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Nitric oxide, discovered in biological systems a little over a decade ago, continues to arouse 
intense interest among the community of life scientists. Not only can this biological mediator convey 
crucial signals which result in a wide spectrum of effects (vasodilatation, modulation of 
neurotransmission, host defense in the immune response), but also it is now clear that it may act as an 
important regulator of general cellular processes such as gene expression and mitochondrial function . 

NO is synthesized from the amino acid L-arginine through the action of a family of enzymes 
termed nitric oxide synthases (NOSs). Three main isoforms have been identified, two constitutive 
(nNOS and eNOS) and one inducible (iNOS), all sharing common functional and structural features. 
Two main domains may be distinguished in the NOSs: an N-tenninal oxygenase domain and a reductase 
domain, the latter highly resembling cytochrome P-450 reductase. The three-dimensional structure ofthe 
oxygenase domain from two of these isoforms (iNOS and eNOS) has recently been determined, 
providing important insight into structure-function relationships ofthe dimeric proteins and revealing the 
potential interaction between substrate and allosteric modulators within the oxygenase domain. Each 
isoform has a particular mode of regulation : while iNOS is mainly regulated at the leve! of transcription, 
nNOS and eNOS are regulated through posttranslational modifications and protein-protein interactions. 
In endothelial cells as well as in cardiac myocytes, eNOS myristoylation and palmitoylation serve to 
target the enzyme to the particulate subcellular fraction, where eNOS is localized in plasmalemmal 
caveolae. These are specialized cholesterol-rich invaginations of the plasma membrane, which associate 
with severa! signalling proteins. A structural protein of caveolae, caveolin, inhibits eNOS enzyme 
activity, and the inhibitory eNOS-caveolin complex is reversibly disrupted by calcium-calmodulin in a 
regulatory cycle modulated by G protein-coupled receptors. 

The so-called "constitutive" enzymes, eNOS and nNOS, can be transcriptionally or 
posttranscriptionally regulated by a variety of stimuli . Hypoxia, shear-stress and estrogens are among the 
stimuli capable of modulating eNOS mRNA ancl/or protein levels. Cyclosporin A (CsA), a calcineurin
inhibiting immunosuppresor, upregulates eNOS mRNA expression in endothelial cells by 
transcriptionally-dependent mechanisms. The protective role of NO against atherosclerosis can be 
improved by estradiol which, at physiological concentrations, increases eNOS expression in vivo. 

Pharmacological approaches to the study of the functions of NO have classically used NOS 
inhibitors, as well as NO donors. In recent years, altemative approaches are emerging which make use of 
genetic tools. Knockout mice for nNOS have unveiled the participation of this enzyme in the 
development of neurotoxicity after cerebral ischemia and in the motility of the gastrointestinal trae!. 
Studies in eN OS knockout mice are consisten! with a protective role of eN OS against increased intima! 
proliferation following vessel injury. This has significan! implications in atherosclerosis and makes eNOS 
an importan! target for gene therapy to restare endothelial generation ofNO. 

NO has long been recognized as a modulator of the immune response as it may behave as a 
regulator of the balance between Th 1 and Th2 responses in the immune system. In iNOS-deficient mi ce 
there is a predominance ofthe Th 1 response, as evidenced by an increased production oflL-12 and IFN
Y and decreased IL-4. In contras!, high amounts of NO down-regulate the generation of IL-12, thus 
reducing the Th 1 response. The role of NO on gene expression in cells treated with pro-inflammatory 
stimuli appears to be controversia!, since both positive and negative effects of NO have been 
encountered . Nitric oxide has been reported either to protect cells from apoptosis or to cause apoptotic 
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cell death depending on the target cells, the local concentration, and the relative amounts of other 
reactive species. 

ln the nervous system, NO has been implicated in numerous phenomena ranging from the acute 
regulation of neural function to the long term regulation of synaptic efficacy. Clearly cGMP is an 
imponant mediator of NO actions in the nervous system. However, after prolonged NMDA receptor 
stimulation, NO may be produced in excess and become toxic to neurons through mechanisms that 
appear to be cGMP-independent. NO may play also a role in ischemia-reperfusion neurotoxicity. Nitric 
oxide may modulate sensory-motor processing such as eye movement and also play imponant roles in 
the regulation of gastric function by acting on the central nervous system. 

When analyzing studies with NO donors severa! factors should be considered. Among the most 
critica! are the diversity ofthe pharmacological tools employed as donors ofNO and the highly variable 
rate of NO release by these compounds. Besides. it is possible that, in addition to NO, sorne of these 
substances favour the synthesis of other reactive intermediares. Among these is peroxynitrite (ONOO"). 
a highly toxic and reactive radical. which interferes with signa! transduction pathways and structural 
proteins by promoting the nitration of tyrosine residues. Genes conferring r~sistance to reactive nitrogen 
intermediates (RNl) have been recently characterized in M . tuberculosis and other species. One ofthese, 
encoding for alkylhydroperoxide reductase subunit C. seems to be the most widely distributed gene 
protecting cells directly from RNl and provides the tirst known enzymatic defense against an effective 
element of anti-tubercular immunity. 

Long term exposure to NO irreversibly inhibits mitochondrial complex l under conditions of low 
glutathione concentration. This inhibition may result from S-nitrosylation of critica! thiols in the enzyme 
complex since it can be reversed by exposing cells to high intensity light or by replenishment of 
intracellular reduced glutathione. Thus. although NO may regulate cell respiration physiologically by its 
action on complex IV, prolonged exposure to NO leads to persisten! inhibition of complex l and 
potentially to cell toxicity. 

Importan! progress has been made in the area of NO and human pathophysiology. Reduced NO
mediated dilatation has been reponed in patients with cardiovascular disorders including hypertension, 
diabetes and hypercholesterolemia. Although levels of NO are increased in hypotensive patients with 
septic shock and a NOS inhibitor, L-NMMA, may restare blood pressure, the mechanisms by which 
infection might alter NO generation and vascular response in humans are complex and await further 
research. NO has been shown to inhibit cell proliferation. However, the mechanisms by which this effect 
takes place are still obscure and seem to be cGMP-independent, at leas! in pan. N-hydroxyarginine • an 
intermediate in the NO synthesis pathway, might account for the antitumoral effects observed in a 
human colon carcinoma cell line. lt is al so possible that the inhibitory actions of NO on cell prolifera! ion 
are mediated by the inhibition of ornithine decarboxylase. 

NO is progressively being incorporated as a therapeutic tool. lnhaled NO is an effective therapy 
in neonates with puhnonary hypenension and patients with acule respiratory distress syndrome. Very 
recently, and through yet undetermined mechanisms, NO has been shown to improve sickling crises in 
patients with sickle cell anemia. 
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In summary. NO continues to be a fascinating biological mediator for which new biochemical 
roles. physiological functions and therapeutic applications are being unravelled day by day. This 
workshop showed that standardization of experimental design and of the use of NO donors as well as 
criteria for their employment are now necessary for val id interpretation of the huge amount of literature 
published in this field . As usual. The Centre for lnternational Workshops in Biology at the Fundación 
Juan March provided the perfect environment to foster scientific discussion. exchange of ideas and 
social interaction . 

Santiago Lamas and Salvador Moneada 
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DISCO VER Y OF THE L-ARGININE-NO PA THW A Y: 

BIOLOGICAL IMPLICATIONS 

S Moneada, Wolfson Institute for Biomedical Research, UCL 

The discovery in 1987 that endothelial cells release nitric oxide (NO) and the 

subsequent identification of its generation from the amino acid L-arginine revealed the 

existence of a ubiquitous biochemical pathway. NO is formed by a family of enzymes, the 

NO synthases, and plays a role in many physiological functions. Its formation in vascular 

endothelial ce lis maintains a vasodilator tone that is essential for the regulation of blood flow 

and pressure. NO produced by the endothelium and/or platelets also inhibits platelet 

aggregation and adbesion, inhibits leukocyte adbesion and modulates smooth muscle cell 

proliferation. Thus NO plays a role as a homeostatic regulator of vessel wall functions and a 

decrease in its synthesis or actions contributes to the development of sorne vascular 

pathologies {l ). 

NO is also synthesized in neurons of the central nervous system, where it acts as a 

neuromediator with severa! physiological functions, including the formation of memory, 

coordination between neuronal activity and blood flow, and modulation of pain (2). In the 

peripheral nervous system, NO is now known to be the mediator released by a widespread 

network of nerves, previously recognized as nonadrenergic and noncholinergic. These nerves 

mediate sorne forms of neurogenic vasodilation and regulate certain gastrointestinal, 

respiratory and genitourinary functions. Al! these physiological actions of NO are mediated 

by activation ofthe soluble guanylate cyclase and consequent increase in the concentration of 

cyclic guanosine monophosphate in target cells. 

In addition, NO is generated in large quantities during host defense and 

immunological reactions (3). Such generation of NO was first observed m activated 
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macrophages, where it contributes to their cytotoxicity against tumor cells, bacteria, viruses 

and other invading microorganisrns. When NO is released in this way it contributes to the 

development of certain pathologies, including septic shock and sorne forrns of acute and 

chronic inflamrnation. Thus NO is a physiologieal mediator which, when released in large 

quantities for long periods, acts as a defense mechanism and may be involved in 

pathophysiology including tissue damage. 

One of the ways in which NO may be transformed from a physiologieal mediator to a 

pathophysiologieal entity may be through the actions it has on mitochondrial function. It has 

been established recently in our laboratory that at low physiologieal concentrations NO 

inhibits cytokine e oxidase in a reversible manner which is competitive with oxygen. At 

higher concentrations it persistently inhibits other enzymes in the respiratory cycle, either 

directly or through the interactions with superoxide anion leading to the generation of 

peroxynitrite (4). The way in which these interactions take place will be discussed in detaiL 

References 

l. Moneada, S. and Higgs, E.A. (1995). Molecular mechanisms and therapeutic 

strategies related to nitric oxide. FASEB J. 9, 1319-1330. 

2. Garthwaite, J. (1991). Glutamate, nitric oxide and cell-cell signalling in the nervous 

system. Trends Neurosci., 14, 60-67. 

3. Nathan, C.F. and Hibbs, J.B. Jr. (1991). Role ofnitric oxide synthase in macrophage 

antimicrobial activity. Curr. Opin. ImrnunoL, 3, 65-70. 

4. Clementi, E., Brown, G.C., Feelisch, M. and Moneada, S. (1998). Persistent 

inhibition of cell respiration by nitric oxide: crucial role of S-nitrosylation of 

mitochondrial complex 1 and protective action of glutathione. Proc. NatL Aead. Sci., 

in press. 
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Unlque Structural Aspects of Nltrlc Oxide Synthasea Which Determine 
FunctJonallty 
"Masters. B.S.S., "Martasek, P., *Roman; L.JG *Miller, R.T., "Nishi(Tlura, J.S., tsessa, 
w.c., *Gross, s.s., §Reman, C.S., 6u, H., and Poulos, T.J. . 
"Unlverslty of Texas Health Science Center at San Antonio; tyale \Jniversity; tcornell 
University Medical College; 5university of Callfomla-lrvlne 

The isoforms of nitric oxide synthase are known as neuronal (nNOS), lnduclble (INOS), 
and endothellal (aNOS) and are encoded by distinct genes. Not only do they differ in 
molecular weight, with the nNOS being the largest, but the functloris of thelr common 
product, NO•, also differ. Since all three lsoforms utlllze L-arglnlne· (L-Arg) to produce 
L-citrulline (L-Git) and NO·, understandlng those propertles w~lch determine the 
localization and function of these enzymes ls lmportant. We have expressed larga 
quantities of all three isoforms in E. co/í in order to study their structure-functlon 
relatíonships. The producf.ion of modules containlng only heme, flavtn, or blndlng slte(s) 
for tetrahydrobiopterin (Bf-4) and/or other cofactors has permitted the localizatlon of 
their binding, determlnatlon of spectroscoplc and bindlng parame(ers, and effects of 
cofactors on 0 2 reduction. Characterization of the cystelne331alanine (C331A) mutant 
of nNOS has revealed a protein wíth altered binding characteristics:for L-Arg and BH4. 

This mutant and a flavoprotein construct derivad from nNOS: showed that the 
flavoprotein domain is necessary and sufficient for superoxide anipn production frorn 
this isoform. The inactíve, isolated C331A nNOS mutant, after overrilght lncubatlon wlth 
high concentrations of L-Arg and BH4, ls converted to a fully active enzyme with a 
tumover number equal to that of the wlld type enzyme. A calmodulin-minus mutant of 
eNOS has been expressed and both intact and heme domaln constructs have been 
puñfied in large quantities. These and other mutants and modules have been 
examined by crystallographlc methods leadlng to hlgh resolutlon s(ructural information 
regarding the binding sites for the varlous cofactors bound in the 9xygenase domaln. 
[Supported by NIH Grants GMS2419 and HL30050 and Robert A. Wetch Foundation 
grant AQ-1192 to BSSM.] 
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Binding pro11crtics of neuronal Nitric Oxide Synthasc to thc dyncin light chain PIN. Ignacio 
Rodríguez-Crespo & Paul R. Ortiz de Montellano ~ . Departamento de Bioquínúca y Biología Molecular l. 
Facultad de Ciencias Químicas. Universidad Complutense de Madrid y ~ Dept. Pharmaceutical Chemistry. 
University of California. San Francisco, USA. 

PIN (Protein /nhibitor of nNOS) is a small polypeptide of 89 amino acids that was 
initially fished using the yeast two-hybrid system, and hence defined as an interacting protein of 
the neuronal nitric oxide synthase (Jaffrey, S. R. & Snyder, S. H. Science 1996, 274, 774-778). 
In this first report, PIN inhibited nNOS selectively, being unable to bind or interact with neither 
the endothelial nor inducible isoforrns. Since nNOS is only active in its dimeric form, PlN 
inhibition was achieved by promoting the monomerization of the enzyme. The effect of PlN on 
nNOS could not be reversed neither by L-Arg nor by tetrahydrobiopterin (BH4). 

Subsequently, PIN was identified as a dynein light chain (King et al., 1996, JBC, 271 , 
19358-19366), opening the possibility of PlN acting as a transport protein of nNOS along the 
axon. In order to characterize the interaction between PlN and nNOS we have synthesized the 
PIN cDNA by recursive PCR optimizing at the same time the codon usage, expressing it 
afterv.-ards in a pET vector in Escherichia coli. We have also expressed in E. coli the nNOS 
fragment known to bind to PlN (residues 163-245). We have studied the interaction between 
PlN and full-length nNOS as well as the interaction between PlN and this fragment of nNOS 
that was proposed to be the binding site for PlN according to the yeast two-hybrid system . 
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Genes From Bacterial Pathogens that Confer Resistance to Reactive Nitrogen and Oxygen 
Intermedia tes. Carl Nathan, M. D. Comell University Medical College, New York, NY 10021 . 

