonary arterial tree

may contribute to pulmonary hypertension and respiratory failure in the postoperative

period. This objective of this study is to characterise the alterations of endothelial

cell signal transduction in the pulmonary arteries following CPB and the effect of

ventilation and NO inhalation during CPB on the endothelial dysfunction.

Methods. Six groups of Landrace swine were compared: group 1 = control,

group 2 = sham without CPB, group 3 = CPB 150 minutes + no reperfusion, group 4

=. CPB 150 minutes + reperfusion 60 minutes, group 5 = CPB 150 minutes +

ventilation (tidal volume 12 ml/kg) + reperfusion 60 minutes, group 6 = CPB 150

minutes + nitric oxide (NO) inhalation (with ventilation, NO 40 ppm) + 60 minutes of

reperfusion. The heart and lungs were harvested en bloc. Branches of second degree

pulmonary arteries were isolated and dissected free of connective tissue and

adventitial tissue and divided into rings (4mm wide; 16 rings per animal).

Contractions were measured with potassium chloride and phenylephrine.

Endothelium-dependent relaxations were studied using acetylcholine (ACh) and

bradykinin (BK) and endothelium-independent relaxations with sodium nitroprusside

(SNP).

Results. There was a statistically significant decrease in the amplitude of the

contraction to potassium chloride (60 mM) and phenylepherine in the group CPB

150 minutes + no reperfusion and the group submitted to CPB 150 minutes + NO

inhalation (with ventilation, NO 40 ppm) + 60 minutes reperfusion versus the control

group.
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There were no statistically significant differences between the 6 groups for

endothelium-dependent relaxations to BK and endothelium-independent relaxations

to SNP. CPB without reperfusion did not induce a pulmonary endothelial

dysfunction. CPB with reperfusion induced a statistically significant decrease in

endothelium-dependent relaxations to ACh compared to groups 1, 2 and 3. Normal

volume ventilation and NO inhalation prevented the reduction of endothelium-

dependent relaxations to ACh.

Conclusion. CPB without reperfusion did not cause endothelial dysfunction

of the pulmonary artery. Reperfusion after CPB caused an alteration of the

endothelial cell vasorelaxations, most likely through the production of activated

oxygen radicals. Mechanical ventilation and NO inhalation during CPB prevented

the endothelial dysfunction due to reperfusion of the pulmonary artery after

extracorporeal circulation.

KEY WORDS: Endothelium, pulmonary arteries, cardiopulmonary bypass, ventilation and NO

inhalation.
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Cardiopulmonary bypass (CPB) replaces the functions of the heart and

lungs during most cardiac operations and causes a significant amount of stress and

injury to the organism as the blood elements come in contact with the

nonbiocompatible material of the bypass circuit resulting in the pathological

activation of numerous inïïammatory and coagulatory cascades leading to the

phenomenon of systemic inflammatory response syndrome (SIRS). SIRS causes the

activation of the alternate complement pathway, leukocytes, and endothelial cells

releasing cytokines, proteases, leukotrienes, arachidonic acid metabolites, oxygen

free radicals and neutrophil clumping with obstruction of capillary blood flow 90.

Leukocyte adhésion to the microvascular endothelium, leukocyte extravasation, and

tissue damage are the final steps 90 leading to major organ dysfunction.

Lung injury remains an important cause of postoperative morbidity, despite

continuing improvements in CPB techniques and postoperative care. Reperfusion

injury is also observed after lung transplant. A significant consequence of

reperfusion injury is the dysfunction of the pulmonary vascular endothelium, which

may manifest itself as pulmonary hypertension and increased vascular permeability,

resulting in pulmonary edema and impaired gas exchange 94 Pulmonary

hypertension occurs in 20% of cases and its reversibility depends on the underlying

endothelial dysfunction and on the presence of intimai proliferation and medial

hypertrophy.

The normal endothelium plays a central role in local vasoregulation by

releasing a variety of vasoactive substances and inhibiting the contraction of

vascular smooth muscle cells, the proliferation of smooth muscle cells and
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fibrocytes, providing a nonthrombogenic surface and a selective barrier to

circulating proteins and cellular components 4. Furchgott, and Zawadzki ^, and

Ignarro et al. 10 proposed NO, a labile diffusible, nonprostanoid substance that

mediates the endothelium-dependent relaxation to acetylcholine (ACh), as the most

logical candidate for the endothelium derived relaxing factor (EDRF). NO is

fanned from L-arginine, by the enzyme endothelial NO synthase (eNOS), which is

constitutive in normal endothelial cells 95. The degree of activation of eNOS

depends on the intracellular concentration of calcium ions present in endothelial

cells and is calmodulin-dependent ^9 When NO diffuses to the vascular smooth

muscle cells, it stimulates the cytosolic enzyme, soluble guanylate cyclase that leads

to an increase in cyclic GMP (cGMP) and causes vasodilatation 12 The

iinpairment of endothelial function may result in abnormal pulmonary vasodilator

and vasoconstrictor responses.

Nyhan et al. observed that CPB induced a selective pulmonary artery

endothelial dysfunction to acetylcholine at 4 days post CPB with recuperation of the

function at 14 days after-CBP in a chronic canine model 5. This study focuses on

the mechanisms of pulmonary endothelial dysfunction in the short tenn/acute phase,

rather than in the chronic phase, since it is often immediately after weaning from

CPB that severe pulmonary problems are encountered.

The objectives of the present study were to identify the mechanism of

pulmonary endothelial dysfunction, specifically the role of reperfusion after CPB in

the acute pathogenesis of endothelial dysfunction, to characterize the alterations in

signal transduction pathway of endothelial cells in second degree pulmonary
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arteries, and to determine whether ventilation with and without additional NO

inhalation during CPB could prevent the pulmonary endothelial dysfunction.

Material and Methods

Experimental Preparation for all Groups (Anesthesia)

All experiments were performed using Landrace white swine of either gender,

aged 8 weeks and weighing 23.2 ± 0.4 kg. Animals were treated in compliance with

the recommendations of the Guidelines on the Care and Use of Laboratory Animals

issued by the Canadian Council on Animal and the Guidelines of the Animal Care

and were approved by a local committee. The piglets were fasted for 12 hours before

the surgery, sedated with an intramuscular injection of ketamine (20 mg/kg;

Rogarsetic, Quebec, Canada) and xylazine (2 mg/kg; Rompun, Ontario, Canada), and

induction was achieved using mask ventilation with 2% isoflurane (Ohmeda, Ontario,

Canada). Subsequently, the animals were intubated and general anesthesia was

maintained by inhalation of isoflurane with normal ventilation of an O^/air mixture at

20 breaths/minute with a tidal volume of 12 ml/kg. Arterial and venous blood gases

were measured at regular intervals during the experiment and maintained within the

physiological range by adjusting the inspired oxygen fraction (FiOz), ventilation rate,

tidal volume, and acidosis were balanced with 8.4% sodium bicarbonate (Abbott

Laboratories, Ville St-Laurent, Quebec, Canada).

u
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Experimental Groups

Six groups were compared: group 1 = control, group 2 = sham without CPB,

group 3 = CPB 150 minutes + no reperfusion, group 4 = CPB

150 minutes + reperfusion 60 minutes, group 5= CPB 150 minutes + ventilation (tidal

volume 12 ml/kg) + reperfusion 60 minutes, group 6 = CPB 150 minutes + NO

inhalation (with ventilation, NO 40 ppm + 60 minutes of reperfusion) (Table 1).

Group 1: Control (n = 6)

After induction of general anesthesia, a median stemotomy was performed,

the animal was exsanguinated, and the heart and lungs were harvested en bloc.

u

Group 2: Sham Without CPB (n = 6)

With the piglets in a supine position, the EKG probes and the rectal

thermometer probe were installed. Then, the swine was shaved, disinfected and

drapped with sterile fields. The jugular vein and the carotid artery were canulated to

obtain a central venous line and for monitoring of the systemic arterial pressure

respectively. The femoral vessels were isolated on both sides and a median

stemotomy was performed. The pericardium was suspended using silk 5-0 and a

double purse string was made on the right atrial appendage using a prolene 4-0.

Three minutes after heparin administration (3 mg/kg), a blood sample was

drawn from the right atrium and the level of anticoagulation was assessed using an

activated coagulation time (ACT) with Hemochron 801 (Technidyne, NJ, USA).

When the ACT was superior to 200 seconds, the atrial appendage and the right

femoral artery were canulated with a dip 30-Fr double-staged (Medtronics,
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Mississauga, Ontario, Canada) and a Bardic 12-Fr (USCI, Division of BARD,NY,

USA) respectively. After 60 minutes, the heart and lungs were harvested en bloc.

J

Group 3: CPB 150 Minutes no Reperfusion (n = 4)

In group 3: CPB 150 minutes no reperfusion, the same procedure was

followed as in group 2 with the use of CPB. The jugular vein was canulated and a

bolus of fentanyl (Abbott Laboratories, Ville St-Laurent, Quebec, Canada) 15 p,g/kg

was given in 10 minutes. Anesthesia was maintained using a continuous infusion of

fentanyl (2,500 p-g) and midazolam (Sabex, Boucherville, Quebec, Canada) (100 mg)

given at a rate of 15 ml/hour. The carotid artery was canulated to monitor the

systeinic arterial pressure. A cystostomy was performed to monitor the urine output

per-CPB.