Mycobacterium tuberculosis (Mtb) is the single leading cause of death from infectious disease. 
The high-output pathway of NO production is an indispensable element of host defense against 
tuberculosis (TB) in mice. The catalyst of this pathway, inducible NO synthase (iN OS), is also 
present in alveolar macrophages from people with TB and can control mycobacterial replication 
in human alveolar macrophages. These findings direct our attention to genes in Mtb that may 
confer resistance to reactive nitrogen intermediates (RNI) alone or along with reactive oxygen 
intermediates (ROl). Three such genes have been cloned, NOXR (nitrogen QXides and QXygen 
intermediates resistance)-J, -2 and -3. All confer protection against S-nitrosoglutathione (GSNO) 
and H20 2, and two confer protection against acidified nitrite, upon expression in Salmonella 
typhimurium (Sty), E. coli and/or Mycobacterium smegmatis (Msm). NOXRI is a novel 15.5-
kDa protein containing 4 Cys, encoded by a gene apparently confined to members of the Mtb 
complex. Expressed in Msm, NOXRI confers resistance to killing by macrophages from mice 
that are wild type, deficient in iNOS, or deficient in the respiratory burst oxidase!. NOXR2 is 
homologous to subunit C of a two-component enzyme, alkylhydroperoxide reductase. Sty 
disrupted in ahpC become hypersusceptible to GSNO and acidified nitrite as well as 
alkylperoxides. ahpC from either Mtb or Sty fully complements the defect in resistance to RNI, 
but Mtb ahpC only partially complements the defect in resistance to ROL Unlike protection 
against ROl, protection afforded by AhpC against RNI is independent of AhpF, the flavoprotein 
subunit of alkylhydroperoxide reductase. Expressed in human cells, Mtb ahpC protects against 
necrosis and apoptosis caused by RNI delivered exogenously or produced endogenously by 
transfected iN OS. Resistance to RNI appears to be a physiologic function of ahpC. ahpC appears 
to be the most widely distributed gene known that protects cells directly from RNI, and provides 
the first known enzymatic defense against an effective element of anti-tubercular immunity2. 
NOXR3 is a small, novel protein encoded by a sequence so far found only in the Mtb database. 
NOXR3 protects Sty from GSNO and H202 but minimally from acidified nitrite. This suggests 
that acidified nitrite has bactericidal actions independent of its formation of GSNO, a point 
reinforced by the absence of glutathione from mycobacteria, which are susceptible to acidified 
nitrite3. These findings ha ve several implications: Mtb whose NOXRs ha ve been inhibited may 
be more readily killed when exposed to RNI or ROl generated by the host's immune system or 
delivered as therapeutics. Divergent fates of mammalian cells exposed to RNIIROI may reflect 
differential expression of endogenous genes homologous to NOXRs, such as peroxiredoxins, 
whose inhibition or induction may permit regulation of apoptosis and inflammation. 

l. Ehrt, S., M. S. Shiloh, J. Ruan, M. Choi, S. Gunzburg, C. Nathan, Q. Xie and L. Riley. An 
antioxidant gene from Mycobacterium tuberculosis. J . Exp. Med. 186, 1885-1896, 1997. 

2. Chen, L., Q. Xie and C. Nathan. Alkylhydroperoxide reductase subunit C (AhpC) protects 
bacteria! and human cells against reactive nitrogen intermediates. Molecular Cell. In press, 1998. 

3. Ruan, J., G. St. John, S. Ehrt, L. Riley and C. Nathan. Manuscript in preparation . 
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Regulation and Function of eN OS 

Thomas Michel, Cardiovascular Division, Brigham and Women's Hospital, 
Harvard Medica! School, Boston, MA 

Blood pressure homeostasis and platelet aggregation are influenced by nitric 
oxide (NO) generated by the endothelial isoform of NO synthase (eN OS) 
expressed in the vascular endothelium. eNOS is also expressed in cardiac 
myocytes, and importantly modulates the hormonal regulation of myocardial 
function. eNOS, a calcium-calmodulin dependent enzyme, is activated by a 
variety of G-protein coupled cell surface receptors and by hemodynamic shear 
stress. The eNOS protein undergoes a complex series of covalent 
modifications, including N-terminal myristoylation, reversible 
thiopalmitoylation, and phosphorylation 1• In endothelial cells as well as in 
cardiac myocytes, eNOS myristoylation and palmitoylation serve lo target the 
enzyme to the particulate subcellular fraction, where eNOS is localized in 
plasmalemmal caveolae. Cellular imaging studies reveal that eNOS undergoes 
dynamic agonist-dependent translocation from plasmalemmal caveolae to 
intracellular sites in response to receptor activation. Caveolae are specia.Iized 
cholesterol-rich invaginations ofthe plasma membrane, and may serve as sites 
for lhe sequestration of diverse signaling proteins, including receptors, G
proteins, and protein kinases. The distinct lipid composition of caveolae 
provides a potential point for the concerted derangement of vascular signaling 
by alterations in cellular lipids. eNOS undergoes dynamically regulated 
interactions with the essential structural protein of caveolae, tenned caveolin; 
the fact that distinct caveolin isofonns are expressed in cardiac myocytes and 
endothelial cells provides another potential point ofregulation. Caveolin inb.I.bits 
eNOS enzyme activity, and the inhibitory eNOS-caveolin complex is reversibly 
disrupted by calciwn-calmodulin in a regulatory cycle modulated by G protein
coupled receptors2

. The diverse biological roles subserved by eNOS expressed 
in different tissues likely reflect important differences in cell-specific regul~J:íl 
ofthis key signaling protein, mediated, at least in part, by cell-specific :pro:t-eÍLb 
protein interactions. '''.:' ' :r1 

~ '. , 'i. 
References .t'.: ·: ;·, 
Michel T an~ Feron O. Nitric oxide synthases: which, where, why, a¡t~ 1 h~f\ , 
Journal of Chnical Investigation, 1997, 100: 2146-2152. ,¡ .• , ._. - ~, 

... 1, 1: · 1:. 
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Modulation ~f the eNOS-cavc:olín íntecaction in cardiac myocytcs: implications for 

the autonomic regulation of heart rate. 

fr[Qn.....Q._ •. Dessy C . .-. Opel D .. Arstall M, Kelly RA. & Michel T. *Laboratory of 

l'hannacotherapy. School of Mf'dicine, University of Louvain, Bntsssels, Belgium and 

Cardiovascular Divisinn. Deparur.ent of Medicine. Brigharn and Women's Hospital and Harvard 

Medica! School. Boston. USA. 

The endothelial isoform <)f nitric oxide synthase (eNOSl was originally isolated and 

characterized in vascul<!r endothelium but is now known to be exprcsscd in numerous cell types 

including cardiac myoeytes. e NOS is an enzyme acylated by the fatty acids myri!.'tatc and pahnitatc 

and is therehy targeted to plasmalemmal signal·transducing microdomains tenned cavcolae, whert' 

the enzyme is quantitativ!'ly associated with cavcolin, thc stntctural protein of caveolae. In thesc 

~tudies, we havl~ characterized m:rocytcs isolatcd from gcnc-targcted homozygous ''knock -out" 

miee in which the eNOS gen~ lwd be-en inactivated. Neonatal cardiac myoc)1es from thcsc cNOS

dcficient mice ~ - ere trar:sfected with cDNA constructs cncoding wild-type (WTI eNOS or <~ 

myristoylation-ddicient (myr·l eNOS mutant. Following transfection of thcsc cardiac myocytes. 

we found that the \VT e NOS was tnrgcted to plasmalemmal cavoolae, but that thc my1·- protcin was 

exprcssed exclusively in the cytowlic compartment. Wc nc>..1 isolated the transfected myoq1es 

frum non-transfected ccll~ using a magnetic bead selection system; these isolatcd cclls startcd to 

hcat spontaneously ~24 h after sela1ion. In myocytes cxpressing the transfected \Vf eNOS. '-''C 

found that the muscarinic cholinergic agonist carbachol evoked a markcd negativc chronc•Uopic 

effect, accomp~nied hy a 4-fold elevation in the rnyocyte cGMP Jevel; these effects of carhachol 

parallel those st-c::n in cardiac m:¡ocytes isolated from wild-typc mice (which expa~ss eNOS 

endogenouslyl. By contrast. after transfection of the myr- eNOS mutant into the cNOS "knock

out" cardiac myocytes, l'1lrbachol failed to exert any negntive chronotropic effect whatsocvcr: 

importantly, there was also no agc.nist-induced increase in myocyte cGMP levels. \Ve have next 

vscd a reversible penneabilization protocol to load intact nconatal rat myocytes with a synthctic 

~ligopcptide corresponding to the caveolin-3 scaffolding doma in (CavJl. This peptide (1 O ¡..tM) 

CC!llnp~ctc!Y abrogated thc cnrbnc'1ol-cvokcd dccrcasc in spontaneous beating rate of isolated 

myocyte.~; a c'ontml scr:.tmhlerl peptidc (Cav3XI did not significantly change the bcating rátC. Agnin 

thcrc wos o pcrfect corrdution with cGMP measuremems: Cav3 peptidt completely blocked the 

~~rbachol-induCt~d elevation of cGMP leve! but the control Cav3X did not alter the agonist-evoked 

¡i, ¿'~,r~~e - Óf cGMP. Our results therefore confinn the obligatory role of eNOS in coupling 

muscarinic ree<•ptor acrivation to cGMP-dependent control of cardiac contraction , nnd dcmonstratt

t\l,a!¡9}) c _ av ~ olin-3/eNOS inrcraction regulates the parasympathic control of hean ratc. thcrcby 

<~Q9!•mentin _g for the first time the key role of eNOS ca\'colar location and caveolin interactions in 

the modulation of myocy¡e function. 
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Modulatiou of eN OS cxpression in cndothclial dysfunction. 
Santiago Lamas, Javier Navarro-Antolín, Octavio Hemández-Perera, Rafael Sánchez-Pascuala and 
Dolores Pérez-Sala. 
Centro de Investigaciones Biológicas (CSIC), Instituto Reina Sofia de Investigaciones Nefrológicas 
(lRSIN), Madrid, Spain. 

In recen! years endothclial dysfunction has evolved as a concept relatcd to the abnormal 
paracrine regulation of vascular tone. Severa! pathological conditions induding hypertension, 
atherosderosis, diabetes, vasculitides, hemolytic-microangiopathic syndromes and sickle cell disease 
have been associated with this general perturbation. AJthough it is dear that many regulatory functions 
of the endothelium such as the metabolism of lipoproteins, thrombogenicity and adhesion are altered in 
these conditions. a common comerstone in all of them is an abnormal capacity of vessels to adequately 
relax in response to endothelial-mediated agonists. Central to this observation is a dysfunction of the L
arginine-nitric oxide (NO)-cGMP pathway. The complexity of this system has fostered research 
uncovering alterations in almost every regulatory step of the pathway. Potential modifications in the 
expression, function or structure of endothelial nitric oxide synthase (eNOS) may lead to severe 
derangements in endothelial function. lnitially considered a constitutive enzyme with complex 
posttranslational modifications, it is now dear that regulation of eNOS expression is atfected by severa! 
experimental and pathological conditions. Hypoxia, shear-stress and estrogens are among stimuli capable 
ofmodulating eNOS mRNA and/or protein.levels. In our laboratory we have studied the modulation of 
eNOS expression in endothelial cells in culture in response to two agents implied in endothelial 
dysfunction in in vivo models: oxidized LDL (oxLDL) and Cyclosporin A (CsA). oxLDL was able to 
induce adose and time-<lependent decrement of eNOS mRNA and protein levels. Ofinterest two HMG
CoA reductase inhibitors, Atorvastatin and Simvastatin, were able to reverse tlüs etfect. These drugs 
also decreased the expression of another powerful vascular constrictor, pre-proendothelin l. These 
observations support the hypothesis derived from clinical studies regarding the capacity of these drugs 
to improve endothelial function, possibly with independence of their cholesterol-lowering action. 

CsA and FK-506, two .calcineurin inhibiting immunosuppressors, unexpectedly increased 2-3 fold 
eNOS mRNA and protein levels both in bovine and human endothelial cells. Tlüs etfect takes place 
mainly at the leve! of transcription a.S revealed by studies with inhibitors of total RNA synthesis. 
Transfection experiments using luciferase reporter assays showed that CsA augments eNOS promoter 
activity 2-fold. Using two redox-sensitive fluorescent probes, DHRI23 and H2DCFDA.. we observed 
that CsA increased the synthesis of reactive oxygen species (ROS). ROS generating systerns 
(xanthineixanthine oxidase and glucose oxidase) were able to rnirnic CsA-mediated changeS on eNOS 
expression and two antioxidants (catalase and superoxide dismutase) but not PDTC blunted tlüs effect. 
Electrophoretic mobility slüft assays revealed that both CsA and glucose oxidase were able to increase 

. AP-1 binding activity. Thus CsA may modulate eNOS expression at least in part through the synthesis of 
ROS and the redox-sensitive transcription fuctor AP-1. Current studies are devoted to understand the 
role ofthis factor in the upregulation of eNOS expression at the promoter leve\, as well as to dissect the 
signalling pathways triggered by calcineurin-sensitive transcription factors such as NF-AT in endothelial 
cells. Hence, regulation of eNOS expression by drugs may serve as a model to unveil the existence of 
complex signalling cascades, potentially related to the mechanisms underlying endothelial dysfunction. 

L D .G . lb.nison.. Ccllulu aAd moloculumoch..anlsms ofcndo<helial c:dl dys(uoct.ion.. Joumi i ofOiniallnvestig.alioo 100: 21 53·21 57. 1997. 
2. S. t....órez-Ougil. M .S aura.. M. Rodrigucz· l'uyol O. Rodricuez-Puyol and S.Umu. Recui.J.lioo of endo<hd i.a.l nitric oxide syntJuse CqN"cssion by cydos:pocin A 
aortfccndo(J.e(i.al cd l<. Amcrian Jounu.l o f M• ~ I ocr2 71 : IH072-HI078. 1996. 
:l. S . l..ó(l<:z.·Oncil . S . O. lfcmindcz...floercn.., J.N.2w.rro-An<ofin. G. réra: de l...cnu.. M. Rodricuc.z ru yol. S. Umu. O.Rodricua -ruyot.Rok of ~eact i vc o xyr 
~ &n thc sietu.ll~ a.scadc o( cyc:tospocin A-cnc-cii.a.lcd U(H·cgul2tion of cNOS in v.a.sc:ulu Uldot.hd i.a.l ccUs .. Ckitlsf1 Joum.al o( Nunu.2c:oloty (Ül (K"CSS). 199!: 
<C . O. ltcmindcz...floercn... O. rb-a:-S.a.b .. J. Navarro-Antolén, R. Sánchcz...flascuab .• G.Hcmándcz:., C.Oéu., S.Latna... ... Etrcds ofthc 3 -Hydtoxy-3-mc:thyigluwyt..C· 
n:dueusc inhii.Hton. AlocvasWin and Sim~t i n. on dtc: CKp"CSSion of mdo<hdUt-1 and cndo<hd ial nivic oJC.idc synduse &n va...<OJI.2.r c:ndodtdial c:dls.. Joumal 
OinicallnYCS(ic-'tion (in rw-css). t 998. 
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Genctic analysis of NOS isoforms.in physiology and pathology using NOS mutant 
animals 

Paul Huang 

A genetic approach, using mutant animals that lack the ·genes for nitric oxide 
synthases (NOS) or those that overexpress NOS isoforms, complements the pharmacologic 
approach ofusing NOS inhibitors. This talk will review how these NOS knockout and 
overexpressing núce have been useful to reveal importan! functions ofNO in physiology and 
pathology. 