CPB was initiated when the ACT was superior to 400 seconds. The bypass

circuit (figurel) consisted of a filtered hardshell venous reservoir (Minimax 1316,

Medtronics, Mississauga, Ontario, Canada), a hollow fiber membrane oxygenator

(Minimax Plus 3381 without Carmeda Bioactive Surface, Medtronics, Mississauga,

Ontario, Canada), a heater-cooler, and a roller pump (Sams 7000, Ann Arbor,

Michigan, USA). No arterial filter was used. The circuit was primed with 15 mEq of

bicarbonate, 25 ml of mannitol, 5,000 units of heparin, 300 ml of lactated ringer and

300 ml of pentaspan. After initial stabilization, the pump flow was adjusted to

obtain an index of 2.4 L/min/m and the mean systemic arterial pressure maintained

between 50 and 75 mm Hg using phenylephrine, as needed. After a steady state

under CPB was obtained, ventilation was stopped and the body temperature of the

animal drifted to 34°C. The heart was not arrested during CPB. Approaching the
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150 minutes of CPB, the animal was rewarmed to 37°C. After 150 minutes of CPB,

the pump was stopped, the animal was immediately sacrificed, and the heart and

lungs were harvested en bloc.

Group 4: CPB 150 Minutes + Reperfusion 60 Minutes (n = 6)

In group 4: CPB 150 minutes + reperfusion 60 minutes, the same procedure

was followed as in group 3. After 150 minutes on pump, mechanical ventilation with

isoïïurane was reinstituted. Phenylepherine was started at the completion of the CPB

to maintain the hemodynamics within normal range when needed. After 60 minutes

of reperfusion the heart and lungs were harvested en bloc.

Group 5: CPB 150 Minutes + Ventilation (Tidal Volume 12ml/kg) + Reperfusion

60 Minutes (n = 4)

In group 5: CPB 150 minutes + ventilation (tidal volume 12 ml/kg) +

reperfusion 60 minutes, the same procedure was followed as in group 4, however

ventilation without isoflurane was maintained during the whole experiment.

J

Group 6: CPB 150 Minutes + Ventilation (Tidal Volume 12ml/kg) + NO

Inhalation (NO 40ppm) + 60 Minutes of Reperfusion (n = 4)

In group 6: CPB 150 minutes + Ventilation (Tidal Volume 12ml/kg) + NO

inhalation (NO 40 ppm + 60 minutes of reperfusion), the same procedure was

followed as in group 4. Ventilation was maintained during the whole experiment and

NO was administered at a rate of 40 ppm during the 150 minutes on pump.

NO was administered using a NO apparatus developed by the department of

anaesthesiology in conjunction with the department of biomédical physical physics at
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the pavillon Notre-Dame (CHUM), Quebec, Canada. This apparatus was calibrated

prior to each experiment and injected NO cyclically with a precision ïïowmeter

during the inspiratory phase. NO was measured using a NO/N02 electrode.

J

Vascular Reactivity Studies

After harvest, the heart and lungs were rapidly placed in a modified Krebs-

bicarbonate solution (composition in mM: NaCl 118.3, KC1 4.7, MgS04 1.2, KH2P04

1.2, glucose 11.1, CaCl2 2.5, NaHCOs 25 and ethylenediaminotetraacetic acid 0.026).

Oxygénation was ensured using a carbogen mixture (95% Û2 and 5% C02). The

heart was removed and the primary pulmonary artery was dissected. From the

primary pulmonary artery, branches of second degree pulmonary arteries were

isolated and dissected free of connective and adventitial tissue and divided into rings

(4 mm wide; 16 rings per animal). In some rings, the endothelium was removed by

inserting the tip of a pair or forceps in the lumen and gently rubbing the ring back and

forth on a paper towel wetted with the Krebs-bicarbonate solution.

The vascular reactivity of rings of second degree pulmonary arteries from the

6 groups was studied in organ chambers filled with the modified Krebs-bicarbonate

solution (20 ml at 37°C, see above for composition) and oxygenated with a 95% Oz

and 5% CÛ2 mixture. The rings were suspended between 2 metal stirrups, one of

which was connected to an isometric force transducer. Data were collected with a

data acquisition software (IOS3, Emka Inc., Paris, France).

Each preparation was stretched to its active length curve (usually 3.5 g), as

determined by measuring the contraction to potassium chloride (30 mM) at different

levels of stretch, and then stabilized for 30 minutes. The maximal contraction was
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determined with potassium chloride (60 mM) and rings were excluded if they failed

to contract to potassium chloride (exclusion rate less than 5%). The baths were then

washed and indomethacin (10~5 M) was added to exclude the production of

endogenous prostanoids. After 60 minutes of stabilization, phenylephrine (range 2 x

v7 t-610'' M to 3 x 10-u M) was added to achieve a contraction averaging 50% of the

maximal contraction to KC1 (60 mM).

The NO-mediated relaxation pathway was studied by constructing

concentration-response curves to acetylcholine (ACh, 10"9 M to 10-3 M; an agonist

binding to muscarinic receptors coupled to Gi proteins), and Bradykinin (BK, 10-12 M

to 10-6 M; an agonist binding to Ë2 receptors coupled to Gq proteins) (Figure 2).

Endothelium-independent relaxations were studied in rings with and without

endothelium using sodium nitroprusside (SNP, 10 M to 10 M; an exogenous NO

donor). A bolus of SNP (10 M) was also given at the end of the experiment in every

organ chamber to assess the integrity of the vascular smooth muscle cells. No rings

were submitted to more than one endothelium-dependent agonists.

Drugs

All solutions were prepared daily. Potassium chloride, phenylephrine,

acetylcholine, bradykinin, indomethacin, and sodium nitroprusside were purchased

from Sigma Chemical Co (Oakville, Ontario, Canada).

J
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Cyclic GIVIP measurement

Basal levels of cGMP present in the second degree pulmonary arteries of all

groups were measured. Segments were frozen in liquid nitrogen and stored at -70°C

until the measurement of cGMP. The samples were subsequently pulverized and

resuspended in trichloroacetic solution (TCA; 6.25% w/v) to precipitate the proteins

of the tissue. After centrifugation, the supernatant was washed with diethylether to

preserve the cGMP and eliminate the TCA. Finally, the samples were heat dried by

nitrogen gaz to obtain purified cGMP. The cGMP was measured using

enzymeimmunoassay (EIA) system with acetylation based on rabbit anti-cGMP

antibody (Amersham). cGMP levels were adjusted to the quantity of proteins

measured in the tissue using the Bradford microassay technique (Bio-Rad).

u

Endothelial coverage studies using silver nitrate staining

The endothelial coverage was studied by staining using silver nitrate segments

of pulmonary arteries of the group 4 = CPB 150 min + reperfusion 60 minutes. The

rings were fixed first for 10 minutes with buffer paraformaldehyde (4%). They were

then washed for 1 minute with Hepes sucrose buffer solution. Silver nitrate 0.25%

was applied for 1 minute. Washing was performed for 1 minute before a second

fixation for 2 minute. The rings were exposed to ultraviolet light for 2 to 4 hours in

cacodylate buffer solution. Preparation were read by a blinded investigator and

representative photomicrograph were taken.

Statistical Analysis

Contractions to phenylephrine (PE) are expressed as a percentage of the

maximal contraction to potassium chloride (60 mM) for each group and expressed as
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mean ± standard error of the mean (SEM); "n" refers to the number of animals

studied. Relaxations are expressed as percentage of the maximal contraction to PE

for each ring. ANOVA studies with repeated measures were performed to compare

contract! on-response curves and to compare cGMP measurements. Differences were

considered to be statistically significant when p < 0.05.

Results

Vascular Reactivity

Contraction

There was a statistically significant decrease in the amplitude of the

contraction to KC1 (60 mM) between group 3: CPB 150 minutes no reperfusion and

group 1: control and also between group 6: CPB 150 minutes + NO inhalation (with

ventilation, NO 40 ppm) + 60 minutes reperfusion and group 1: control. For all the

other groups, there were no significant differences in the amplitude of the contraction

to KC1 (60 mM) (Table 2).

There was a statistically significant decrease in the amplitude of the

contraction to PE between group 3: CPB 150 minutes no reperfusion and group 1:

control and also between group 6: CPB 150 minutes + NO inhalation (with

ventilation, NO 40 ppm) + 60 minutes reperfusion and group 1: control. For all the

other groups, there were no significant differences in the amplitude of the contraction

to PE (Table 2).

•<J
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Endothelium-dependent Relaxations

CPB with reperfusion (group 4) induced a statistically significant decrease in

endothelium-dependent relaxations to ACh compared to groups 1, 2 and 3 (Figure

3 a). CPB with reperfusion (group 4) induced a statistically significant decrease in

endothelium-dependent relaxations to ACh compared to groups 1, 5 and 6 (Figure

3b). There were no statistically significant differences between groups 1,2,3,5,6 for

endothelium-dependent relaxations to ACh.

There were no statistically significant differences between the 6 groups for

endothelium-dependent relaxations to BK. The concentration-response curves to BK

of the 6 groups are depicted on 2 separate graphs for clarity (Figure 4 a & b).