Neuronal NOS knockout mice display grossly enlarged stomachs, and parallel the 
human disorder infantile pyloric stenosis. This phenotype underscores the importance of 
neuronal NO lo gastrointestinal motility. The neuroanatomy of these animals is normal, 
demonstrating that nNOS is not required for grossly normal development of the nervous 
system, including cortical wlúsker barreis. The nNOS mutant mice are resistan! to both focal 
and global cerebral ischenúa, providing evidence that the nNOS isoform contributes to 
neurotoxicity following ischenúa. They also demonstrate severa! important examples of 
physiologic compensation for absence ofthe nNOS gene, in their cerebral blood flow 
response to whisker stimulation, blood flow response to hypercapnia, and nociception. 

Endothelial NOS knockout núce lack endothelium~erived relaxing factor (EDRF) 
activity, proving that the eNOS gene is required to generate EDRF. The eNOS mutant 
núce are hypertensive compared to wild-type animals. In studies of cerebral ischenúa, eNOS 
mutant núce develop larger infarcts and more severe neurologic deficits than wild-type 
animals, indicating that preservation of eNOS activity is irnportant to maintain blood flow in 
borderline ischenúc zones. The eNOS mutant mice develop increased intimal proliferation 
following vessel injury, suggesting that eNOS normally suppresses such responses. These 
findings ha ve irnplications for patients at risk for atherosclerotic disease, and form the basis 
for attempts to restore endothelial function and NO production by dietary supplementation 
with arginine, hormonal manipulation, or gene therapy. eNOS mutant mice also display 
increased inotropic responses to adrenergic agonists, consisten! with a role for NO in 
modulating these responses. 

eN OS and nNOS mutant mi ce respond differently to stimulation of neurotransnútter 
release in microdialysis studies, indicating the separate populations of neurons may use each 
NOS isoform to mediate transnútter release. Combined mutant anima1s that lack both nNOS 
and eNOS display abnormalities in long-term potentiation, a model for learning and memory. 
The mutant animals clañty sorne aspects ofNOS isoform substitution and localization in 
long-term potentiation. 

References: 
l. Huang PL, Dawson TM. Bredt D, Snyder SH, Fislunan MC. Targeted disruption ofthe 

neuronal nitñc oxide synthase gene. Ce/11993 ; 75: 1273-1286. 
2. Huang PL, Huang Z, Maslúmo H, Bloch KD, Moskowitz MA, Bevan JA, Fishman MC. 

Hypertension in mice lacking the gene for endothelial nitric oxide synthase. Nature 1995; 
377: 239-242. 

3. Huang PL. and Fishman MC. Genetic analysis of nitñc oxide synthase isoforms: targeted 
mutation in mi ce. J Mol Med 1996; 74: 415-421. 

4. Moroi M. Zhang L, Yasuda T, Virmani R, Gold,in<, Fishman MC, Huang PL. 
Interaction of genetic deficiency of endothelial nitric oxide, gender, and pregnancy in 
vascular response to injury in mice. J Clin lnvest 1998, in press. 
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MODULATORY ROLES OF TETRAHYDROBlOPTERIN AND NITRICOXIDE 
ON GENE EXPRESSION IN MESANGIAL AND ENDOTHELIAL CELLS 

Dolores Pén-2:-Sala, Manuela Díaz-Cazorla, Javier Navarro-Antolín, Marta Saura and 
Santiago Lamas 
Centro de Investigaciones Biológicas, C.S.I.C. and Instituto Reina Sofía de 
Investigaciones Nefrológica.s, Velá.zquez, 144, 28006 Madrid, Spain 

Nitric oxide synthase (NOS) enzymes require severa! cofactors for catalytic 
activity. The role of the pterin cofactor, tetrahydrobiopterin (BH~). has been elusive for 
sorne time. 1t seems now clear that BIJ. plays a crucial role in the interaction between 
NOS subunits and in the formation of the active site. The inducible isoform of NOS 
(iNOS) is expressed in response to pro-inflammatory stimuli in many cell types, 
including macrophages, hepatocytes, and smooth muscle and mesangial cells. The 
expression of iNOS and of BH~ biosynthetic enzymes appears to be regulated 
coordinately. Tlús ensures an adequate supply of the pterin cofactor for the newly 
synthesized NOS enzyme. We have observed that the biosynthesis of BH~ is a limiting 
process for cytokine-induced NO generation in human mesangial cells (HMC). In 
addition, BH4 availability plays a modulatory role in iNOS mRNA and protein 
expression. Inhibition of de novo synthesis of BH4 results in reduced iN OS expression 
in response to cytokine stimulation, wlúle, increasing intracellular BH4 levels by treatment 
with the BIJ. donor sepiapterin, clearly potentiates iN OS induction, in part, dueto iN OS 
mRNA stabilization. The modulatory effect of BIJ. is not restricted to iN OS induction, 
since it also affects the expression of other pro-inflammatory proteins, such as the 
inducible cyclooxygenase (COX-2), wlúch is involved in the overproduction of 
prostanoids associated with many inflammatory situations. 

The mechanisms by wlúch B~ exerts these effects may be multiple. BH~ 
supplementation leads to improved generation of NO, wlúch is in tum a powerful 
modulator of gene expression. lt has been shown that NO is able to influence gene 
transcription and mRNA stability either positively or negatively depending on the gene 
and the cell type under study. We have observed that endogenous generation of NO 
during HMC activation is important for both iNOS and COX-2 expression. However, 
studies with NO donors have revealed that NO can also contribute to limit iNOS and 
COX-2 induction in HMC by negative feedback mechanisms wlúch involve the 
expression of IKBa. In addition, BH. may modulate mesangial cell responses to pro
inflammatory stimuli by mechanisms apparently not related to its role as a cofactor for 
NOS. On one hand, BIJ. can modify the tyrosine phosphorylation of severa! cellular 
proteins, as an early event in mesangial cell activation. On the other hand, BH4 can 
modulate the generation of reactive oxygen species (ROS) in mesangial or endothelial 
cells. Supplementing these cells with BH. or sepiapterin leads to a decrease in the 
detectionofROS in response to various stimul~ including cytokines and cyclosporine A. 
Beyond its role in the regulation of NOS catalytic activity, BH4 may have broader 
implications in gene expression, specially in pro-inflammatory contexts. 

Refcratces 
Kaufirun. S. ( 1993)Ann.l<<v. Nutr. 13, 26 1-286 
Moncada,S. &. Higgs. A(I993)N<w Engl J.M<d. 329, 2002-2012. 
Mayor, B. &. Waner, E.R. (1994)Adv. Pharmaco/. 34, 251-26 1 
Nalhan, C., & Xic, Q-W. ( 1994)1. BloL Ch<m. 269. 13725-13728 
Pcng. H.B, L.ibby, P. &. Liao, J.K. (1 995)1. BioL Chem. 270, 

1421 4-14219 
MOhl, l!. &. Preilschiftcr, J. (1995) J. C/in. ln....n. 95. 1941-1946 

Te<suk&, T, Daplva-lkcn, D., Millcr, B.W, Guan, Z., Baicr, L, 
& Monison, A.R. (1996) J. C/in. /nvut. 97, 2051 -2056 

Hobbs, AJ. &. [¡¡narro,LJ.(I996)M<thods EnrymoL 2 6 9,134-1~ 8 

Saura, M, Péra.Sala, D, Callada, FJ. and Lamas, S. (1996)1. 
BioL Ch<m. 271. 14290-14295 

P« cz.Sala, D .• Diaz-Cazorla, M .• Ros. J .• Jiméncz, W. and 
U...as. S (1997) Bioch<m. Biophys. Res. Commun. 24 1. 7-12 · 

Cu ne, B.R., Atva ~ AS, Ghosh. D.K.. Wu. C .• GciZ.on: E. D .• 
Stuchr, D.J ., &. T&ine<. J.A ( 1998) Scicnc< 279, 21 2 1-2126 

Instituto Juan March (Madrid)



\,i 

e 
rt r. 

Chair: Juan V. Esplugues 

Instituto Juan March (Madrid)



33 

Gene Thecapy Using Human Jnducible NO Synthase to Prevent Intima! Hyperplasia 

Timothy R. Billiar, University ofPittsburgh 

Nitric oxide (NO)has been shown to intimal hyperplasia in severa! models. In arder to 

exploit the beneficia! effects ofNO to prevent restenosis, it is necessary to find a method to 

deliver NO to the site of vascular injwy. Gene therapy using the human inducible NO synthase 

(iNOS) is a fe&SJ.olc approa.ch. We have carried out expeómenl~ using an adenoviral vector 

carrying the humaniNOS cDNA (AdiNOS). AdiNOS transfer inhibited intim.al hyperplasia in a rat 

carotid artery injury modelas well as a pig artery ofiliac artery injwy. AdiNOS transfer also 

inluoited intima! hyperplasia associated with vascular allograft rejcction. Mechanistic studies 

canied out using AdiNOS transfer into in vitro as well as in vivo indicate that NO suppresses 

endothelial ceU apoptosis while simultaneously inhibiting smooth muscle cell proliferation. The 

inluoition of smooth muscle cell proliferation occurs inpart due to an upregulation of p21. Tak= 

together, these results suggest that AdiNOS gene therapy will be an effective approach to inluoit 

vasoocclusive complications such as restenosis. 
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GL YCOSYLA TI:D OXYHAEMOGLOB lN CAN HA VE A ROLE lN HUMAN DIABETIC ENDOlHELIAL 
DYSFUNcnON 
C.F. Sáncba-Ferrer, •M. Neira, J. Angulo, •s. Vallejo, C . Peiró, •Rodríguez-Mallas L. Opto. Farmacologfa, 
Univ=idad Autónoma de Madrid, and Unidad de Investigación, Hospital Universitario de Getafe, Madrid. Spain. 

Early glycosylalion products such a~ glycohaemoglobin have recently arised as possible mediators of 
diabelic endolhelial impairment. We have prcviously reported tl~at human oxyl~aemoglobin al nanomolar 
concentralions (physiological plasmalic contcnt of free haemoglobin) inhibits nilric oxide (NO)-mediated 
responses in rat aorlic segments only when glycosyated al palhologic range (Rodrfguez-Mallas ~~al ., 1993). 
This effect was mediated by generalion of superoxide anions (Angulo el al., 1 996). On lhe olher hand, in 
streptozotocin-induced diabetic rats we have also demonstrated a close relationship between endolhelial 
dysfunclion and blood levels of glycosylated hemoglobin (HbAicl (Rodrfguez-Mallas et al., 1998). The aim of 
lhis worlc is to determine wbether lhese results may be extrapolated to bumans. 

In one protocol, branclles of tite human mesemeric arteries were oblained frotn abdominal fat of paúents 
(n=19; 38ed 47.5±2.8 years; 46ib females) suffering surgical intervenlion unrelated to diabetes, bypenension or 
vascular disease. Arterial segments were mounted in a myograph for reaclivity analysis of microvessels. 
Cumulaúve vasodilatatory responses to bradykinin (B K; 0 .01 lo 3 ¡.!M) were teste<! in vessels precontraeted wilh 
35 mM K+. Addilion of 10 ¡.1M ~-nitro - L-argin i ne metyl ester (L-NAME), an inbibitor of NO-synlhase, 
markedly reduced relaxalions evoked by BK (27.8±8.4% vs 92.0±1.2% of control maximal relaxalion; n=4 and 
5). In lhe same way, BK-induced responses were inhibited by 1 ¡.1M oxybaemoglobin (43.7±6.2% vs 86.12% of 
control maximal relaxalion; n=3 and 5). However, wben pbysiological concentralions were employed (10 nM) 
non glycosylated buman oxybaemoglobin (HHb) did not modified relaxations to BK wben compared to 
respective control curves. By contras!, 10 nM glycosylated buman oxybaemoglobin (GHHb) inbibited 
relaxations induced by BK wben !he percentage of glycosylation was 10% or bigber (14%). (Table 1) 
Preincubation of vessels witb 100 U/mi superoxide dismutase (SOD) prevente<! tbe effect induced by 10 nM 
14% GHHb (Table 1). 

Table l. Effect of 10 nM non 81ycosylated (HHb) aad 
clycosylated buman oxybaemo8lobin (GHHb) at increasin8 percent&8el of 8lycosylation on p02 values for 
btadyl!:inin in buman mesenteric microvessels. Effects of 100 U/mi mperoxide dismutase (SOD). 

HHb 

OHHb8% 

GHHb 10% 

OHHbl4% 

JO nM 
Control Oxybaemoglobin 

7.43±0.12 (6) 

7.40±0.09 \!0) 

7 .31±0.04 (7) 

7.33±0.09 (8) 

7.66±0.10 (9) 7 .28±0.04• (8) 

7 .41!±0.07 (19) 7 .02±0.08• (9 ) 

14%GHHb 
.sao 

7,39±0.16 (9) 

p02 indicates tbe -log M of !he required coacentration of bradyk:inin lo reacb tbe balf-maximal 
relaxatioo oblained in control oonditions . Number of segments is in parenthes:is. • P< 0,01 vs respective c:ootrol curve. 

ln a secood protocol, vasorelaxant responses lo metbacboline (MCh; 1.3 to 10 j.!g.min-1) were tested in 
tbe buman forearm resistance vessels by venous occlusion pletbysmograpby (Jobnstone et al., 1993). Studies 
were performed in control normal subjects (n= 15), type 1 diabetic patients witb good metabolic control (HbA¡c 
~ 7.5%; n= 7), and type 1 diabetic palients not well eontrolled (HbA1c > 7.5%; n= 6) but witbout late diabetic 
complications. The vasoaclive responses were compared by ANO VA for m u! tiple comparisons. MCh produced a 
dose-ilependent increase in forearm blood !low tl~at was sioúlar in control and well controlled diabelic patients 
but was significantly reduced in palicnts witlt a bad metabolic control (P=0.004 and 0.007 versus control and 
well contolled patients, respective! y). Aftcc improvernent of metabolic control with insulin during four lo six 
weeks,lowering HbA1c levels below 7.5%, maximal responses evoked by MOt significantly increased (P=0.04) 
and lhe differences versus the otlter groups disappeared. 

Thc present results suggest, in human vessels, lhat only bigh glycosylated human oxyl~aemoglobin 
impairs NO-rnediated response< when tested al physiological plasmalic concentralions. This is consisten! witb 
lhe fact tl13t endolhelial dysfunc:ion in diabetic palicnts is relate<! lO higb blood levels of HbA¡ c. In conclusion, 
we bypotbesize tbat glycobaemoglobin, and pcrltaps other early glycosylalion products, contributes 10 tbe 
development of vascular dysfunction in human diabetes. 

Supported by grants SAF96/0142 and 9810010 from CICYT. 
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The Wolfson /nstitute Jor Biomedical Research, University College London, 140 
Tottenham Court Road, London WJP 9LN, UK. 
The CNS has a rich capacity to synthesise nitric oxide (NO), a common trigger for NO 
formation therein being activation of neuronal receptors for the major excitatory 
neurotransmitter, glutamate. Of particular significance is the NMDA class of glutamate 
receptor, whose associated ion channel permits substantial ci• entry which, via binding 
to calmodulin, activates the neuronal NO synthase. Because ofthe high rate of diffusion 
ofNO in both lipid and aqueous environment, a source is likely to influence neural 
function over a large tissue volume (equivalent to one containing 1-2 million synapses). 
Physiologically, NO has been implicated in numerous phenomena ranging from the acute 
regulation ofneural function (e.g. by influencing neuronal excitability, neurotransmitter 
release, gap junction conductance) to the long-term regulation of synaptic efficacy. The 
best known signa! transduction pathway for NO in target structures is stimulation ofthe 
soluble form ofguanylyl cyclase (sGC) leading to cyclic GMP (cGMP) accumulation. 
The role ofthis pathway has now been investigated in severa! aspects ofneural function 
in which NO has been implicated, including the modulation of neurotransmitter release 
and in different forms of synaptic plasticity. The results indicate that the sGC-cGMP 
pathway is likely to be a major physiological pathway for NO signal transduction. When 
produced in excess, for example following prolonged NMDA receptor stimulation as a 
result ofimpaired glutamate homeostasis, NO can become toxic to neurones (and 
possibly non-neuronal cells) through mechanisms that appear to be primarily cGMP
independent. In this way, NO is considered to be one ofthe mediators ofthe 
neurodegeneration taking place following cerebral ischaemia. Excess NO may also be 
generated in inflarnmatory conditions as a result ofthe expression ofthe inducible, Ca2

·

independent, isoform ofNO synthase. This may contribute toa late phase of 
degeneration following cerebral ischaernia and to the functional and pathological changes 
occurring in disorders such as multiple sclerosis. 
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MOOULATION OF SENSORY-MOTOR PROCESSING BY NITRIC OXIDE: THE OCULOMOTOR 

SYSTEM MOOEL. 

Carmen Estrada, Bernardo Moreno-lópez anel Miguel Esatdero'. Departamento de Fisiofogla, 

Facuftad de Medicina, Universidad Autónoma de Madrid; Departamento de Fisiologla, Facultad de 

Medicina, Universidad de Cadiz and "Departamento de Fisiologla, Facultad de Biologla, 

Universidad de Sevilla, Spain 

The posible partidpation of nltric oxide (NO} in !he processing of •pedfic sensory end/or 

motor signals has been tested using as a model !he cat oculomotor system, due to its severa! 

advantages. Firs~ horizontal eye movements are relaUvely simple, sinoe they are performed by the 

conjugated aclion of only two musdes commanded from the abducens nucfeus. Second, !he 

abducens nucleus, as weU as the related premotor areas In the brain stem are accessible to local 

injections and elec1rophysiological recordings. Third, horizontal eye movements can be Zlcatrately 

measured in alert animals both during spontaneous performance and during the response to 

vestibular stimufation (vestíbulo-ocular rellex, VOR). In addition, lmmunocytochemical studles 

revealed the presence or nnrerglc neurons densely grouped in !he prepositus hypoglossi (PH} 

nucleus, a pnamotor nucleus lnvolved In the control ot horizontal eye movements. 

To analyze !ha functional role of NO in !he PH nudeus, aduft cats wena anesthetized and 

prepared for chronic recording of eye movements using !he scleral search coif technique (Fuchs 

and Roblnson, 1966) and for locallnjections and electrophysiological recording in the braln stem, 

according to lhe procedure desaibed by Delgado-Garcfa et al. (1986). At. least one week later, 

horizontal eye movements were recorded In the alert animal belore and after iojedíons of differen! 

drugs related wilh lhe No.cGMP pathway In !he PH nudeus. 

local inhibition ol NOS by injections of el!her l-NAME or l-NMMA in one PH nucleus 

produced an lmmediate and long lasting nystagmus with slow phases In a directlon contrelateral to 

!he lnjected side. The effect al l-NAME was stereospedfiC and reversed by local administration ol 

l-arglnine. lnjeclions of L-arginine alone produced a mild nystagmus toward the ipsjlateral side. A 

severe nystagmus toward !he ipsffateral slde was observed after lnjedion of NO donO(s. When 

visuallnformation was presented under ligh! conditions, !he nystagmus was consfderably reduced. 

The oculomotor response lo vestibular stimulation was also altered when NO concentralion 

in the PH nudeus was moditied pharmacologically. A veloclty lmbalanoe was evident in sil cases, 

directed elther toward the contralateral slde alter NOS inhlbllor ln)ections or toward thc ipsUateral 

side when L-Arginine or NO donors were adminlstered. 

These results lndicate that a balanced NO production by PH neurons i& necessary for the 

normal performance of spontaneous or re !le~ eye movements. 

The PH nudeu& send two kinds of &ignals to the abducens motoneuron•: velocity slgnals 

during eye displacements and posiüon signals during eye fixation periods. The curren! hypothesis is 

thal position signals for any kind of eye movement resuH from lhe temporal integration (in the 

mathematical sense} of velocily signals and that thls lntegration occurs, at least in pa~ In !he PH 
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nudeus. A faiura in !he procassing of velocily signals resul Í1 nyslagmus with finear slow phases 

during spontaneous eye movemenls and veloci!y imbalance durilg VOR. On the other hand, a 

failure in lhe velocity-to-position integrator produces an exponential decay afler saccades and 

decreased reflex gain and increased phase lead during VOR. 

Mathamatical analysis ol lha aye tnO\'ement fec:o(dings lndic.ated that tha aHeratlons 

produced by NOS inhibitors or l-Atginlne lr4ections. lhls ls. when endogenous NO =ntration 

was changed, affecled exctusively the processing of velocity signals without apparent modification 

of lhe velodty-to-position integralor function. However, administration of NO donors also allefed 

the wtodty-to-posltion integralor dtring spontaneous eye movements, although not during VOR. 

Th~ finding suggest toNo interesting posslbffities. FIIS!, the lntegrator mechani5m may not be unique 

for an kinds ol eye movements as • ls currenUy consldared. Secood, NO donors affect targets that 

are nol readled by tha endogenous NO produce<! by local neurons; tllese targets might be part of a 

new velocity-to-positlon integrator for spont.aneous eye lllOYelllents. 

In order lo find the possible targels ot NO, structures conlaining NCkensitive guanyfyl 

cyclasa were ldentitiad according lo th9 method describe<! by Southam and Garthwaite (1993). This 

approach was based on the funclional finding lhal !he permeant cGMP analog 8-&<GMP 

produced the same effeds as NO donors wl1en injeded in the PH nudeus, suggesting that lile NO 

function was mediated by tha activation of soluble guanyiyt cydase. Cats we perlused lhrough lhe 

ascending aorta wlth SNP to maximally stimulate NO-sensitive soluble guanylyf cyclase, and then 

with 4 % paraformaldehyde as a focative. lmmonohislochemlstry for cGMP was perlormed i1 brain 

etem sedions containing lile rostral part of the PH nucleus. Using this lechnique in combination 

with NOS immunohistochemislty, we found !ha~ In lile PH nudeus, NOS was present in a group of 

densely packed neurons, whereas cGMP was locafized In a rich neuropü in lhe dorsal part of lhe 

nucleus, which ls probably mediating the functional effeds of endogenous NO. In addition, ~ cluster 

of NO~sltive cGMPi)roducing neuronal cel bodies and Re<Jroptl were identified in an 

intermediate zone between lhe PH nucleus and lhe medial vestilxAar nudeus, far from tha nitrergic 

neurona, bu! within the drug lnjection area. These cefts could be the additiooal target for exo¡¡eoous 

NO and, lhereforo, be responsible for lhe integration defidt lnduced by NO donar-. during 

spontaneous eye movemenls. 
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TRANSPLANTATION OF FETAL NITRIC OXIDE SYNTHESIZING 
CELLS IN THE ADULT HIPPOCAMPAL FORMATION OF PRIMATES 

JR. Alonso1, C. Crespo! and D.G. AmaraJ2 

1Universidad de Salamanca, Dpto. de Biología Celular y Patología, 37007 
Salamanca, Spain 
2University ofCalifornia, Davis, Center for Neuroscience, 95616 Davis, USA 

Fetal cells dissociated from basal forebrain tissue were stereotaxically injected 
into the hippocampal formation ofmature Rhesus monkeys. Since the 
proliferation of neurons in the maca que monkey basal forebrain peaks around 
fetal day 45, we harvest tissue from brains at this optimal age of development. 
The host animals simultaneously underwent neurosurgical transection of the 
fornix, the major source of septohippocampal fibers, as described previously 
(Alonso and Amaral, 1995; Alonso et al., 1996). Following a nine month survival, 
grafted tissue was obvious at all eight injection locations. Although the grafted 
tissue was anatomically integrated within the host hippocampus, the border 
between the graft and the host was easy to determine since the packing density 
and morphology ofneurons within the graft were distinctly different from the host. 
We observed NADPH-diaphorase positive neurons in the graft and they appeared 
morphologically similar to neurons observed in the basal forebrain of adult control 
animals. These results indicate that even though the fetal basal forebrain neurons 
were placed into the unusual environment ofthe host hippocampus, they 
developed into "basal forebrain" neurons rather than hippocampal neurons, i.e. 
their fate had apparently been determined prior to transplantation. Double 
labeling ofthe same sections with specific antibodies against neuronal nitric oxide 
synthase (NOS) demonstrated that these cells were NOS-inlmunoreactive. 
Stained neurons belong to type 1 and demonstrated dendrites with dendritic spines 
and varicosities. At the nine month survival period at which the transplants were 
evaluated, no mitotic figures were found, indicating that the grafts had already 
reached their maximal neuronal number. We observed examples of aberrant 
connections between the transplant and host tissue. The molecular layer of the 
dentate gyrus in the vicinity ofthe transplant, for example, demonstrated a denst( . 
plexus ofNADPH-diaphorase positive fibers whereas the normal molecular !ayer- · - ~ b 

receives a very meager innervation ofNADPH-diaphorase positive fibers. We· fl ~ · IC.. '~ · 
conclude that fetal basal forebrain tissue can be successfully transplanted to thé 
mature monkey hippocampal formation. The dissociated fetal neurons unde~g d '"TI! 

substantial proliferation and form aggregations of phenotypically heterogenous-' 1~ ~3 

neurons reminiscent of the nuclei found in the basal forebrain The growth and 
successful integration of fetal tissue into the mature primate brain suppor~ ' · 
continued investigation ofneural transplantation for the treatment of :,!: · ·~ ·lr·i 
neurodegenerative illnesses and stroke. 
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REGULATION OF THE NITRIC OXIDEICYCLIC GMP SYSTEM IN ASTROGLIAL 

CELLS 

Agustina García Sánchez 

Instituto de Biología Fundamental V. Villar Palasí and Departamento de Bioquímica y 

Biología Molecular, Universidad Autónoma de Barcelona. 08193 Bellaterra, Spain. 

In the central nervous system (CNS) nitric oxide (NO) has been involved in 

brain development, synaptic plasticity, neuroendocrine secretion, sensory 

processing and cerebral blood flow. These actions appear to be mediated to a large 

extend by cyclic GMP (cGMP) increases resulting from NO stimulation of soluble 

guanylyl cyclase (sGC) in target cells (1). In the normal brain, NO is predominantly 

synthesised by the Ca2•tcalmodulin-dependent neuronal NO synthase or NO 

synthase type 1 (NOS-1), that has been localised in discrete populations of neurones 

of all brain regions. Although initial histochemical studies failed to demonstrate the 

presence of NOS-1 in glial cells, using primary cultures enriched in astrocytes from 

different brain regions, we and others demonstrated that these cells can generate NO in 

response to agonists that increase intracellular Ca2+ (reviewed in 2). In cultures of 

cerebellar astrocytes, where the largest NO-dependent cydic GMP accumulations are 

measured, we have observed this response upon stimulation of a1-adrenergic receptors 

(3), glutamate Ca2•-permeable AMPA receptors (4) and endothelin ETA receptors. The 

NOS isoform constitutively expressed in these cells is recognised by specific anti-NOS-1 

antibodies and has biochemical characteristics similar to the cerebellar granule cell 

enzyme (5). However, differences in sensitivity to the aldehydes used as tissue fixatives 

andj n the degree of association to membranes, suggest that the astroglial and neuronal 

enzymes may be different NOS-1 variants. In agreement with our results, 

immunostaining for NOS-1 has been demonstrated in hippocampal and cerebellar 

astrocytes and Bergmann glia in lightly fixed rat brain sedions (6). 

M 2+ ore recently, we have observed that Ca has a double regulatory role on 

intracellular cGMP in CNS cells. 8oth in cerebellar astrocytes and granule cells in 

culture, !he same agonists that stimulate NO-dependen! cGMP formation decrease 

cGMP generation in response to direct activation of sGC by NO donors (7). This effect 
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requires extracellular Ca2
• and is prevented by a calmodulin inhibitor. Decreases in 

cGMP are less pronounced if a phosphodiesterase (PDE) inhibitor is present indicating 

that agonists are adivating cGMP degradation by a Ca2·/calmodulin-dependent PDE. In 

fad, in cytosolic fractions from both cell types we found that the predominant 

hydrolysing activity at J.LM cGMP has the characteristics of a type 1 PDE, the 

Ca2+/calmodulin-dependent family (8). This activity and NOS-1 show the same ECso for 

Ca2
• (5,8). These results indicate that cGMP rises will mainly occur in cell compartments 

different from those where NO· is generated in a Ca2·-dependent manner. This may 

explain reports from immunohistochemical studies in cerebellar slices showing that 

stimulation of neuronal NO production by N-methyl-0-aspartate increases cGMP in 

astroglial cells more than in neurones, whereas NO donors produce more generalised 

increases in cGMP (9). 

Astrocytes as well as microglia can express Ca
2

• -independent inducible NOS or 

NOS type 11 (NOS-11) when treated with bacteria! endotoxin or combinations of cytokines 

in vitro and under inflammatory conditions in vivo (2). Also in this case we have 

observed an inverse regulation of NO and cGMP formation by the same stimulus. 