Endothelium-independent Relaxations

There were no statistically significant differences between the six groups for

endothelium-independent relaxations to SNP with and without endothelium. The

concenti-ation-response curves to SNP of the 6 groups are depicted on 2 separate

graphs for clarity (Figure 5 a & b).

u

Cyclic GMP measurement

There was a statistically significant decrease in the levels of cGMP in the

sham (group2), CPB without reperfusion (group 3), CPB with reperfusion (group 4),

ventilation (group 5) and NO inhalation (group 6) when compared to group 1 : control

(Figure 6).
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There was a statistically significant decrease in the levels of cGMP in the CPB

without reperfusion (group 3), CPB with reperfusion (group 4), ventilation (group 5)

and NO inhalation (group 6) when compared to group 2: sham (Figure 6).

Endothelium coverage studies using silver nitrate staining

In the present study, there is no endothelial denudation immediately after

CPB with reperfusion since staining with silver nitrate of the second degree pulmonary

arteries show preservation of the normal cobblestone patterns of the endothelial surface

(Figure 7).

Discussion

The major findings of the present study are that: (1) CPB without reperfusion

does not cause endothelial dysfimction of the pulmonary artery tree as evidenced by the

absence of significant differences between the control, the sham and the CPB without

reperfùsion group; (2) CPB with reperfiision induced a selective decrease in

endothelium-dependent relaxation to ACh which is coupled to Gi proteins; (3) normal

ventilation as well as ventilation with NO inhalation during CPB prevented the

reduction of relaxation after reperfiision following CPB; and (4) there are no significant

differences between the normal ventilation and NO inhalation groups compared to the

control, the sham and the CPB without reperfusion group.

u
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Vascular Reactivity

Contraction

The decrease in contraction to KC1 and PE for the CPB 150 minutes + no

reperfusion group may be due to the release of vasodilating factors during CPB via

the release of cytokines resulting in an increase of inducible nitric oxide synthase

(1NOS), or to a decrease in vasoconstrictive factors or a combination of both in the

absence ofreperfusion.

The decrease in contractions to KC1 and PE in the CPB 150 minutes +

ventilation (Tidal Volume 12 ml/kg) + NO inhalation (NO 40 ppm) + 60 minutes

reperfusion is possibly mediated via a reversible negative feedback loop. Several

studies demonstrated that NO inhalation causes a downregulation of eNOS to stop the

endogenous endothelial release of NO 96-99 ^hg eNOS downregulation is

reversible and followed by an upregulation of eNOS when inhaled NO is stopped to

increase to synthesis of NO to pre-NO inhalation value 96-98 Thus, inhaled NO can

possibly mediate a sustained vasodilatation of the pulmonary artery after the

inhalation has been stopped.

Endothelium-dependent Relaxations to ACh

ACh binds to muscarinic receptors (M;) on endothelial cells which are coupled

to Gi proteins, sensitive to the pertussis toxin, releasing NO and thus causing

endothelium-dependent relaxation in human pulmonary arteries.

(J
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The Effect of Reperfusion on Endothelium-dependent Relaxations to ACh

n

0

During total CPB, as used clinically, pulmonary blood flow is completely shut

off and the lungs are perfused by bronchial flow alone. This state of reduced pulmonary

perfusion followed by restoration of nomial antegrade perfusion causes an ischemia-

reperfusion mediated injury to the lungs ^^. Reperfusion of the pulmonary arterial tree

after CPB (group 4) induced a significant decrease in endothelium-dependent

relaxations to ACh which suggests that ischemia followed by reperfusion causes

endothelial dysfunction in second degree pulinonary arteries.

In support of this finding, Shafique and colleagues also demonstrated that

reperfusion of the lungs markedly altered pulmonary microvascular responses to ACh

which was primarily due to pulmonary vascular ischemia and reperfusion rather than to

the extracorporeal circulation 71. Serraf and colleagues also observed a decrease in

endothelium-dependent relaxations to acetylcholine in pulmonary artery rings of piglets

undergoing CPB with lung reperfusion when compared to the pulmonary artery rings of

sham piglets 7. Furthermore, gas exchanges worsened after reperfusion with pulmonary

hypertension, myeloperoxidase increased in the lungs, viability of pulmonary

endothelial cells were reduced by 50%, endothelial cell growths were faster in

pulmonary arteries and leukocyte-pulmonary endothelial cell adhesion and cytotoxicity

increased ^. In Nyhan et al., acetylcholine evoked concentration-dependent relaxation

in rings with endothelium that was significantly depressed four days post-CPB

compared to control 5. Chai and colleagues also demonstrated that cessation of

pulmonary arterial flow is an important factor in post-CPB lung injury 72. Richter and

colleagues have used the Drew-Anderson technique, where the patient's own lungs are

used as the oxygenator, and observed that perfusion of the lungs during CPB causes a
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significant decrease of inflammation and pulmonary dysfunction as assessed by the

decrease in pro-inflammatory interleuldn-6 and interieukin-8, and by the shorter

intubation time and reduced blood loss 100^

Reperfusion after CPB is followed by a massive production of oxygen free

radicals which most likely mediate the decrease in endothelium-dependent relaxations to

ACh. Oxygen free radicals, which are neutral molecular species with an unpaired

electron in their outer electron shell 101^ are generated by pulmonary endothelial cells

during reoxygenation after hypoxia 102^ Seccombe and Schaff have demonstrated

that the oxidative injury may selectively injure the receptor/G-protein complex

specific to the NO signal transduction pathway rather than causing global receptor/G-

protein dysfunction ^3. After reperfusion of the pulmonary tree, endothelium-

dependent relaxations to acetylcholine are significantly impaired and involve

selectively the pertussis toxin sensitive Gi-protein 104^ ^^g concurs with the

observations in this model of CPB with reperfusion in which only the endothelium-

dependent relaxations to ACh and not those to BK were affected by reperfusion of the

pulmonary tree. In vascular beds other than the pulmonary artery, ischemia followed

by reperfusion also results in a selective endothelial dysfunction associated with a

decrease in endothelium-dependent relaxations to ACh suggesting that Gi proteins are

more sensitive to injury. In the present study, the selective decrease in endothelium-

dependent relaxation to ACh (Gi protein) is not mediated by endothelial denudation

for two reasons: l) endothelium-dependent relaxation to BK are preserved and 2)

silver nitrate staining shows no denudation.

0
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The Effect of Ventilation on Endothelium-dependent Relaxations to ACh

Maintenance of mechanical ventilation during CPB prevented the occurrence of

the impaimient of endothelium-dependent relaxations as suggested by the absence of

significant difference between the normal ventilation group compared to the control, the

sham and the CPB without reperfusion groups. Using a ferret lungs model, Becker and

Sylvester showed that pulmonary ischemia is not synonymous with hypoxia if

ventilation is maintained while blood flow is maintained at low levels. Furthermore,

they obsei-ved that maintenance of intravascular pressures at physiological levels in the

pulmonary arterial tree during ventilated ischemia attenuated lung injury by maintaining

basal levels of NO production, increasing the degree of static and circumferential hoop

stretch of the endothelium, preser/ing a rhythmic movement of fluid between alveolar

and extra-alveolar vessels during ventilation generating shear forces on the endothelium,

increasing intravascular volume and diluting the effect of toxic mediators released into

the vasculature during the ischémie period 105,106^ ^c protective effect of ventilation

during CPB may be mediated by the preservation of the blood flow through the

pulmonaiy artery hence preventing the endothelial dysfunction seen in the CPB with

reperfusion group. Loeckinger et al. have found that ventilation (7 ml/kg tidal volume at

15 breaths/min respiratory rate with positive end-expiratory pressure (PEEP) of 5 cm

H2Û and with a continuous positive ainvay pressure (CPAP) of 10 cm H20) during CPB

resulted in improved postoperative gas exchange when compared to deflated lungs open

to the atmosphere ^7.

However, Serraf et al. observed in a neonatal piglet model of CPB with

maintenance of ventilation (40 breaths/min, tidal volume 15 ml/kg) impaired pulmonary

artery endothelium-dependent relaxations to ACh °. This contradictory result could
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possibly be explained by 2 reasons. First, Serraf et al. used a neonatal piglet model.

The neonatal pulmonary endothelium responds differently than the adult pulmonary

endothelium. Second, a tidal volume of 15 mlAcg may cause barotrauma and

volumetrauma which could possibly result in impaired endothelium-dependent

relaxations to ACh.