Treatment of astroglial cells for more than three hours with bacteria! lipopolysacharide 

(LPS) induces NOS-11 and simultaneously down-regulates sGC with similar 

concentration-dependence. 8oth LPS effeds require transcription and protein synthesis 

but appear to occur by independent mechanisms. Treatment of cells with the NOS 

inhibitor Nw -monomethyl-l-arginine or with agents that prevent NO S-Il indudion such as 

dexamethasone or the tyrosine kinase inhibitor genistein do not block the LPS-induced 

down-regulation of sGC, indicating that NO is not implicated. The pro-inflammatory 

cytokine inter1eukin-111 (11-111) also decreases sGC activity in astroglial cultures. Down;"j . 

regulation of sGC could be a mechanism to prevent excess cGMP formation _¡n .. , 

astrocytes activated under inflammatory conditions when NO would be overproduced as.;. 

a result of NOS-11 induction. 

This work was supported by grants from DGICYT, DGR (Catalunya) and La 

Fundació Marató TV3 (Barcelona). 
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Postnatal modification of cerebral expression of ni trie oxide synthase in rats subjected to 
intrauterine hypoxia before delivery 
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Martínez de Velasco1
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, R. Martínez-Murillo1
, J. 

Ruiz-Cabello4
, P. Lorenzo3 and L. O. Uttenthal 1 

'Instituto Caja!, CSIC; 2lnstituto de Bioquímica, CSIC, Facultad de Farmacia, Universidad 
Complutense; 3Departamento de Farmacología, Facultad de Medicina, Universidad 
Complutense; 4Departamento de Química Física II, Facultad de Farmacia, Unidad de 
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The role of nitric oxide (NO) in hypoxic-ischaemic brain damage is controversia!, as it may 
exert a dual role as a powerful dilator of cerebral blood vessels and as a mediator of tissue 
injury. Pregnant female Wistar rats were killed by decapitation just before delivery and kept at 
37°C for 3S min to produce intrauterine hypoxia. The pups were then delivered surgically, 
revived by thoracic massage and placed with a wet-nurse rat during the postnatal period. 
Control pups were bom naturally and kept with their own mothers. Control and hypoxic rats 
were anaesthetized and perfused transcardially with satine and fixative on postnatal days O, 1, 
2, 3, 4, S, 7, 10, 1S, 20 and 2S for immunocytochemical examination of their brains with 
polyclonal primary antibodies against neuronal (nNOS) and inducible (iNOS) isoforms ofnitric 
oxide synthase and nitrotyrosine. With all three antibodies the experimental rats showed an 
increase in immunoreactive neurons in all cortical areas as compared with control rats on post 
natal days 0-4. At day S the number of immunoreactive neurons was similar in both groups, 
and thereafter declined in the experimental group, immunoreactive neurons being more 
numerous in the control animals. At day 7 immunoreactivity to iNOS and nitrotyrosine was 
absent from all cortical areas. The immunocytochemical data for nNOS immunoreactivity 
corresponded with parallel biochemical determinations of calcium-dependent NOS activity in 
brain tissue from non-perfused animals. The results suggest that hypoxia immediately before 
delivery is a potent determinant of increased neuronal expression of nNOS and iNOS during 
the early postnatal period, increasing the formation of nitrotyrosine in tissue proteins. At da y S 
the expression of nNOS was similar in both groups because of an increased expression in the 
controls, which may be related to a role ofNO in corticallamination. 
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Nitric Oxide is a Potent Inlúbitor of Apoptosis in the Liver 

Tunothy R Billiar, University ofPittsburgh 

We have previously shown that the inhibition ofthe inducible NO synthase (iNOS) results 

in an increase in apoptosis in the liver during endotoxemia. Furthermore, a.dministration of a liver 

specific NO donor was found to almost complctely inhibit the fulrninant hepatic failure and 

apoptosis following TNF and gala.ctosaminc administration to rats. Experiments wcre carried out 

to deternúne the mechanism by which NO inhibits hepatocytc apoptosis. Wc initially focusod our 

attenrion on the caspase cascadc. Caspase-3-l.ik.e activity is dnmatically upregulatcd in 

hepatocyte stimulatcd to undergo apoptosis by exposure to TNF + actinomycin D. The increase 

in caspase-3-like activity was almost completely suppressed by exposure to NO donors, 

overexpression of iN OS, or induction of iNOS by cytokines. Tbe inhibition of caspase activity 

could be panially reversed with DTT indicating that the suppression was due in part to S

nitrosylation of activated caspase. We aiso found that NO-induced cGMP elevations suppressed 

caspase-3-adivation. Therefore, NO inhibits apoptosis in hepatocytes by two distinct 

mechanisms, 1) a cGMP-dependent, and 2) cGMP independent mechanism. It may be possible to 

take a.dvantage ofthe antiapoptotic activity of NOto suppress liver darnage seen as part of 

fulnúnant hepatic failure. 
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NITRIC OXIDE IN THE GASTROINTESTINAL TRACT 
J.V. ESPLUGUES, B. BELTRÁN, S. CALATAYUD, M.O. BARRACHINA 
Pharmacology Dept., University of Valencia, Spain. 

The widespread distribution of the different isoforms of nitric oxide synthase 

(NOS)) in the stomach indicates the important role that nitric oxide has in the 

physiology and pathophysiology of gastric function . This role has been evaluated by 

selective blockade of endogenous NO synthesis or by exogenous administration of 

NO donors. Different experimental studies support a crucial role for NO in the 

regulation of the resting mucosal microcirculation and an important interaction 

between endogenous NO, sensory neuropeptides and prostanoids in preserving the 

gastric mucosal integrity (1 ,2). Constitutive release of NO does not mediate basal and 

pentagastrin-stimulated gastric acid secretion; however, exogenous administration of 

low doses of NO donors decreases acid output induced by neuronal stimulus while 

does not modify acid responses induced by direct secretagogues (3). 

Synthesis of NO plays also an important role in changes in gastric functions 

associated with pathophysiological circumstances. Thus, this mediator contributes to 

the gastric vasodilatation observed in cirrhosis, portal hypertension, and renal failure. 

For the last years, we have been studying the role of NO in the pathophysiology of 
....: ., 

gastric function under stress situations. Moderate somatic stress, induced by the acute, 

administration of low doses of endotoxin, increases gastrointestinal transit and gastric 

mucosa resistance to damage (4, 5) and inhibits gastric acid secretion, through 

endogenous synthesis of NO (6). The doses of endotoxin used in these studies do not 

produce any significant fati in blood pressure, suggesting an action of endotoxin 

independent of any vascular changes. lnducible NOS does not seem to be involved in 

the acute inhibitory effects of endotoxin since they take place in less than 60 min and 
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are not influenced by pretreatment with dexamethasone. 

These acute inhibitory effects of endotoxin required the integrity of the nervous 

system and they seem to be mediated by a neuronal NOS isoform. Recen! functional 

studies by specific administration of NOS inhibitors in the cisterna magna support that 

the activation of a common L-arginine:NO pathway in the central nervous system 

mediales changes in gastric functions induced by stress. lmmunohistochemcial and 

functional studies attribute to the dorsal motor nucleus of the vagus the specific 

location in the brain where NO synthesis regulates gastric function (7). 
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INDUCIBLE NITRIC OXIDE SYNTHASE EXPRESSION IN CHRONIC VIRAL 
HEPATITIS: EVIDENCE FOR A VIRUS-INDUCED GENE UP-REGULATION. 

Pedro L. Majano, Carmelo García-Monzón, and Ricardo Moreno-Otero. 

Unidad de Hepatología, Hospital de la Princesa, Universidad Autónoma de 
Madrid, Diego de León,62, 28006 Madrid 

lncreased nitric oxide (NO) production may contribute to the pathological 
changes featuring sorne inflammatory diseases, but the role of NO in chronic 
viral hepatitis is still unknown. We compared the inducible nitric oxide synthase 
expression (NOS2) in the liver of patients with chronic viral hepatitis with that of 
both non-viralliver disease and histologically normal liver. NOS2 expression was 
assessed by immunohistochemical and in situ hybridization studies of liver 
biopsy sections. M intense hepatocellular NOS2 reactivity was detected in 
chronic viral hepatitis, whereas it was weakly or not observed in non-viral liver 
disease or normalliver, respectively. 

In addition, we determinad whether the hepatitis 8 virus (HBV) might 
regulate the synthesis of this enzyme. NOS2 mANA and protein levels as well as 
enzyme activity were assessed in cytokine-stimulated HBV-transfected and 
untransfected hepatoma cells. Transfection with either HBV genome or HBV X 
gene resulted in induction of NOS2 mANA expression, being the maximal 
induction of this transcript and NO production observed in cytokine-stimulated 
HBV-transfected cells. These results indicate that hepatotropic viral infections 
are able to up-regulate the NOS2 gene expression in human hepatocytes, 
suggesting that NO may mediate important pathogenic events in the course of 
chronic viral hepatitis. 

Instituto Juan March (Madrid)



Session 6: NO and inflammation 

Chair: Thomas Michel 

Instituto Juan March (Madrid)



53 

NO in immunology: regulatory role 

FY Liew 
Deparlmenl of lmmunology, University of Glasgow, Glasgow G 11 6NT, UK. 

High concentrations of NO produced by inducible NO synthase (iN OS) has long been known 
to have cytotoxic effect. Thus NO donors (such as SNAP) have anti-T cell proliferative effect, 
whereas NOS inlúbitors (such as L-NMMA) enhance T cell responses. Using a strain of 
iNOS-deficient mice, we have demonstrated that NO may ha ve selective effect on Th 1 subset 
of CD4. T cells. Mutant mice infected with virus, bacteria or parasites produced elevated 
concentrations of IFNy but decreased levels of IL-4 compared with the control wild-type mi ce. 
This strongly suggests that NO may be required to regulate Thl cell expansion which has been 
implicated in a range of autoimmue diseases. The mecharüsm for such selective effect of NO is 
unclear, but could be due to the preferential inlúbition of the transcription of IL-12 gene in 
macrophages. IL-12 is a major driving cytokine for the differentiation ofTh1 cells. We have 
recently found that while high doses of NO can block IL-12-driven Thl cell differentiation, 
Iow doses of NO enhance Th1 cell development in vitro. The homeostatic effect of NO in 
immune responses and its implications in immunopathology will be discussed. 
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MODULATION OF COX-2 EXPRESSION BY NO 
DONORS IN HUMAN MESANGIAL CELLS 
M. Dí~z-Cazorla, D. Pérez-Sala and S. Lamas 
Centm de Inve-stigaciones Biológicas, CSIC, Madrid, Spain 
Instituto Reina Sofía de Investigaciones Nefrológicas, Madrid 

Nitric oxide (NO) can regulate cyclooxygcnase (COX) activity 
and/or cxpression. It has been reported that NO .has either positive or 
ncgative effccts on prostaglandins formation and COX-2 ex:pression 
dependio.g on rhe experimental system under study.J 23 

Wc have observed that NO e;.;:erts a dual effect on COX-2 
expression in cytokine-stimula.ted human mesangial cells (HMC). 
NO amplifies IL-1 BffNF-a-induced COX-2 expression at early 
time-points (up to 4-8 h for mRNA and up to 16-24 h for protein 
ex:pression), but displays inhibitory cffects on COX-2 expression ar 
Iatertimes of induction. 

The study of Lhe effect of sodium nitroprussidc (SNP), one 
NO donor, on COX-2 protein expressíon induced by various stimuli 
shows that the amplifyio.g effect of NO results greater when HMC 
are stimulated with IL-lf3 alone or with rhe combinaLion of IL-
1 (3ffNF-a. However, whcn COX-2 expression is fully induced 
with a combination of three stimulants (Il.r-1 BfTNF-a/LPS) rhe 
potentlating cffe.ct of NO is no longer apparent. 

Electrophoretic mobility shift assays show that at early times 
SNP increascs IL-1 BffNF-a.- induced activation of NF-KB while at 
later times, a moderate decrease in NF-KB acti vation is observed. 
These c.ffects corrclale well with opposite changes in IKBa protein 
levels. In cells supplemented with SNP, IKBa levels are lower at ·. 
early times of induction and higher at latcr times compared to cells (- ¡,. :·· 
treatoo with cytok:ines alone. These changcs in NF-KB activation ·'·'· '' · <: 

might be implicated. in the dual effect of SNP on COX-2 expression. : ' . 
Tn addition, recent results suggest that in HMC, NO donors n . ; _ _:..o¡; l 

could modulate COX-2 expressiou through a cGMP-dependeri.t .n!:r_ .::1 ~ .::> 
pathway. The potential roles of guanylate cyclase activation, cG~ -' :i·-' ~~, 
generation and AP~l activation as mcdiators of the effcct of Nq ;u~ :> ; ;"~-:: 
donors are currcntly undcr study. '· 1 

,: . '( ))lSi J:3'Y1q 

t. ~J Ú Jq:n·) 
l. Stadler, J .. el al. J. Leukoc. Biol. 53, pp. I65-172 (1993). , " rJ ,_:)_,_ , ~ 0 ;..~ 

2. Salvcmi.ni. D., el al. !'roe. Nml. Acad. Sci. U.S.k 9 O, pp. 7140-7244 ., 
(1993) . . ~-.:) :, Ó ';hi! 

3. Tctsuka, T .. < ~ l al. Joumal Clinicai Tnvesrigation 9 7. pp. 2051 -2056 (1996):, :; · ·,:xvim¡¡ 
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Inducing Constitutive NO Synthases: Biological Significance 

G. Ch.audhuri 

There are vañous agents that can induce the constitutive NO synthas~ and the 1irst 
evidence tha.t this occurs carne from studies rclated to estradiol. We had demonstrated that basal 
release of NO was greater with endothelium-intact aortic rings .from female ra~Jbits than those 
from males. OQPborectomy diminished both circulating estcadiol concentratiolt and basal NO 
release to lcvels seen in maJe rabbits. We a1so observed that estradioi • replacement in 
oophorectomized animals increased NO release compared to placebo treated ovariectomized 
animals (1). We speculated that the increased release ofNO by cstradiol may offdr an explanation 
for the protective effect of estradiol against the development of atherosclerosis. We however did 
not demonstrate the mecbanism by wlúch estradiol increased NO release (1). 

It wa.s work from Dr. Moncada's group (2) th.at provided the first evideztce that estradiol 
increases both endothelial and neuronal nítric oxide synthase (NOS) in guin.ea-pigs due to an 
increase in the transCription of the endothelial and neuronal NO synthase gdne. 11ús work 
challenged the concept of classifYing the NOS as .. constitutive" and "inducible" u the so-called 
"constitutive" NOS like endothel.i.al NOS (eNOS) and neuronal NOS (nNOS) dould a.ctually be 
induced. Similarly. the "eonstitutive" enzyme could be down regulated in thct ahsence of the 
stimulating agent. 