0

The Effect of NO Inhalation on Endothelium-dependent Relaxations to ACh

NO iiihalation during CPB prevented the alteration of endothelium-dependent

relaxations compared to the CPB with reperfusion group since no significant differences

between the NO inhalation group were found compared to the control, the sham, the

CPB without reperfusion groups and the CPB with ventilation group. McMullan and

colleagues have demonstrated that the endogenous production of NO is decreased after

hypothermie CPB with a 30% decrease in the lung tissue concentrations of NO

metabolites and cGMP post-CPB independent of changes in eNOS activity or gene

expression 1^^. Monta and colleagues have also found, in a piglet model undergoing

120 min of CPB followed by 60 min of reperfusion, that CPB impairs pulmonary NO

production, resulting in pulmonary vasoconstriction and right ventricular dysfunction

109

Inhaled nitric oxide provides a selective pulmonary vasodilatation with

maintenance of systemic blood pressure and coronary perfusion pressure 1^0^ ^ ^g

presence of right ventricular failure with increased pulmonary vascular resistance,

inhaled nitric oxide in the range of 2-40 ppm is effective in reducing elevated pulmonary

vascular resistan.ee and does not increase cardiac output ^^.
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The effect of NO has been compared to the effect of intravenous nitropruside

and sublingual nifedipine. Nitropmsside caused a similar degree of pulmonary

vasodilation, although it caused increased heart rate and contractility, but overall

systemic hypotension was obser/ed ilu. Sublingual nifedipine causes pulmonary

vasodilation, but right ventricular diastolic pressure increased and right ventricle

contractility decreased ^^. Hence, the use ofvasodilatory agents by inhalation such as

NO have an advantage over intravenous agents because they cause the same decrease in

the pulmonary pressure without the systemic hypotension.

Many studies have showed the efficacy of NO inhalation therapy for

postoperative pulmonary hypertension as a supplementation of endogenous EDRF.

However, 2 studies have demonstrated that NO inhalation at the start of reperfusion

failed to provide protection of the pulmonary endothelium and was associated with the

highest rate of lung neutrophil sequestration 94. Indeed, as oxygen becomes available at

the start ofreperfusion, xanthine oxidase creates a burst ofsuperoxide aiiion production

with resultant tissue injury 94,111 ^

Serraf et al, observed in a neonatal piglet model, receiving nitric oxide

ventilation (30 ppm) after CPB, an impairement of pulmonary artery endothelium-

dependent relaxation to ACh when compared to the control group without CPB.

Nontheless, they concluded that nitric oxide ventilation can prevent hemodynamic

alterations after CPB but failed to prevent the biochemical disturbances. The

contradictory results between the Serraf study and this study can possibly be explained

by the difference in the model: neonatal versus adult and by the fact that NO inhalation

was used after the completion ofCPB in the Serraf study.

u
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In this study, NO inhalation during CPB prevented the selective endothelial

dysfunction as seen in the CPB with reperfusion group. NO inhalation during CPB

group showed preser/ation of endotheliiun-dependent relaxation to ACh whereas the

CPB with reperfusion group had impaired endothelium-dependent relaxation to ACh.

However, this protective effect could possibly be obtained by ventilation alone because

the CPB with ventilation group also showed preservation of endothelium-dependent

relaxation to ACh. Hence, it is possible that the protective effect is not generated by NO

inhalation per se but rather by normal ventilation during CPB.

A number of investigators have reported severe rebound pulmonary hypertension

on inhaled nitric oxide withdrawal ^12 Gradual weaning is suggested in order to avoid

the adverse rebound effects ^^. The easiest method is to increase the Fi02 and to

withdraw inhaled NO after the patient has significantly improved ^^.

Endothelium-dependent Relaxations to BK

No statistically significant differences in endothelium-dependent relaxations

to BK. was observed in the concentration-response curves between the six groups.

Hence, the endothelial dysfunction observed in this study is a selective pulmonary

endothelial dysfunction that involves only Gi proteins and not Gq proteins.

Nyhan et al., found that in canine pulmonary arteries the endothelium-

dependent relaxation to BK were not impaired 4 days after CPB in the CPB with

reperfusion group 5. In fact, in the Nyhan study the endothelium-dependent

relaxation to BK were similar in control and post-CPB arteries :>.

u
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Endothelium-independent Relaxations

At the end of each experiment using ACh and BK, a bolus of SNP was given

and all rings relaxed appropriately confirming the integrity of the vascular smooth

muscle cells. This also confirms that the endothelial dysfunction is not due to a

functional disturbance of the vascular smooth muscle cell.

No statistically significant differences in endothelium-independent relaxations to

NO donor, SNP was observed in the concentration-response curves between the 6

groups with and without endothelium. In two studies, Serraf et al. observed that the

response to SNP were not altered after CPB termination 6,7

0

Cyclic GMP measurement

In the present study, CPB without reperfusion (group 3), CPB with

reperfusion (group 4), ventilation (group 5) and NO inhalation (group 6) have

statistically significant decrease in the levels of cGMP when compared to the group 1 :

control. This finding is supported by McMullan et al. who have found, in l month-old

lambs with normal or preexisting increased pulmonary blood flow undergoing CPB,

that lung tissue concentration of cGMP decreased after CPB to «70% of pre-CPB

value 108. A decrease in nitrate and nitrate has also been found post CPB and

appears to be independent of changes in eNOS, iNOS activity of gene expression

^^. In addition, Western blot analysis detected no changes in iNOS protein levels

108^ A decrease in NOS substrate or cofactor availability after CPB are possible

mechanisms which warrants further studies 108^ From all this data, yet another

mechanism could be inferred, CPB causes neutrophil activation leading to the
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formation of firee radicals which could bind NO forming peroxynitrites thus causing a

decrease in the bioavailability of NO which in turn could lead to a decrease in cGMP.

However, it is unclear why there is a decrease in cGMP in shams versus the

controls. The sham group was subjected to surgery (without CPB) which causes

activation of the alternate complement pathway and could possibly explain the

discrepancy in the cGMlP result between the control and the sham.

The fact that CPB was not used in the sham group could possibly explain the

statistically significant decrease in levels of cGMP in the CPB without reperfusion

(group 3), CPB with reperfusion (group 4), ventilation (group 5) and NO inhalation

(group 6) when compared to the group 2: sham.

Endothelium coverage studies using silver nitrate staining

In the present study there is no endothelial denudation immediately after CPB

with reperfusion since silver nitrate staining of the second degree pulmonary arteries

show preservation of the endothelial surface. This supports the finding that there is a

selective Gi mediated dysfunction of endothelium dependent relaxation of the second

degree pulmonary arteries

0

Clinical Relevance

The results of the present study are of significant clinical relevance because

pulmonary complications remain an important cause of mortality and morbidity

after CPB. In the present study, ventilation and NO inhalation during CPB

prevented endothelial dysfunction post-CPB occurring during reperfusion of the

pulmonary arterial tree after completion of the CPB mn. Possibly all patients could
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benefit from ventilation while being on pump at no additional cost. With the advent

of beating heart surgery or of off-pump coronary artery bypass (OPCAB) surgeons

are becoming used to operating while the lungs are ventilated and should be less

reluctant to use mechanical ventilation during CPB. Furthermore, since lung injury

is also observed in lung tranplantation, the current observations could be used in a

broad platform of research leading to the development of preventive stategies.

Although, NO inhalation per CPB did not confer an added benefit in the

current study over CPB with ventilation, the use of NO should not be undermined

since it also prevented lung injury. The prophylactic use of inhaled NO could be

beneficial in some subsets of patients with a severe underlying pulmonary

hypertension preoperatively who may be more susceptible to pulmonary injury

associated with a longer pump run. Inhaled NO has proved to be a very potent

vasodilator and its clinical use against pulmonary hypertension is increasing.

Finally, the use of ventilation and inhaled NO could be combined with the use of

scavenger of free radicals, catalase, antioxidants, heparin-coated bypass circuits, and

monoclonal antibodies to counterattack individual inflammatory mediators and

hence minimize lung damage.

Monta et al. have shown that CPB impairs pulmonary NO production,

resulting in pulmonary vasoconstriction which is reduced by antioxidants such as N-

mercaptopropionylglycine and catalase ^^. NonTiandin et al. demonstrated that the

addition of L-arginine or pentoxifylline during reperfusion prevented the pulmonary

endothelial alteration resulting from warm reperfusion (35. Turkoz et al. observed

that pentoxifylline inhibits the postoperative increase in pulmonary vascular

resistance and greatly minimize leukocyte sequestration in the lung due to CPB ^5
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Redmond et al. demonstrated that heparin-coated bypass circuits reduce pulmonary

injury ^^. Mayers et al. confirmed that blocking neutrophil adherence using anti-

CD 18 antibodies resulted in improved heart and lung function following

cardiopulmonary bypass in dogs 1 ^7

Limitation

The current study has several limitations. Young healthy swines were used

in this model to examine pulmonary endothelial function after CPB. This model

might not adequately represent the subsets of patients who present themselves for

coronary artery bypass surgery, valvular surgery or transplantation and suffer from

various associated clinical pathologies such as atherosclerosis, chronic

hypertension, and ventricular dysfunction. Also, the experimental model did not

assess the function of G proteins, nor the role of increased vasoconstrictor

production such as endothelin or thromboxane A2 on the pathogenesis of the

endothelial dysfunction. Cardioplegia was not used in this model resulting in an

empty but beating heart on pump. Protamine was not used at the end of the

experiment to reverse the anticoagulant effect of heparin. The heparin-protamine

complex has been shown to provoke catastrophic pulmonary vasoconstriction in

some patients 1^ which could have increased the injury observed in this model.

On the other hand, protamine is a polycationic protein rich in the amino acide L-

arginine, can also mediate pulmonary vasodilation ^^. The pulmonary resistance,

pulmonary blood flow, pulmonary compliance, alveolo-arterial gradient and other

parameters of pulmonary hemodynamics were not measured so the exact

repercussions of pulmonary endothelial dysfunction on oxygénation is unknown.