The biological. implications of the induction of the constitutive NO are nUmerous and are 
thought to be important in vañous systems. In the cardiovascula.r system, the shear stress leads to 
increase in eNOS which in turn allows the cardiovascular system to adjust to increased blood 
flow. It is now felt that nitric oxide produced by endothelial cells may protect against 
atherogenesis. Lipid peroxides upregulate endothelial nitric oxide synthase {3) and this may 
buffer the atherogenic action oflipid peroxides and thus upregulation of eNOS ntay provi4~ !lOme 
attenuation against the development of atherosclerosis. Similarly, the estradiol i.o41uced increase in 
eNOS expression may be pactially responsible for the protective effect of estradiol against 
atherosclerosis. Recendy, ít has been demonstrated that in rabbits fed a cholestetol enriched diet, 
there was a sigriificant reduction in the extent of atheroSYlerosis development iflan estro gen was 
simultaneously administered and this protective eJfect of estro gen was significab.tly atten"uated if 
"N-nitro-1-arginine methyl ester (L-NAME). an inhibitor of NOS, was also ~ministered along 
with estradiol ( 4). 

Estradiol ~ been shown to inccease nNOS in the ca-ebellum and . work from our 
labo.ratory .recently indicated increased aNOS in the gastrointestinal tract of pregnant rats 
compared tp non-pregnant controls. The increase in aNOS obsa:ved was due to an increase in 
gene expr~on modulated by estradiol There was an increasc in irnrouno~ of aNOS in the 
nerve ceUs and nerves of the myenteric plexus during pregnancy ao.d foUowing ¡administration of 
estradiol (5). · The increase in oNOS in nerves innervating the gastmintesUnal tra.ct c;luring 
pregnancy suggests that many of the gastrointestinal effects in pregnancy likt del.a.yed gastric 
emptying and sl.owing ofthe gastrointestinal motility may be mediated by rel~ ofNO from the 
non-adrenergi.c non-cltolinergic neurones innervating the gastrointestinal t:ract. 

The effix;ts af estradiol on NOS gene 01:pression sccn in various ~ll types may be 
mediated by increased gene expression via llil action on estrogen receptan; {2) as wcll as by its 
antioxidant action as antioxidants can also increasc cNOS gene cx.pression (6). 
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Mechanisms of nitric oxide-<lependent apoptosis: role of mitochondrial mediators 

Lisardo Boscá, Sonsoles Hortelano, Eduardo López-Collaz.o & Nuria A. Callejas. · 

Instituto de Bioquímica. Facultad de Farmacia. 28040 Madrid 

Apoptosis or programmed cell death constitutes a general process of tissue remodelling, cell 

replacement and organ size control. Elucidation of the signals that turn on the apoptotic pathway 
constitutes an area of intense research and severa! mechanisms underlyi.ng in its activation ha ve been 

identified (1,2). 

In understanding such mechanisms of apoptosis, it has recently been established that 
mitochondrial dysfunction might initiate this process (2) . Proteins such as Bcl-2 that inhibit apoptosis 
are localized in the mitochondria, suggesting a role for this organelle in the induction of apoptotic 

death. lndeed, the release of mitochondrial pro-apoptotic factors, for example cytochrome e, is 

blocked by Bcl-2 (3). In this context of regulation of apoptosis by mitochondrial mediators, species 
highly reactive with prosthetic groups or aminoacid residues of mitochondrial proteins are likely 
candidates to control apoptosis. One of these is NO, a pleiotropic molecule that either protects cells 

from apoptosis or causes apoptotic cell death depending on the local concentration, the nature of the 
target cells and the presence of other reactive molecules such as superoxide, which produces 
peroxinitrite, a strong oxidant species (4). Low doses of NO protect B-lymphocytes from receptor
induced, or viral infection-<lependent apoptosis (5). High levels of NO induce apoptosis in 
macrophages, heaptocytes, glial cells, neurons and distinct cells of the immune system. 

Severa! pathways have been found to modulate NO-<Iependent induction of apoptosis (6. 7). 
One of these involves the release of mitochondrial pro-apoptotic mediators that induce DNA 
degradation identified using reconstituted systems of isolated nuclei and mitochondrial supematants 
(2,7) . Regarding its rnechanism of action, NO induced a large mitochondrial permeability transition, 
as determined by colloidosmotic swelling. This process was inhibited by bongkrekic acid, caspase 
inhibitors and cyclosporine A or its related non-immunosuppressive derivatives (7). In fine with this, 
NO produced by chemical NO-<Ionors is sufficient to stimulate isolated purified mitochondria to 
release apoptogenic factors which induce DNA fragmentation as well as other apoptotic alterations 
in the nuclear morphology. This induction of apoptosis is accompanied by an alteration of the 
mitochondrial inner transmembrane potential, as measured by the shift in the potential sensitive probe 
dihexyloxacarbocyanine (Di0C6). This change has been identified as an early event in the process 
of NO-<Iependent apoptosis by the use of severa! inhibitors . However, analysis of NO-<Iependent 
mitochondrial changes in various cell types indicates a cell-specific response in terms of the changes 
in the transmembrane potential. 
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Post-translational regulation of human inducible nitric oxide synthase by 

tyrosine pbospborylation 

F. Cowjeault-Gauthier, A. Aurora andE. FeUey-Bosco 

Human inducible nitric oxide synthase (iNOS) is regulated at the transcriptional leve! by cell 

stimulation with a mixture of severa! cytokines. Not much is known yet on its post

translational regulation but few recent data suggest that the protein rnight be controlled by 

phosphorylation. In order to better characterize. the function of human iNOS we used an in 

vítro model of colon carcinoma (DLD-1 cells). We induced iNOS by exposure ofthe cells toa 

mixture ofinterferon-y, interleukin-11) and IL-6. INOS induction was assessed by Westem blot 

analysis and activíty measured by conversion of3H-argi.nine to 3H-citrulline. In our conditions 

iNOS protein and the activity were present in both membranes and cytosol fraction, determined 

following subcellular m.arkers. Analysis using phosphotyrosine antibodies revealed that iNOS 

was phosphorylated on tyrosine residues. When the activity, reached a steady state we briefly 

exposed activated cells to vanadate, a tyrosine phosphatase inhibitor and found a significant 

increase in enzyme activity. Taken together, these results demonstrate that tyrosine kinase and 

phosphatase &re involved in the post-translational modification of iNOS and may potentially 

play a role in modulating the functional activíty ofthe enzyme in human colon cancer cells. 

Instituto Juan March (Madrid)



Chair: Lisardo Boscá 

Instituto Juan March (Madrid)



61 

TRANSDERMAL NITROGLYCERIN PREVENTS INDOMETHACIN 
INDUCED-LEUKOCYTE ACTIVATION AND GASTRIC BLOOD FLOW 
REDUCTION. 
MJ. SANZ, S. CALATAYUD, R.BELLO, A.CANET, F.DÍAZ DE ROJAS, J.V. 
ESPLUGUES. Dept. ofPharmacology, University ofValencia, Spain. 

Transdermal nitroglycerin protects the rat gastric mucosa against damage induced by 
indomethacin at doses clinically used (1}. Gastrolesivity induced by NSAIDs results in 
a reduction in blood flow and the activation of inflammatory responses in the gastric 
mucosa (2}. In the present study we investigate the etfects of this mode of 
administration of an NO-donor on these mechanisms of gastric injury. Conscious mate 
rats received indomethacin (20 mg!kg, s.c.) JO min after application of transdermal 
patches releasing nitroglycerin (NGC, 166 ng kg·• min.1

) or placebo (PP). Three hours 
later, animals were killed and gastric lesions were measured. Two further groups of 
experiments were performed in anaesthetized (pentobarbital, 50 mg!kg, i.p.) rats. In 
the first group, the change (%) of indomethacin (20 mg!kg, s.c.) -induced gastric 
mucosa! blood flow (GMBF) was evaluated by laser-Doppler flowmetry using an ex 
vivo gastric chamber preparation. In the second one, intravital microscopy was used to 
analyze the etfect of transdermal nitroglycerin on indomethacin-induced leukocyte
endothelial cells interaction within the mesenteric microcirculation. lndomethacin was 
administered by superfusion (50 Jlg/ml) and the absolute number of ro11ing (NR), 
rolling velocity (RV), adherence (A) and emigration (E) of leukocytes quantified. In 
both cases, indomethacin was administered thirty minutes after patch application and 
GMBF, inflarnmatory events and blood pressure registered for 60 min. Animals 
treated with transdermal NGC exhibited a 70±13% (n=7, p<O.OS) diminution in the 
leve! of gastric darnage induced by indomethacin (30±5 mm, n=7). This dose or NGC 
did not modify blood pressure. 

min o 30 60 

pp NGC pp NGC pp NGC 

GMBF 100 100 89±2' 96±7 84±6' %±8 

("/o) 

NR 16±3 ll±1 48±13' 10±2· 34±6 11±5· 

A 1.5±02 2.7±0.7 8.8±1.6' 3.6±0.8• 9.8±2.3 2.5±1.5• 

RV 75±17 52±13 44±6 39±4 44±8 47±15 

E 2.5±0.5 1.0±0.5 3.8±0.6 2.6±0.3 4.5±0.9 3.0±1.0 

(n;::: S; mean± s.e.m). 'p<O.OS vs respective basal values and 
*p<O.OS vs respective PP values. 

In conclusion, gastroprotective doses of transdermal nitroglycerin preven! the 
reduction of mucosa! blood flow and the leukocyte-endothelial cells interaction 
induced by indomethacin without modifying systemic blood pressure. 

(1) Eur. J. Pharmacol. , 28I:RJ-R4, 1995. 
(2) Am . J. Physiol., 265 :G993 -G998, 1993 . 
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Glucocorticoid induced proteolytic cleavage of inducible ni trie oxide synthase 
by calpain 1 in IFN~- stimulated RAW 264. 7 cclls: 

evidence for the involvement of the calmodulin binding site 

Gaby Walker and Dieter Kunz 

Oepartment of Pharmacology, Biozentrum, University of Base!, Klingelbergstr. 70, CH-4056 Base!, Switzerland 

Proteolytic degradation of indudble nitric oxide synthase (iNOS) is one of the key 
steps by which the synthetic glucocorticold dexamethasone controlles the amount of 
iNOS protein and thus the production of nitric oxide (NO) in IFN-y - stimulated RAW 
264.7 cells (Walker et al., 1997). We show here that iN OS is a molecular substrate 
for cleavage by the calcium-dependent neutral protease calpain 1 using cytoplasmic 
extracts from de.xamethasone - treated RAW 264.7 cefls and 35S - radioactively 
labeled iNOS synthesized in vitro with a transcription 1 translation coupled 
reticulocyte lysate system in a cell - free degradation assay. Besides a 
conformational determinan! located between amino acids 737 and 324, a preferential 
cleavage site for calpain 1 exists in the calmodulin (CaM) - binding domain present al 
amino acids 501 to 532 in iNOS. The access of the CaM - binding region is critica! 
for substrate deavage as incubation of in vitro synthesized iNOS with CaM reduces 
the kinetic of iNOS degradation by calpain J. lncubation of RAW 264.7 cells with IFN 
- y in the presence of CaM - inhbitors such as W - 7 or Calmidazolium blocks the 
formatlon of iNOS protein. These data suggest that CaM binding is an essential 
prerequisite for the formation and stability of iNOS. Furthermore, by 
immunoprecipitaion we demonslrate that treatment of RAW 264.7 cells with . 
de.xamethasone reduces cytosolic CaM levels. We suggest that part of the 
regulation of calpain 1 - dependen! iNOS degradation by dexamethasone may be 
achieved by decreasing cytosolic CaM levels and thus potentially affecting CaM -
binding to iNOS. ' ~, : _ 

· .. ;:· Ut: Walker, G ., Pfeilsdlifter, J., Kunz, D. (1997) Mechanisms of suppressioo of indudble nitric oxide syothase (iNOS) expression in interferon-r-stimulated RAW 264.7 cells by dexamtheasone J. ,Bio/. · Chem.271: 16679- 16687. 
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Nitric oxide-mediated apoptosis in human malignant lymphoid cells involves 

the CD95 pathway and strictly requires caspase activity 

V. Umansky, K. Chlichlia, M.E. Peter*, M. Rocha, C. Scaffidi*, Peter H. Krammer*, and 

V. Schirrmacher 

• 
Division of Cellular Immunology; and Division of Immunogenetics, Tumor Immunology 

Program, German Cancer Research Center, D-69120 Heidelberg, Germany 

Nitric oxide (NO), an importan! effector molecule involved in immune regulation and host 

defense, was previously shown lo induce apoptosis in mouse lymphoma cells. Here we 

report that the NO donor glycerol trinitrate (GTN) induced apoptosis in Jurkat cells that are 

sensitive lo CD95-mediated kili. In contrast, the CD95-resistant Jurkat subc1one, showed 

substantial protection from apoptosis after exposure to NO. NO induced the mRNA 

expression of CD95 (Fas/AP0-1) and TRAIT.JAP0-2 ligands. Moreover, NO triggered 

apoptosis in freshly iso1ated human 1eukerrúc 1ymphocytes which were also sensitive to anti-

CD95 treatment. The ability of NO lo induce apoptosis was completely blocked by a broad 

spectrum ICE-protease/caspase inhibitor. Moreover, NO-mediated cell death was found to 

correlate with FLICE!caspase-8 activation which was abrogated by the inhibitor of protein 

synthesis cyclohexirrúde. Sirrúlar results were obtained in an in vitro experimental model of 

CO·{;Ulture of human Iymphoid targel cells with activated bovine endothelial cells generating 

NO ·as effectors. Furthermore, the inhibition of endogenous NO production with the 

indpcible NO synthase inhibitor ~-monomethyl-L-arginine caused a complete abrogation of 

the apoptotic effect. Our data provide evidence that production of endogenous NO by 

endothelial cells or exposure lo exogenous NO triggers apoptosis in human neoplastic 
'~ ~. 