The time course and reversibility of these pathological findings remain unknown as
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well as their relationship to the length of bypass time. Longer pump runs increase

pulmonary complications and results in mortality and morbidity 69^ Finally, only

one method of ventilation and one dose of inhaled NO (40ppm) were evaluated.

Further investigations are needed to evaluate the effects of different ventilation

techniques and different doses of NO.

Conclusion

CPB without reperfusion does not cause pulmonary arterial dysfunction.

Reperfusion of the pulmonary arterial tree after CPB causes an alteration of the

endothelial cell vasorelaxations. Normal mechanical ventilation with and without

additional NO inhalation during CPB prevented the endothelial dysfunction due to

reperfusion of the pulmonary tree after extracorporeal circulation and could

potentially be used to minimize lung injury and associated morbidity in cardiac

surgery using CPB.
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Figure Legends

Table 1 Experimental groups

Table 2 Contractions to KC1 and PE of porcine pulmonary arteries.

Figure 1 CPB Setup

Figure 2 Agonists acting on the receptors on the endothelium with the subsequent

response on the smooth muscle cells. (From: 1)

Figure 3 a Concentration-response curve in porcine pulmonary arteries of

endothelium-dependent relaxations to acetylcholine in four groups (group

l = control, group 2 = sham without CPB, group 3 = CPB 150 min no

reperfiision, group 4 = CPB 150 min + reperfusion 60 min). Relaxations

are expressed as % contraction to phenylephrine and are presented as

mean ± SEM.

Figure 3b Concentration-response curve in porcine pulmonary arteries of

endothelium-dependent relaxations to acetylcholine in four groups (group

l = control, group 4 = CPB 150 min + reperfusion 60 min, group 5 = CPB

150 min + ventilation (tidal volume 12 ml/kg) + reperfusion 60 min,

group 6 = CPB l 50 min + nitric oxide inhalation (with ventilation, NO 40

ppm) + 60 min of reperfusion). Relaxations are expressed as %

contraction to phenylephrine and are presented as mean ± SEM.
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Figure 4a Concentration-response curve in porcine pulmonary arteries of

endothelium-dependent relaxations to bradykinin in four groups (group I

= control, group 2 = sham without CPB, group 3 = CPB 150 min no

reperfusion, group 4 = CPB 150 min + reperfusion 60 min). Relaxations

are expressed as °/o contraction to phenylephrine and are presented as

mean ± SEM.

Figure 4b Concentration-response curve in porcine pulmonary arteries of

endothelium-dependent relaxations to bradykinin in four groups (group

l = control, group 4 = CPB 150 min + reperfusion 60 min, group 5 =

CPB 150 min + ventilation (tidal volume 12 ml/kg) + reperfusion 60

min, group 6 = CPB 150 min + nitric oxide inhalation (with ventilation,

NO 40 ppm) + 60 min of reperfusion). Relaxations are expressed as %

contraction to phenylephrine and are presented as mean ± SEM.

Figure 5 a Concentration-response curve in porcine pulmonary arteries of

endothelium-independent relaxations to sodium nitroprusside m three

groups (group 1 = control, group 2 = sham without CPB, group 3 = CPB

150 min no reperfusion) with and without endothelium. Relaxations are

expressed as % contraction to phenylephrine and are presented as

mean ± SEM.

u
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Figure 5b Concentration-response curve in porcine pulmonary arteries of

endothelium-independent relaxations to sodium nitropmsside in three
groups (group 4 = CPB 150 min + reperfusion 60 min, group 5 = CPB
150 min + ventilation (tidal volume 12 ml/kg) + reperfusion 60 min,
group 6 = CPB 150 min + nitric oxide inhalation (with ventilation, NO
40 ppm) + 60 min of reperfusion) with and without endothelium.
Relaxations are expressed as % contraction to phenylephrine and are
presented as mean ± SEM.

Figure 6 Measurments of cGMP level in the 2nd degree pulmonary arteries of the
6 groups

Figure 7 Endothelial coverage studies using silver nitrate staining in group 4 =
CPB 150 min + reperfusion 60 min.

0
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Table 1

1. Control
(n=6)

2. Sham
(n=6)

3. CPB no
Reperfusion

(n=4)
4. CPB with

Reperfusion
(n=6)

5. Ventilation
(n=4)

6. NO
(n=4)

C anulation

Normal Ventilation (12 ec / Kg)

Ventilation with NO (40ppm)

CPB
150 min.

Reperfusion
60 min.

Table 2

Contraction to KC1 and PE of porcine pulmonary arteries
Group Control Sham CPB

no reperfusion
CPB

reperfusion
Ventilation NO and

Ventilation
u 6 6 4 6 4 4

KCl(60mM)
JgL

4.97±0.22 4.20±0.20 3.64±0.20
*

4.94±0.23 4.98±0.38 3.28±0.23
*

PE(g) 2.92±0.12 2.50±0.12 2.11±0.10* 2.49±0.13 3.07±0.23 2.06±0.40 *
Dosage of PE

(10-7M)1
5.30±0.70 5.10±0.67 10.33±1.93 9.10±1.19 12.15±1.40 6.14±.095

l

For achieving target level of contraction Data are shown as means ± SEM
KC1 : Potassium chloride, PE : Phenylepherine, CPB : Cardiopulmonary bypass, NO : Nitric oxide

0
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The major findings of the present study are that: (1) CPB without reperfusion

does not cause endothelial dysfunction of the pulmonary artery tree as evidenced by the

absence of significant differences between the control, the sham and the CPB without

reperfusion group; (2) CPB with reperfusion induced a selective decrease in

endothelium-dependent relaxation to ACh which is coupled to Gi proteins; (3) nonnal

ventilation as well as ventilation with NO inhalation during CPB prevented the

reduction of relaxation after reperfusion following CPB; (4) there are no significant

differences between the normal ventilation and NO inhalation groups compared to the

control, the sham and the CPB without reperfusion group; (5) all groups have decreased

cGMP levels compared to the control group; and (6) all groups submitted to CPB have

decreased cGMP levels compared to the sham group.

Endothelium-dependent relaxation to acetylcholine of second degree pulmonary

artery are decreased in this porcine model of CPB with reperfusion. Reperfusion of the

pulmonary artery tree releases oxygen free radical causing an alteration of Gi-protein

mediated endothelium-dependent relaxations associated with a decrease of NO

bioavailibility demonstrated by the decrease in cGMP levels. In the present study there

is no endothelial denudation immediately after CPB since staining with silver nitrate of

the second degree pulmonary arteries show preservation of the endothelial surface. This

supports the finding that there is a selective Gi protein mediated dysfunction of

endothelium-dependent relaxation in second degree pulmonary arteries

In the present study, ventilation and NO inhalation during CPB prevented

the endothelial dysfunction occun'ing during reperfusion of the pulmonary arterial

tree after completion of the CPB run. Possibly all patients could benefit from

ventilation while being on pump at no additional cost and with little morbidity.
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Although, NO inhalation per CPB did not confer an added benefit in the

current study, the use of NO should not be undermined since it also prevented lung

injury. The prophylactic use of inhaled NO could be beneficial to subsets of

patients with an underlying pulmonary hypertension preoperatively who are more

susceptible to pulmonary injury or those with a longer pump run. Inhaled NO is a

very potent vasodilator and its clinical use against pulmonary hypertension is

increasing. The use of ventilation and inhaled NO could be combined with the use

of scavenger of free radicals, catalase, antioxidants, heparin-coated bypass circuits,

and monoclonal antibodies to counterattack individual inflammatory mediator and

hence minimize lung damage.

All groups submitted to CPB have decreased cGMP compared to the control

group. McMullan et al. who have also found a decrease in cGMP post CPB 108

Hence, CPB causes a decrease in cGMP.

Sham operated animals exhibit a decrease in cGMP levels compared to the

control group. It is unclear why there is a decrease in cGMP in the sham versus the

control. The sham was subjected to surgery (without CPB) which is known to cause

the activation of the alternate complement pathway and could possibly explain the

discrepancy in the cGMP result between the control and the sham groups.

The pulmonary vascular endothelium represents the largest vascular bed in

the body and is a natural target for inflammatory processes which can disrupt

vascular function. Lung injury post CPB resulting in pulmonary hypertension is an

important area of research. There is sufficient circumstantial evidence to suggest

that injury is mediated by an inflammatory response attacking the endothelium of

the pulmonary vasculature. During total CPB, the pulmonary bed is subjected to
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ischemia-reperfusion injury. Many strategies have been used in previous studies in

the prevention of lung injury. Serraf et al. have shown that lung protection by

continuous perfusion, pneumoplegia or nitric oxide ventilation can minimize

hemodynamic alterations after CPB 6. ]VIorita et al. have shown that CPB impairs

pulmonary NO production, resulting in pulmonary vasoconstriction which is

reduced by antioxidants such as N-mercaptopropionylglycine and catalase ^09

Normandin et al. have demonstrated that the addition of L-arginine or pentoxifyline

during reperfusion prevented the pulmonary endothelial alteration resulting from

warm rcperfusion ^.