Iymphoid cells through the CD95 signaling pathway. The observed apoptotic effect strictly 

requires caspase activity including FLICE, the most CD95 receptor-proximal caspase. 
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NO and Peroxynitrite: lnteractions and Biological Significance 

Joseph S. Beckman 
Department of Anesthesiology, University of Alabama at 
Birmingham, Birmingham, Alabama 35233 USA 

Nitric oxide has a reputation as being a highly reactive and 
toxic molecule, but it is relatively inert at biologically relevant 
concentrations. However, nitric oxide competes with superoxide 
dismutase for superoxide to form peroxynitrite (ONOO-). When 
the concentration of nitric oxide approaches that of intracellular 
superoxide dismutase, peroxynitrite becomes a major toxic 
product of nitric oxide. The toxicity of peroxynitrite is much 
greater than hydroxyl radical because peroxynitrite is far more 
selective and attacks key chemical moieties such as iron/sulfur 
centers, zinc fingers, and thiolate anions in proteins like tyrosine 
phosphatases. Consequently, peroxynitrite readily damages 
signa! transduction pathways, interrupts electron transport and 
affects the structural integrity of cells by modifying structural 
proteins. Peroxynitrite can readily transverse cellular membranes 
both as a acid through the lipid bilayer and as an anion through 
bicarbonate exchange proteins. Peroxynitrite reacts rapidly with 
carbon dioxide to form a relatively short lived but highly reactive 
intermediate that increases nitration of tyrosines. In addition, 
peroxynitrite reacts directly with many metalloproteins including 
superoxide dismutase to catalyze tyrosine nitration. Nitrotyrosine 
has become an important marker of peroxynitrite formation in 
many disease states. Although many other reactions can form 
nitrotyrosine in vitro, peroxynitrite is still the most effective agent 
to form nitrotyrosine in biological tissues. Peroxynitrite-injured 
cells become more susceptible to apoptosis when also treated 
with certain growth factors such as acidic fibroblast growth factor. 
Oxidative damage to signa! transduction pathways may help 
influence which ce lis proliferate or die as part of wound healing. 
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NO a novel type of ncurotransmltter in the autonomlc nenous system 

N. Peter Wiklund 
. Dept ofUrology, Karoliruka Hospilal tmd Dept ofPhysiology tmd PlwmuJCJJlogy, 

Karoliruka Irurirute, Stodrholm, Sweden 

Nitric oxide (NO) has been implicated as an importmt neuromediator in both the 
cential and periphecal nervous systems (Garthwaite et al. , 1988; 1989). The 
mechanisms behind NO release from neurons remain one of the fundamental gaps 
in our knowledge of nitrergic neurotransmission in the pcripheral nervous system. 
NO has been postulated as a putative neurottansrnitter on the grounds that it is 
synthe&ized by neurons and released from naves upon nerve stimula!ion (Wildund 
et al., 1993). Furthermore, NO is quicldy inadivated by oxidation and the 
phamlacological profile of authentic NO has becn shown to be identical to the 
profile for the nitrergic neurotransrnitter (Boeckxstaens et al., 1995, W'Jldund et al 
1993). However, NO shows diffe.rences from the classical neurotransmittcrs. NO is 
a gaseous molecule acting on the heme moiety of the soluble guanylyl cyclase, 
without preceding interaction with cell-sutface reo:ptors. Furthennore, the 
synthesis, storage and release of NO have been suggested to differ from these of 
the classical neurotransmittcrs. Studies of the subcellular localization of nNOS in 
neuronal tissue have shown a predominantly cytosolic distribution (Forstermann et 
al., 1991). In agreement with this, the ultrutrucrurulocalization of NOS in enteric 
'neurons has boen shown to be patchy and the enzyme is non-homogeneously 
distributed throughout the nerve (llewellyn-Smith et al, 1992). In contrut to this, 
NO has been suggested to be stored as a ehemically more stable NCX:ontüning 
molecule, such as S-nitrosothiols (Rand and Ii 1995). There is discrepancy 
between the pharmacological pretiles of free NO and the S-nitrosothiols (Ivusen et 
al., 1994), but it has been suggested that S-nitrosothiols could still be the 
precursors by releasing free NO at the ce1l membrane of the nerve terminal (Rand 
and li 1995). Hitherto, however, thete is no fun4amental evidence that 
discñminates between NO release by enzymatic activity and NO rclease from 
vesicular atores. An obsetVation that speaks in support of a non-vesicular release of 
NO is the enduring stable release of NO duñng hours of nerve activation (Kasakov 
et al., 1995). In contrast, vesicularly stored dassical transmittcrs are cxhausted by 
long-term stimulation of choline.rgic and adralcrgic nerves. 

Our studies have shown that NO fonnation may occur along the whole ne.rve 
cell including the tenninal, axon and soma as demonst:xated by visualization of 
nerve-evoked NO fonnadon (W'!ldund et al., 1997), suggesting a non-vesicular 
relcase. The clostridial neurotoxins have provided possibilies to study the calcium
dependent exocytotic release of neurotransrnitters from neuronal tissue 
_(Montecucco and Schiavo, 1995). BTX B has been shown to inhibit vesicular 
neurotransmitter release by cleavage of the syoaptic vesicle prot.ein V AMP. thereby · i , 

blocking neuronal exocytosis (Montecucco and Sdúavo, 1995). The clostridial 
neurotoxins have been shown to affect membrane fusion itself, without interacting 
with other elements of nerve terminal function such as membrane potential, 
voltlge-gated CaZ+ currents, and the morphology of intracellular structures 
(Montecucco and Schiavo, 1995). We have found that BTX B blocl::ed the nerve· 
induced cholinergic and tachykinincrgic contractili:: responses and maikedly 
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inhibitc.d the nerve stimulation-evoked rcl~ of f.H]-choline, but had no effect on 
nerve-induccd relaxations in !he guinea pig intestines. The relaxat:i.ons were equally 
inhibitcd by an NO-synthase inhibitor and a sclc:ctive inhibitor of soluble guanylyl 
cycl.ase, both in BTX B-treatcd and in control preparations. Nerve stimulation
cvoked NO syntha.se-dependent outflow of NO/N02- was unaffcctcd by BTX B . 
.&sed on !he present findings we suggcst that. the nerVe-dependent formation of NO 
i.s indcpendent of intact V AMP in the enteric nervous sysr.em. This view implies 
that vesiclo-membnme fusion is not ncx:cssary for NO formation in nerve tissue, 
and favors the hypothesis of a non-vesicular release of NO following nerve 
activation. 
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Ignacio Lizasoain. NO ANO BRAIN ISCHAEMIA. 

Nitric oxide (NO) overproduction has been postulated to significantly contribute 
to ischaemia-reperiusion neurotoxicity. lnducible NO synthase (iNOS) 
synthesizes NO in large quantities for long periods of time. Therefore we 
investigated the expression and tocalization of iNOS after oxygen and glucose 
deprivation (OGD) in rat forebrain slices. In this experimental model, calcium
independent NOS activity reached a maximum 180 min after the end of a 20 
min OGD period. During the same period of time, the calcium-independent 
activity was absent in control forebrain slices. To test whether this calcium
independent NOS activity was due to the expression of iNOS, the effects of the 
addition of dexamethasone, cydoheximide and pyrrolidine dithiocarbamate 
were determined. All of them inhibited the induction of the calcium-independent 
NOS activity measured in the rat forebrain slices after OGD. Furthermore, OGD 
caused the expression of the gene encoding iNOS in rat forebrain slices, as 
assessed by the detection of iNOS message and protein in these samples. A 6-
fold increase in the iNOS mRNA levels was observed at 180 min and the time 
course of the expression of iNOS mRNA was in agreement with the temporal 
profile of iNOS enzymatic activity. lmmunohistochemistry analysis revealed that 
iNOS was highly expressed in neurones, astrocytes and microglial cells. These 
results demonstrate for the first time that iNOS is expressed in neurones after 
OGD, and that this expression occurs in short periods of time. 
We have also used this experimental model to study the effect of OGD on 
neuronal NOS (nNOS). In OGD-exposed rat forebrain slices, a decrease in the 
calcium-dependent NOS activity was found 180 min after the OGD period, 
which was parallel to the increase during this period in calcium-independent 
NOS activity. 8oth dexamethasone and cycloheximide, which completely 
inhibited the induction of the calcium-independent NOS activity, caused a 40-
70% recovery in calcium-dependent NOS activity when compared with slices 
collected immediately after OGD. The NO scavenger oxyhaemoglobin 
completely recovered calcium-dependent NOS activity, suggesting that NO 
formed after OGD is responsible of this down-regulation. Consistently, the 
exposure to the NO donar DETA-NONOate during 20 min caused a decrease in 
the calcium-dependent NOS activity present in control rat forebrain slices. 
Furthermore, OGD and DET A-NONOate caused a decrease in both nNOS 
mRNA and protein. In summary, our results indicate that iNOS expression 
down-regulates nNOS activity in rat brain slices exposed to oxygen-glucose 
deprivation. 
These findings suggest that 1) NO can play an importan! pathogenic role in the 
tissue damage that occurs after cerebral ischaemia and that 2) there are 
importan! and complex interactions between NOS isoforms which may help to 
gain further insight into the physiological and pathophysiological events that · 
occur during and after cerebral ischaemia. 
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Ni trie oxide in human vasculaturc 

Patrick V afiance 
Centre for Clinical Pharmacology 
Wolfson lnslitute for Biomedical Research 
University College London 

All three isoforms of NOS ha ve been implicated in cardiovascular control in humans. 
Inhibition of NO generation with L-NMMA causes vasoconstriction and this is most 
evident in resistance vessels (small arteries and arterioles) [ 1). The maximum decrease 
in blood flow in response to L-NMMA is about 40-50% at constant perfusion 
pressure, indicating a near doubling of vascular resistance. This effect has been seen in 
the forearm arterial bed, the renal bed, and coronary and cerebral circulations [2] . 
When L-NMMA is given systemicaliy, arterial blood pressure rises and the increase in 
pressure is due to vasoconstric¡jon. Conduit vessels appear to show less 
vasoconstriction to L-NMMA suggesting that these vessels may have reduced basal 
generation of NO. Most veins do not constrict to L-NMMA, indicating lack of basal 
NO-mediated dilatation in this vessel type in bumans. Reduced NO-mediated dilatation 
has been reported in patients with cardiovascular disorders including hypertension, 
diabetes and hypercholesterolaemia, and in smokers. Recently it has been shown that 
the conversion of ISN arginine to uNO; is decreased in patients with hypertension, 
suggesting that the decreased NO-mediated dilatation is due to a decrease in NO 
genera !ion [3] . 

Mechanisms underlying changes in NO generation in disease states are not fully 
understood and are likely lo differ between diseases. One possibility is that endogenous 
inhibitors of NOS are importan! under certain conditions. We have identified such an 
endogenous inhibitor (4] and found that it accumulates in patients with renal failure. 
Recently several groups have reported that !he inhibitor also accumulates in patients 
with hypercbolesterolaernia and have suggested that this rnight contnoute to inhibition 
of NOS activity. This area will be reviewed in the lecture and !he mechanisrns of 
synthesis and degradation ofthe inhibitor will be discussed. 

Over production of NO generation in the v=ulature has also been implicated m 
disease. Septic shock is characterised by vasodilatation and vascular coUapse. Nitrate 
levels are increased in patients with sepsis and !he NOS inhibitor L-NMMA restores 
BP in patients with septic shock [ 5). Although it is clear from animal models that 
induction of iNOS underlies these effects, the precise mechanisrns by which infection 
rnight alter NO generation in humans has not been established. Recently we have 
undertaken experiments attempting to induce NO generation in human blood vessels in 
vivo. Bacteria! endotoxin produced a rapid vasodilatation that was not mediated by 
NO. In contras!, the pro-inflarnmatory cytokine interleukin-1 (IL-1} induced a slowly 
developing vasodilatation that was mediated by NO and reversed by L-NMMA. These 
experiments will be described together with results of studies exploring the molecular 
basis of the changes seen. 

l . Lance! 1989;ii:997-IOOO 
2. Stroke 1998;29:467-472 
3. Lancet 1997;349:837-842 
4. Lancet 1992;339:572-576 
5. Lancer 199 1;338:1557-1558 
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Louis J. Ignarro, Ph.D.; UCLA School ofMedicine 

Novel Antitumor Actions of the Arginine-Nitric Oxide Pathway 
Louis J. Ignarro. Department of Molecular and Medical Phannacology, 
UCLA School of Medicine, Center for the Health Sciences, Los Angeles, 
California USA 

The objective of this study was to elucidate the role of nitric oxide (NO) 
synthase (NOS) in the growth of the Caco-2 human colon carcinoma cell line. 
Activation of NOS and consequent increased production of NO are believed to elicit 
anti-proliferative effects attributed to NO itself (1). Additional studies have 
suggested that increased NOS activity or added NO causes cytostasis (2). These 
studies are important, but inconclusive in that cyclic GMP did not account for the 
cytostatic effect ofNO in many cell systems. Moreover, studies addressing the role of 
NOS activation on cell proliferation were based on the assumption that NO is the 
only potentially active species generated from arginine by NOS, and the effect of the 
NOS intermediate, N-hydroxyarginine (NOHA), was not addressed. The latter 
possibility takes on special significance in light of our recent finding that cytokine
activated cultured cells generate and accumulate relatively large quantities of NOHA 
in addition toNO or its o.xidized metabolites (3). Further, the accumulation of NOHA 
by other cell types and in plasma has been reported (4). These observations indicated 
that NOHA may serve not only as an intermedia te in the production of NO but m ay 
also play a role as a distinct biological mediator in its own right. One such role for 
NOHA conceivably migbt be to function as an endogenous inhlbitor of arginase 
activity, a view that is consistent with the observations that NOHA inhibits arginase 
activity (3,5,6). Arginase, which catalyzes the conversion of arginine to ornithine plus 
urea, is important not only in the urea cycle but also in biochemical pathways 
essential to cell proliferation and wound healing. For example, ornithine is a precursor 
to polyamines and proline, and in mammalian cells is derived from arginine vía the 
catalytic action of arginase. Omithine is converted to putrescine by ornithine 
decarboxylase, and putrescine is then converted to the polyamines spermidine and 
spermine, which function to stabilize DNA Accordingly, inhlbition of arginase 
activity by NOHA could result in inlúbition of cell proliferation, and this action could 
account for at least part of the mechanism by which activation of the NOS pathway 
leads to cytostasis. 

The two novel observations reported here are first that NOHA inhlbits Caco-2 
tumor cell proliferation, likely by inhibiti.ng arginase activity, and second that NO 
causes cytostasis by inhibiting ornithine decarboxylase activity. Both arginase and 
omithine decarboxylase are enzymes involved in the conversion of arginine to 
polyamines required for cell proliferation. Cell growth was monitored by cell count, 
cell protein analysis and DNA synthesis. NOHA (1-30 ¡.tM) and NO in the form of 
DETA/NO {1-30 ~} inhibited cell proliferation by 20-80%. The cytostatic e~ect of 
NOHA was prevented by addition of reaction sequence products that are distal to 
arginase such as omithine, putrescine, spermidine or spermine to cell cultures.. 'J:!le 
cytostatic effect of the omithine decarboxylase inhibitor, a-difluoromethylonuthine 
(DFMO), was prevented by addition of reaction produ<:ts distal to o~~ne 
decarboxylase such as putrescine, spermidine or spermme but not orruthine. 
Interestingly, the cytostatic effect of NO (DETA(ll!ü) was also_ unaffected by 
ornithine, but was prevented by putrescine, spenrudine or spermme. Thus, the 
cytostatic action ofNO closely resembled that ofDFMO, and thlS suggest:ed that NO 
núght be a potent inhibitor of ornithine decarboxylase. The cytostat~c effect of 
NOHA was not attributed to conversion toNO, and the effect of NO was mdependent 
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of cyclic GMP. NOHA inhibited onúthine and urea production by Caco-2 cells and 
inlúbited arginase catalytic activity (85% at 3 Jf,M) by competitive mechanisms with 
respect to arginine substrate, whereas NO <DEAINO and SNAP) inhibited ornithine 
decarboxylase activity (60% at 10 J1M) without affecting arginase activity. The 
mechanism of inhibition by NO of onúthine decarboxylase appears to be via S
nitrosylation of the critica! cysteine-360 sulfhydcyl at the catalytic si te of ornithine 
decarboxylase. S-Nitrosothiols such as SNAP and GSNO and CYSNO were 
particularly potent inlúbitors of onúthine decarboxylase activity present in Caco-2 
tumor cells and also ofpurified recombinant mammalian ornithine decarboxylase. 