It is possible that, as a result of endothelial injury, the production of

vasodilatory factors is reduced as well as the production of vasoconstrictor factors is

increased from activated platelets potentiating the vascular response. The

restoration of the balance between vasoconstrictor and vasodilator using various

treatments could decrease pulmonary morbidity and improve survival. Different

forms of pulmonary hypertension involve separate mechanisms and distinct patterns

of endothelial dysfunction. Hence, a better understanding of the pathological

changes in the pulmonary vasculature and mechanisms producing these changes

will lead to improved treatment of endothelial dysfunction.
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There is considerable evidence that CPB leads to activation of complement,

neutrophils, monocytes, macrophages, platelets, and endothelial cells resulting in the

deterioration of pulmonary function. A better understanding of some of the

mechanisms that regulate the inflammatory response to CPB has already allowed the

development of several therapeutic strategies aiming the inhibition of the adverse

effect of inflammation. This study identified the role of reperfusion in the acute

pathogenesis of pulmonary endothelial dysfunction and characterized some of the

alterations in signal transduction pathway of endothelial cells of second degree

pulmonary artery. In fact some of the most significant findings of this study are that:

CPB without reperfusion does not cause a pulmonary arterial dysfunction,

reperfusion of the pulmonary arterial tree after CPB causes an alteration of the

endothelial cell vasorelaxations, and mechanical ventilation and NO inhalation during

CPB prevent the endothelial dysfunction of the pulmonary tree. Definite clinical

benefit has yet to be demonstrated but the results from this study are promising.

Hopefully, a deeper comprehension of the mechanisms involved in endothelial

dysfunction associated with CPB will result in improved management and treatment

of patients undergoing surgery using extracorporeal circulation.

u



71

n
SOURCES DOCUMENTAIRES

l. VanhoutteP. Sayî^O etET.JAutonNerv Syst.2000;SÏ:57ï-577.

2. Mombouli J, Vanhoutte P. Endothelial dysfunction: From physiology to

therapy. J Mol Cell Cardiol. 1999;31:218-229.

3. Gravlee G, Davis R, Utley J. Cardiopulmonary Bypass : Principles and

Practice. Baltimore: Williams & Wilkins; 1993.

4. Garcia JGN, Natarajan V. Signal Transduction in Pulmonary Endothelium:

implication for lung vascular dysfunction. Chest. 1992; 102:592-607.

5. Nyhan D, Gaines S, Haies M, Zanaboni P, Simon B, Berkowitz D, Flavahan

N. Pulmonary vascular endothelial responses are differentially modulated

after cardiopulmonary bypass. J Cardiovasc Pharmacol. 1999;34:518-525.

6. Serraf M, Robotin M, Bonnet N, Détruit H, Baudet B, Mazmanian M, Hervé

P, Planche C. Alteration of Neonatal Pulmonary Physiology after Total

Cardiopulmonary Bypass. J Thorac Cardiovasc Surg. 1997; 114:1061-1069.

7. Serraf A, Sellak H, Hervé P, Bonnet N, Robotin M, Détruit H, Baudet B,

Mazmanian G, Planche C. Vascular Endothelium Viability and Function after

Total Cardiopulmonary Bypass in Neonatal Piglets. AMJResp Crit Care

Med. 1999; 159:544-551.

8. Stewart D J. Endothelial Dysfunction in Pulmonary Vascular Disorders. Drug

Res. 1994;44:451-454.

9. Furchgott RF, Zawadzki JV. The obligatory role of the endothelial cells m

relaxation of arterial smooth muscle by acetylcholine. Nature. 1980:288:373-

376.



n

72

10. Ignarro L, Byms R, Wood K. Biochemical and pharmacological properties of

endothelium-derived relaxing factor and its similarity to nitric oxide radical.

In: PM Vanhoutte E, éd. Vasodilation: Vascular Smooth Muscle, Peptides,

Autonomie Nerves and Endothelium. New York: Raven Press; 1988:427-436.

11. Murad F, Waldman S, Molina C, Beimett B, Leitman D. Regulation and role

ofguanylate cyclase-cyclic GMP m vascular relaxation. Prog Clin Biol Res.

1987;249:65-76.

12. Vanhoutte P, Eber B. Endothelium-derived relaxing and contracting factors

(Relaxierende und kontrahierende Endothelfaktoren Wiener Klin

Wochenschrift). Wiener Klin Wochenschrift. 1991;14:405-411.

13. Ignarro L, Ross G, Tillisch J. Pharmacology of endothelium-derived nitric

oxide and nitrovasodilators. West J Med. 1991;154:51-62.

14. Lopez-Farre A, Rodriguez-Feo J, Miguel LSD, Rico L, Casado S. Role of

nitric oxide in the control ofapoptosis in the micro vasculature. Int J Biochem

CellBiol. 1998;30:1095-1106.

15. Haendeler J, Zeiher A, Dimmeler S. Nitric oxide and apoptosis. Vitamins

Hormones. 1999;57:49-77.

16. Wever R, Luscher T, Cosentino F, Rabelink T. Atherosclerosis and the two

faces ofendothelial nitric oxide synthase. Circulation. 1998;97:108-112.

17. Moncada S. Nitric oxide: discovery and impact on clinical medicine. J Roy

SocMed. 1999;92:164-169.

18. Harrison D. Cellular and molecular mechanisms of endothelial cell

dysfunction. J Clin Invest. 1997;100:2153-2157.

u



n

73

19. Vanhoutte P, Boulanger C, Illiano S, Nagao T, Vital M, Mombouli J.

Endothelium-dependent effects of converting-enzyme inhibitors. J Car Jfova^c

Pharmacol. 1993;22 (suppl. 5):S10-S16.

20. Busse R, Mulsch A, Fleming I, Hecker M. Mechanisms of nitric oxide release

from the vascular endothelium. Circulation. 1993;87:V18-25.

21. Gorren A, May er B. The versatile and complex enzymology of nitric oxide

synthase. Biochemistry Moscow. 1998;63:734-743.

22. Hemmens B, Mayer B. Enzymology ofnitric oxide synthases. Methods Mol

Biol. 1998; 100: l-32.

23. Carreras M, Poderoso J. Nitric oxide and nitric oxide synthase. In: Buenos

Aires: Laboratorio de Metabolismo del Oxigeno, Hospital deClinicas "José de

San Martin", Facultad de Medicina, Universidad de Buenos Aires.

24. Taylor B, Alarcon L, Billiar T. Inducible nitric oxide synthase in the liver:

regulation and function. Biochemistry Moscow. 1998;63:766-781.

25. Kone B. Localization and regulation of nitric oxide synthase isoforms in the

kidney. SeminNephrol. 1999;19:230-241.

26. Drexler H. Nitric oxide synthases in the failing human heart: a doubled-edge

sword? Circulation. 1999;99:2972-2975.

27. Huang P, Lo E. Genetic analysis of NOS isoforms using nNOS and eNOS

knockout animals. ProgBrainRes. 1998;118:13-25.

28. vanderVliet A, Eiserich J, Cross C. Nitric oxide: a pro-inflammatory mediator

in lung disease? Respir Res. 2000; 1:67-72.

29. Sanders D, Kelley T, Larson D. The role of nitric oxide synthase/nitric oxide

in vascular smooth muscle control. Perfusion. 2000; 15:97-104.



n

u

74

30. Griffith 0, Stuehr D. Nitric oxide synthases: properties and catalytic

mechanism. Annu Rev Physiol. 1995;57:707-736.

31. Kibbe M, Billiar T, Tzeng E. Inducible nitric oxide synthase and vascular

injury. Cardiovasc Res. 1999;43:650-657.

32. Yan Z, Hansson G. Overexpression ofinducible nitric oxide synthase by

neointimal smooth muscle cells. Circ Res. 1998;82:21-29.

33. Hansson G, Geng Y, Holm J, Hardhammar P, Wennmalm A, Jennische E.

Arterial smooth muscle cells express nitric oxide synthase in response to

endothelial injury. J Exp Med. 1994; 180:733-73 8.

34. Banning A, Groves P, Buttery L, Wharton J, Rutherford R, Black P, Winkler

F, Polak J, Lewis M, Drexler H. Reciprocal changes in endothelial and

inducible nitric oxide synthase expression following carotid angioplasty in the

pig. Atherosclerosis. 1999;145:17-32.

35. Shears L, Kawaharada N, Tzeng E, Billiar T, Watkins S, Kovesdi I, Lizonova

A, Pham S. Inducible nitric oxide synthase suppresses the development of

allograft ateriosclerosis. J C/w Invest. 1997;100:2035-2042.

36. Xia Y, Roman L, Masters B, Zweier J. Inducible nitric-oxide synthase

generates superoxide from the reductase domain. J Biol Chem.

1998;273:22635-22639.

37. Katzung B. The eicosanoids: prostaglandins, thromboxanes, leukotrienes &

related compound. In: Lange A, ed. Basic and clinical pharmacology.

Stamford: Prentice Hall International; 1998:305-306.

38. Lûscher T, Noll G. Endothelial dysfunction in the coronary circulation. J

Cardiovasc Pharmacol. 1994;24:S16-S26.



n

u

75

39. Vanhoutte P. The endothelium-modulator of vascular smooth-muscle tone. N

EngJMed. 1988;319:512-513.

40. Flavahan NA, Vanhoutte PM. G-Proteins and Endothelial Responses. Blood

Vessels. 1990;27:218-229.

4l. Perrault L, Bidouard J, Janiak P, Villeneuve N, Bruneval P, Vilaine J,

Vanhoutte P. Impairment of G-protein-mediated signal transduction in the

porcine coronary endothelium during rejection after heart transplantation.

Cardiovasc Res. 1999;43:457-470.

42. Lùscher TF, Vanhoutte PM. The endothelium: Modulator of cardiovascular

function. In: Press C, ed. Boca Raton, FL; 1990:1-228.

43. Fisslthaler B, Hinsch N, Chataigneau T, Popp R, Kiss L, Busse R, Fleming I.

Nifedipine increases cytochrome P4502C expression and endothelium-derived

hyperpolarizing factors and converting enzyme inhibition. Am J Cardiol.

1995;76:E3-E12.

44. Fleming I, Michaelis U, Bredenkotter D, Fisslthaler B, Dehghani F, Brandes

R, Busse R. Endothelium-derived hyperpolarizing factor synthase

(cytochrome P450 2C9) is a functionnally source of reactive oxygen species

in coronary arteries. Cire Res. 2001;88:44-51.

45. Sandera P, Hillinger S, Stammberger U, Schoedon G, Zalunardo M, Weder

W, Schmid R. 8-Br-Cyclic GMP given during reperfusion improves post-

transplant lung edema and free radical injury. The Journal of Heart and Lung

Transplantation. 2000; 19:173-178.

46. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayaschi M, Mitsui Y,

Yasaki Y, Goto K, Masaki T. A novel patent vasoconstrictor peptide produced

by vascular endothelial cells. Nature. 1988;332:411-415.



n

u

76

47. Fukuroda T, Kobayashi M, Ozaki S, Yano M, Miyauchi T, Onizuka M,

Shigishita Y, Goto K, Nishikibe M. Endothelin receptor subtypes in human

versus rabbit pulmonary arteries. J Appl Physiol. 1994;76:1976-1982.

48. Dupuis J, Goresky C, Fournier A. Pulmonary clearance of circulating

endothelin-1 in dogs in vivo: exclusive role ofETB receptors. JAppl Physiol.

1996;81:1510-1515.

49. Rubanyi G, PolokoffM. Endothelins: molecular biology, biochemistry,

pharmacology, physiology, and pathophysiology. Pharmcol Rev.

1994;46:325-415.

50. Masaki T. Possible rôle ofendothelin in endothelial regulation of vascular

tone. Ann Rev Pharmacol Toxicol. 1995;35:235-255.

51. Dupuis J. Endothelin receptor antagonists and their developing roel in

cardiovascular therapeutics. CanJCardiol. 2000; 16:903-910.

52. Goodwin A, Armani M, Gray C, Jayakumar J, Yacoub M. Role of

endogenous endothelin in the regulation of basal coronary tone in the rat. J

^^•o/.1998;511:549-557.

53. Buchan K, Magnusson H, Rabe K, Summer M, Watts I. Characterisation of

the endothelin receptor mediating contraction of human pulmonary artery

using BQ123 andRo-2295. Eur J Pharmacol. 1994;260:221-226.

54. McCulloch K, Docherty C, Morecroft I, Maclean M. Endothelin-B receptor-

mediated contraction in human pulmonary resistance arteries. Br J

Pharmacol. 1996;! 19:1125-1130.

55. Zamora M, Dempsey E, Walchak S, Stelzner T. BQ-123, and ETA receptor

antagonist, inhibits endothelin-1 mediated proliferation of human pulmonary

artery smooth muscle cells. Am J Respir Cell Moi Biol. 1993;9:429-433.



n

77

56. Zellers T, McCormick J, Wu Y. Interaction among ET-1, endothelium-derived

nitric oxide, and prostacyclin in pulmonary arteries and veins. Am JPhysiol.

1994;267:H139-H147.

57. Pueyo M, Michel J. Angiotensin II receptors in endothelial cells. Gen

Pharmacol. 1997;29:691-696.

58. Li P, Chappell M, Ferrario C, Brosnihan K. Angiotensin-(l-7) augments

bradykinin-induced vasodilation by competing with ACE and releasing nitric

oxide. Hypertension. 1997:29:394-400.

59. Griendling K, Ushio-Fukai M, Lassegue B, Alexander R. Angiotensin II

signaling in vascular smooth muscle: New concepts. Hypertension.

1997;29:213-239.

60. Wattanapitayakul S, Weinstein D, Holycross B, Bauer J. Endothelial

dysfunction and peroxinitrite formation are early events in angiotensin-

induced cardiovascular disorders. Faseb J. 2000;14:271-278.

61. Lùscher T. Endothelial dysfunction : The role and impact of the renin-

angiotensin system. Heart. 2000;84:i20-i22.

62. D'Acquisto F, Maiuri M, Cristofaro Fd, Carnuccio R. Nitric oxide prevents

inducible cyclooxygenase expression by inhibiting nuclear factor-kB and

nuclear factor interleukin-6 activation. Naunyn Schmiedebergs Arch

Pharmacol. 2001;364:157-165.

63. Weiss S, Young J, LoBuglio A, Slivka A. Rôle of hydrogen peroxide in

neutrophil-mediated destruction of cultured endothelial cells. J Clin Invest.

1981;68:714-721.

u



n

u

78

64. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent

hydroxyl radical production by peroxinitrite : Implications for the endothelial

injury from oxide and superoxide. Proc. Natl. Acad. Sci. USA 1990;87:1620-

1624.

65. Normandin L, Hervé P, Brink C, Chapelier A, Dartevelle P, Mazmanian G-M.

L-Arginine and Pentoxifylline Attenuate Endothelial Dysfunction After Lung

Reperfusion Injury in the Rabbit. Ann Thorac Surg. 1995;60:646-50.

66. Skepper J, Pierson R, Young K, Rees J, Powell J, Navaratnam V, Cary N,

Tew D, Bacon P, JWallwork, White D, Menon D. Cytochemical

demonstration of sites of hydrogen peroxide generation and increased vascular

permeability in isolated pig hearts after ischaemia and reperfusion. Microsc

Res Tech. 1998;42:369-385.

67. Touyz R. Molecular and cellular mechanisms regulating vascular function and

structure-Implications in the pathogenesis of hypertension. CanJCardiol.

2000;16:1137-1146.

68. Flavahan N, Vanhoutte P. Endothelial cell signaling and endothelial

dysfunction. Am J Hypertension. 1995;8:28S-41S.

69. Kirklin J, Barratt-Boyes B. Part I General Consideration: Ch 5 Postoperative

care. In: Terry D, ed. Cardiac surgery: morphology, diagnostic criteria,

natural history, techniques, results, and indications. New York: Churchill

Livingstone Inc; 1993:210-215.

70. Yang W, Block E. Effect ofhypoxia and reoxygenation on the formation and

release of reactive oxygen species by porcine pulmonary artery endothelial

ceUs.JCellPhysiol. 1995; 164:414-23.



n

u

79

71. Shafique T, Johnson R, Dai HB, Weintraub R, Selke F. Altered pulmonary

micro vascular reactivity after total cardiopulmonary bypass. Jthorac

cardiovasc surg. 1993;106:479-486.

72. Chai P, Williamson J, Lodge A, Daggett C, Scarborough J, Meliones J,

Cheifetz I, Jaggers J, Uderleider R. Effects of ischemia on pulmonary

dysfunction after cardiopulmonary bypass. Ann Thorac Surg. 1999;67:731-

735.

73. Bando K, Pillai R, Cameron D, Brawn J, Winkelstein J, Hutchins G, Reitz B,

Baumgartner W. Leukocyate depletion ameriolates free radical mediated lung

injury after cardiopulmonary bypass. JThorac Cardiovasc Surg. 1990;99:873-

877.

74. Friedman M, Wang S, Sellke F, Cohn W, Weintraub R, Johnson R. Neutrophil

adhesion blockade with NPC 15669 decreases pulmonary injury after total

cardiopulmonary bypass. J Thorac Cardiovasc Surg. 1996; 111 :460-468.

75. Carney D, Lutz C, Picone A, Gatto L, Ramamurthy N, Golub L, Simon S,

Searles B, Paskanik A, Snyder K, Finck C, Schiller H, Nieman G. Matrix

metalloproteinase inhibitor prevents acute lung injury after cardiopulmonary

bypass. Circulation. 1999;100:400-406.

76. Chenoweth D, Cooper S, Hugli T, Stewart R, Blackstone E, Kirklin J.

Complement activation during cardiopulmonary bypass: Evidence for

generation ofC3a and C5a anaphylatoxins. NEnglJMed. 1981;304:497-503.

77. Reeves J, Noonan J. Microarteriographic studies of primary pulmonary

hypertension. Arch Pathol. 1973;95:50-55.

78. Reid L. Structure and function in pulmonary hypertension: new perception.

Chest. 1986:88:279-288.



n

u

80

79. Higenbottom T. Pathophysiology of Pulmonary Hypertension: A role for

Endothelial Dysfunction. Chest. 1994; 105 No 2 supplement:7S-12S.

80. Paciocco G, Bossone E, Erba H, Rubenïïre M. Reversibel pulmonary

hypertension in POEMS syndrome-another etiology of triggered pulmonary

vasculopathy? CanJCardiol. 2000; 16:1007-1012.

81. Archer S, Rich S. Primary pulmonary hypertension. Circulation.

2000;102:2781-2791.

82. Stewart DJ. Clinical releveance of endothelial dysfunction in cardiovascular

disorders. M^ediators in the Cardiovascular System: Regional Ischemia.

1995:227-235.

83. Carville C, Raffestin B, Eddahibi S, Blouquit Y, Adnot S. Loss of

endothelium-dependent relaxation in proximal pulmonary arteries fi-om rats

exposed to chronic hypoxia: Effects of in vivo and in vitro supplementation

with L-argmiw. J Cardiovasc Pharmacol. 1993;22:889-896.

84. Frostell C, Blomqvist H, Hedenstierna G, Lundberg J, Zapol W. Inhaled nitric

oxide selectively reverses human hypoxic pulmonary vasoconstriction without

causing systemic vasodilation. Anesthesiology. 1993;78:427-435.

85. Snow D, Gray S, Ghosh S, Flaubert L, Oduro A, Higenbottam T, Wells F,

Latimer R. Inhaled nitric oxide in patients with normal and increased

pulmonary vascular resistance after cardiac surgery. Br JAnaesth.
1994;72:185-189.

86. Helmersen D, Ford G, Viner S, Auger W. POEMS syndrome: A due to

understanding primary pulmonary hypertension? A review of current insights

into the pathogenesis of primary pulmonary hypertension. CanJCardiol.
2000;16:975-981.



n

J

81

87. Moraes D, Colucci W, Givertz M. Secondary pulmonary hypertension in

chronic heart failure: The role of the endothelium in pathophysiology and

management. Circulation. 2000;102:1718-23.

88. Giaidi A, Saleh D. Reduced expression of endothelial nitric oxide synthase in

lungs of patients with pulmonary hypertension. Ne-w EnglJofMed.
1995;V333, N4:214-221.

89. Mora C, Guyton R, Rigatti R, Finlayson D. Cardiopulmonary bypass:

principles and techniques of extracorporeal circulation. New York: Springer-

Verlag; 1995.

90. Asimakopoulos G, Smith P, Ratnatunga C, Taylor K. Lung injury and acute

respiratory distress syndrome after cardiopulmonary bypass. Ann thorac surg.

1999;68:1107-1115.

91. Grossman W. Clinical measurment of vascular resistance and assessment of

vasodilator drugs. In: Grossman W, Bairn D, eds. Cardiac Catheterization,

Angiography, and Intervention. Philadelphia, Pa: Lea & Febiger; 1991:143-
151.

92. Harris P, Segel N, Bishop J. The relationship between pressure and flow in the

pulmonary circulation in normal subjects and in patients with chronic

bronchitis and mitral stenosis. Cardiovasc Res. 1968; 1:73-82.

93. Charms B, Brofman B, Elder J. Unilateral pulmonary artery occlusion in man:

studies inpatients with chronic pulmonary disease. J Thorac Surg.

1958;35:316-331.

94. Eppinger, Michael J. WPA, Jones Michael L., Boiling Steven F., and G.

Michael Deeb. Disparate Effects of Nitric Oxide on Lung Ischemia-

Reperfusion Injury. Annals ofThoracic Surgery. 1995;60:1169-1176.



82

n

u

95. Moncada S, Palmer R, Higgs E. Nitric oxide: physiology, pathophysiology,

and pharmacology. Pharmacol Rev. 1991;43:109-142.

96. Oka M, Ohnîshi M, Takahashi H, Soma S, Hasunuma K, Sato K, Kira S.

Altered vasoreactivity in lungs isolated from rats exposed to nitric oxide gas.

AmJPhysiol. 1996;271:L419-424.

97. Black S, Heidersbach R, McMullan D, Becker D, Johengen M, Fineman J.

Inhaled nitirc oxide inhibits NOS activity in lambs: potential mechanism for

rebound pulmonary hypertension. Am JPhysiol. 1999;277:H1849-1856.

98. Dotsch J, Demirakca S, ZepfK, Hanze J, Parida S, Rascher W. Recovery

from withdrawal of inhaled nitric oxide and kinetics of nitric oxide-induced

inhibition of nitric oxide synthase activity in vitro. Intensive Care Med.

2000:26:330-335.

99. Combes X, Mazmanian M, Gourlain H, Hervé P. Effect of 48 hours of nitric

oxide inhalation on pulmonary vasoreactivity in rats. AmJRespir Crit Care

Med.\991;\56 (2 ptl):473-477.

100. Richter J, Meisner H, Tassani P, Barankay A, Dietrich W, Braun S. Drew-

Anderson Technique Attenuates Systemic Inflammatory Response Syndrome

and Improves Respiratory Function After Coronary Artery Bypass Grafting.

Ann ThoracSurg. 2000;69:77-83.

101. Kirklin J, McGiffin D. Control of the inflammatory response in extended

myocardial preservation of the donor. 68. 1999;68:1978-1982.

102. Ratych R, Chuknyiska R, Bulkley G. The primary localization of free radical

generation after anoxia/reoxygenation in isolated endothelial cells. Surgery.
1987;102:122-131.



n

u

83

103. Seccombe J, SchaffH. Coronary Artery Endothelial Function After

Myocardial Ischemia and Reperfusion. Ann Thorac Surg. 1995;60:778-788.

104. Evora P, Pearson P, Schaff H. Impaired endothelium-dependent relaxation

after coronary reperfusion injury: evidence for G-protein dysfunction. Ann

ThoracSurg. 1994;57:1550-1556.

105. Becker P, Oearse D, Sylvester J. Effects of oxygen tension and glucose

concentration on ischémie injury in ventilated ferret lungs. J. Appl. Physiol.

1993;75:1233-1237.

106. Becker P, Buchanan W, Sylvester J. Protective effects of intravascular

pressure and nitric oxide in ischémie lung injury. JAppl Physiol.

1998;84:803-808.

107. Loeckinger A, Kleinsasser A, Lindner KH, Margreiter J, Keller C,

Hoermann C. Continuous positive airway pressure at 10 cm H(2)0 during

cardiopulmonary bypass improves postoperative gas exchange. Anesth Analg.

2000; 91:522-7.

108. McMullan D, Becker J, Parry A, Johengen M, Kon A, Heidersbach S, Black

S, Fineman J. Alterations in endogenous nitric oxide production after

cardiopulmonary bypass in labs with normal and increased pulmonary blood

flow. Circulation. 2000;102:III-172-III-178.

109. Monta K, Ihnken K, Buckberg GD, Sherman MP, Ignarro LJ. Pulmonary

Vasoconstriction Due to Impaires Nitric Oxide Production After

Cardioplumonary Bypass. Ann Thorac Surg. 1996;61:1775-1780.

110. Baysal A. Nitric oxide II: Therapeutic uses and clinical applications. Turk J

MedSci. 2002:32:1-6.



n

u

84

111. Tanita, Tatsuo SC, Kubo Hiroshi, Hoshikawa Yasushi, Ueda Shinsaku, and

shigefumi Fujimura. Superoxide Possibly Produced in Endothelial Cells

Mediates the Neutrophil-Induced Lung Injury. Annals ofThoracic Surgery.

2000;69:398-401.

112. Day R, Alien E, Witte M. A randomized, controlled study of the 1-hour and

24-hour effects of inhaled nitric oxide therapy in children with acute

hypoxemic respiratory failure. Chest. 1997;! 12:1324-1331.

113. Kinsella J, Abman S. Clinical approach to inhaled nitric oxide therapy in the

newborn with hypoxemia. JPediatr. 2000;136:717-726.

114. Demirakca S, Dotsch J, Knothe C, Magsaam J, Reiter I, Bauer J, Kuehl P.

Inhaled nitric oxide in neonatal and pédiatrie acute respiratory distress

syndrome: dose response, prolonged inhalation and weaning. Crit Care Med.

1996;24:1913-1919.

115. Turkoz R, Yorukoglu K, Akcay A, Yilik L, Baltalarli A, Karahan N, Adanir

T, Sagban M. The effect ofpentoxifylline on the lung during cardiopulmonary

bypass. Eur J Cardiothorac Surg. 1996;10:339-346.

116. Redmond J, Gillinov A, Stuart R, Zehr K, Winkelstein J, Herkowitz A,

Cameron D, Baumgartner W. Heparin-coated bypass circuits reduce

pulmonary injury. Ann Thorac Surg. 1993 ;56:474-478.

117. Mayers I, Hurst T, Johnson D, Cujec B, Ang L, Thomson D, Fox J, Blank G,

Saxena A, Richardson J. Anti-CD18 antibodies improve cardiac fimction

following cardiopulmonary bypass in dogs. J Crit Care. 1996; 11:189-196.

118. Evora P, Pearson P, SchaffH. Protamine Induces Endothelium-Dependent

Vasodilatation of the Pulmonary Artery. Ann Thorac Surg. 1995;60:405-410.