Ca-culture of Caco-2 cells with LPS/cytokine-activated murine macrophages or rat 
aortic endothelial cells markedly slowed Caco-2 cell proliferation, and this was blocked 
by NOS inhibitors such as S-ethylisothiourea and N-methylarginine. These 
observations that two products of the NOS pathway, NORA and NO, inhibit 
sequential steps in the arginine-polyamine pathway implicate a novel biological role 
for NOS in the inhibition of cell _ _proliferation. This complementarity of anti
proliferative mechanisms for NORA and NO suggests that NOS activation 
represents an important physiological andlor pathophysiological process to modulate 
the growth of tumor cells and perhaps other cell types. 
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Aerocrine functions of nitric oxidf' 

JON LUNDBERG MD. PhD 

Dept Physiology and Pharmacology. Karolinska lnstitute. 
Stockholm, Sweden 

NO gas, when inhaled at 5-80 parts per million (ppm), has been shown to dilate 
the pulmonary circulation of lambs in which pulmonary hyp<?rtension had been 
induced pharmacologically [1], and in anesthetized pigs in endotoxin shock [2]. 
lnhalation of NO by patients with adult respiratory distress syndrome (ARDS) 
alleviates the pulmonary hypertension and hypoxia associated with this 
condition [3]. This is thoughl to be achieved by NO being distributed selectivcly 
to ventilated pulmonary areas, thus increasing blood flow preferentially in 
well-ventilated alveoli and improving the vcntilatiou-perfusion ratio. Recent 
studies have shown that NO inhalation therapy may be effective in ARDS al<>o 
in the sub-ppm concentration range [4]. lnterestingly, largc arnounts of 
endogenous NO is cxcrctcd in thc nasal airways of hcalthy subjects [5. 6]. A 
vecy large NO source is situated in the parnnasnl sinuses, whcrc u.n "induciblc
like" NO synthase is constitutively expressed in the epithelium [7]. NO relea.sed 
into the sinuses enters the nasal cavity via the sinus ostia and contributes largely 
to the levels of NO found in the nasal cavity (8]. This NO will foHow thc 
airstream to the lower airways and the lungs with every inhalation. Thus, a 
continuous NO flushing of the lower airways takes place, with inhaled NO 
concentratiom:: of about 0.1 ppm. Since most of the NO excretion tak:es place in 
the nasal airways. a particular! y high amount of NO will be inhaled if a subject 
is inhaling through the nose. · 
We have .shown that arterial oxygenation is improved in healthy awake suhjects 
during nasal breathing as compared to hreathing through the mouth (9] .. 
Furthermore, in intubated patients, who are deprived of self-inhaled NO, wc · 
have shown that pulmonary function is improved by adding air derived frorn'' 
the patient's own nose to the inspimtory flow of the ventilator [10]. These r 
effects were probably due to NO, since exogenous NO in the sariib:tL' 
conceotration range had similar effects in these patients. 
The involvement of autogenous NO in regulation of pulmonary function may 
represent a novel physiological principie. namely that of an enzymatically 
produced airborne messenger. The tenn "aerocrine" may be appropriate for 
this action of NO in the airways. In fact, these finding may help to explain one 
biological role of the enigmatic human paranasal sinuses, the major sources of 
NO in the upper airways. 
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INHALED NITRIC OXIDE 

Warren M. Zapol, M.O. 
Professor and Chair 

Department of Ane&thesia and Critica! Care 
Massachusett& General Hospital 

Boston, MA 02114 USA 

The major objective of this lecture is to describe the effects of inhaling low levels of 
nitric oxide (NO) on the hemodynamic and gas exchange function of both the normal 
and diseased lung. Considerable attention wi1l be paid to safety and hazards of inhaled 
NO therapy. During the past few years remarlcable progress has been made in 
understanding the NO-guanylate cyclase &ignal transduction system. NO has been given 
considerable clinical investigation in pulmonary artery hypertension and adult 
respiratory distress syndrome (AROS) patients. This lecture concentra tes on this area of 
clinical research. 

Pulmonazy hypertension with severe bypoxemia may complicate the care of 
patients with diseases such as chronic pulmonary hypertension, AROS, chroruc 
respiratory failure, congenital heart disease, and after cardiopulmonary bypass. 

Numerous vasodilator therapies aimed at reducing pulmonary hypertension have 
been tested in these patients. Systemie vasodilation and hypotension occur with al! the 
currently available intravenous vasodilators tested in dosages sufficient to reduce the 
pulmonary artery pressure. In addition, lntravenous infusions of systemic vasodilators 
such as nitroprusside or prostacyclin (PGI2) markedly increase the venous admixture 
(1,2) . 

NlTRlC OXIDE · 
In 1987, the gaseous molecule NO was identified as an endothelium-derived 

relaxing factoT (EDRF) (3,4). NO is an ideal local transcellular messenger because of its 
small si2e, lipopluuc na tuTe, and short duration of action (S) and its numerous functions 
in various tissues have been reviewed (6). In vascular endothelial cells, NO is 
synthesized from the terminal guanidine nitrogen of L-arginine and diffuses rapidly into 
subjacent vascular smooth muscle (7). There, NO binds to the heme iron complex of 
soluble guanylate cyclase. The Tesulting nitrosylheme activates guanylate cyclase, 
stimulating the production of cyclic guanosine 3',5'-monophosphate (cGMP) and 
subsequently Telaxing vascular smootb muscle (7,8). When NO diffuses into the 
intravascular space, its biologic activity is limited by avid binding to hemoglobin. 
lnterestingly, the nitroso-vasodilators we have used fol' decades, such as nitroglycerin 
and nitroprusside, act by releasing NO (9). 

Endothelium-dependent relaxation in pUlmonary arteriee occurs in response to a 
variety of physical and phannacologic stimuli (10). Endogenous NO can be measured in 
the exbalation of rabbits, guinea pigs, and humans (11). In nonnal lungs, however, 
baseline pulmonary vascular tone is very low and tbe administration of acetylcholine or 
the addition of exogenous NO has little e!fect on pulmonary vascular resistance (12 - 14).· · 
In patients with pulmonary hypertension, on the other hand, acetylcholine infusion or ' 
NO inhalation can reduce pulmonazy vascular resistance (12,13) . It is possible tha t in 
sorne acute and chronic pulmonary hypertensive states, such as ARDS, or chronic 
pulmonary hypertension, the prodl.lction of endogenous NO is impaired (15,!6) . This 
might produce further vasoconstriction and foster platelet aggregation (17). Eviden ~ 
supporting tlús hypothesis is indirect at this time. Such patients may have an intact 
response to inhaled NO even though theix- response to intravenous acetylcho!ine is 
impaired (18). 
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NO Inhalation in ARDS 
We hypothesized that inhaled NO should diffuse into the puhnonary vasculature of 

ventilated lung regions and cause relaxation of pulmonary vascular smooth muscle, 
thereby decreasing pulmonazy hypertension in AROS (19,20). Since the NO is inhaled, 
the gas should be distributed predoroinantly to well-ventilated alveoli and not to 
collapsed or fluid-ftlled areas of the lung. In the presence of increased vasomotor tone, 
selective vasodilation of well-ventilated lung regions should cause a "steal" or diversion 
of pulmonary artery blood flow towards well-ventilated alveoli, improving tbe matching of 
ventilation to perfusion and improiting arterial oxygenation during ARDS. Such an effect 
would be in marked contrast to the effects of intravenously administered conventional 
vasodilators (such as nitroprusside, nitroglycerin, or prostacyclin). These intravenous 
agents also decrease PA pressure, but by nonselectively dilating the pulmonary 
vasculature, they augment blood fiow to nonventilated areas, thereby increasing right
to-left shunting and reducing the Pa02. Also unlike available intravenous vasodilators, 
inhaled NO, because it is avidly bound to hemoglobin and rapidly inactivated, should not 
produce systemic vasodilation. 

Rossaint and coworkers compared the effects of NO inhalation (18 and 36 parts per 
million (ppm)) to intravenously infused prostacyclin in nine patients with ARDS (21). NO 
selectively reduced mean pulmoll9.l)' artery pressure from 37 :_ 3 to 30.:!:. 2 mmHg (mean ,: 
SE). Oxygenation improved due to a decreased venous admixture (QVA/Qt). During NO 

breathing, the Pa02/FI02 ratio increased from 152.:!:. 15 mmHg to 199 :_ 23 mmHg. While 
the intravenous infusion of prostacyclin also reduced pulmonary artery pressure, mean 
arterial pressure and Pa02 decreased as QVA/Qt increased. Subsequent reports 
documented that inhalation of lower concentrations of NO (< 20 ppm) effeetively reduced 
pulmonary artery pressure and improved Pa02 (22 - 25). Even very small inhaled 
concentrations (as lo"l" as 250 parts per billion NO) may be effective in some patients (26). 
Right ventricular ejection fraction may increase in some patients responding to inhaled 
NO, suggesting that the observed decreases of pulmona.ry artery pre$Sure may be 
hemodynamically important (24 ,25). 

A marked variation has been reported for the hemodynamic and respiratory effects 
of NO inhalation, both among patients and within the same patient at different times in 
their illness (22,27,28). It is possible that preexisting pulmonary disease as well as the 
concomitant administration of other vasoactive drugs roa,y contribute to the observed 
variability. In general, the baseline leve! of pulmonazy vascular resistance appears to 
predict the degree of pulmonary vasoconstriction reversible by NO inhalation. Those 
with the greatest degree of pulmonazy hypertension appear to respond best to NO 
inhalation (22,28). Dellingcr recently reported a dese-response analysis of a randomi.zed 
tria! of NO in 177 AROS patients (29), a tria! which was too small to obtain significant 
outcome data. 

Tachyphylaxis has not been observed even when NO inhalation was continued for 
up to 53 days (21). Pulmonary artery pressure and Pa02 quickly retum to baseline 
values, however, after discontinuation of the gas. Occasionally, sudden discontinu.ation 
of inhaled NO can produce problematic pulmonary vasoconstriction and possibly 
bronchoconstriction (22,30,31). The reason for this is unclear. Possibly, the addition of 
exogenous NO may decrease NO synthase activity (32) or increase tissue cGMP 
phosphodiesterasc activity. 

··· The vasoconstrictor almitrine besylate has been given intravenously to enhance 
pulmonary vasoconstriction during NO breathing. This agent has further reduced Qs/Qt 
in ~DS in combination with NO inhalation (33). 

NO .lnhal.ation in Neonatal Respiratory Failure 
At birth, there is a sustained decrease of pulmonary vascular resistance and an 

increase of pulmonary blood fiow, in part due to increasing oxygen tensions. lf this does 
not .occur, persistent pulmonary hypertension of the newbom (PPHN) may result. 
Per:¡istent pulmonary hypertension of the newbom is a syndrome characterized by an 
increased pulmonary vascular .-.,sistance, increased right-to-left shunting across the 
ductus arteriosus and foramen ovale, and severe hypoxemia. Extracorporeal membranc 
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oxygenation {ECMO) is often used to support these irúants, because conventional 
vasodilator therapy is limited by severe systemic hypotension and may reduce Pa02 by 
increasing right-to-left shunting. It has been hypothesized that endogenous producticin 
of NO by the pulmonary vasculature might be decreased in PPHN. If so, then inhaled NO 
might provide an effective therapy for these severely ill infants (34, 35). Multiple small 
clinical studies of NO inhalation ha ve been perfonned in neonates, infants, and children 
with various types of acute respirato¡y failure. In general, pulmonary hypertension is 
reduced and systemic arterial oxygenation is improved with inhalation oi less than 20 
ppm NO. Nitric oxide inhalation in babies with PPHN and hypoxic respiratory failure has 
been studied in randomized multicenter trials(36,37). As in adults, however, the 
response is variable. In the neonatal lung. the degree of improvement with NO appears 
to depend u pon the presence of mature surfactant. 

Laborato¡y studies of the neonatal pulmonary circulation have also documented 
that inhaled nitric oxide is an effective pulmona¡y vasodilator (38). Additionally, 
important experilnental evidence is accumulating that the inhalation of nitric oxide 
attenuates chronic hypoxic pulmonary vascular remodeling of the pulmonary circulation 
(39,40). Conceivab1y, inhaled nitric oxide therapy might be used to limit the chronic 
pulmonary vascular changes which accompany neonatal acute respiratory failure. 
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VASCULAR EUTROPHIC REMODELLING INDUCED BY CHRONIC NITRIC OXIDE 
INHIBITION IN CEREBRAL AND MESENTERIC RESISTANCE ARTERIES. A 
CONFOCAL MICROSCOPY STUDY. 

Silvia M. Arribas, *Rizwana Hamid, Carmen González, * Anna F. Dominiczak and *Ian C. 
McGrath. 
Departamento de Fisiología, Facultad de Medicina, Universidad Autónoma de Madrid, Spain and 
*CRI & Department of Medicine and Therapeutics, University of Glasgow, Scotland. 

Studies in smooth muscle cells (SMC) in culture suggest that nitric oxide (NO) has 
antiproliferative properties. It has been hypothesised that a reduction of NO production in sorne 
vascular diseases (e.g .. hypertension) could play a role in the associated changes in vascular 
architecture (remodelling). Laser Scanning Confocal Microscopy (LSCM) offers a new approach 
allowing deterrnination of the vascular morphology of intact vessels at the cellular leve! (Arribas et 
al ., Hypertension 30:1455-1464, 1997). 
The objective of this study was to determine the effects of chronic NO inhibition on the 
remodelling process in intact arteries, where the interaction between different cell types is 
maintained. 
Methods. 8 week old WKY rats were treated for three weeks with L-NAME (lO mglkg/day), 
administered in the drinking water. Basilar and third order mesenteric resistance arteries were 
dissected, mounted on a perfusion myograph and stained intraluminally with the nuclear dye 
Hoechst 33342 for 5 min. The arteries were pressurised at half of the systolic pressure of the rat 
and fixed under pressure. Serial optical sections of the wall and lumen were obtained with a 
LSCM (364nm EX; x40 oil and xlO air objectives). Metamorph Image Analysis Software was 
used to analyse the images obtained and for 3-dimensional reconstructions of the vessel wall. 
Results. L-NAME treated rats developed hypertension (L-NAME, 200±2.8 mm Hg, control 
134.2±2.1 mm Hg; p<0.01). Both basilar and mesenteric arteries from L-NAME treated rats 
showed: (1) a significant reduction in lumen but no change in wall thick.ness, (2) a decrease in 
SMC and endothelial cell number and (3) a reduction in endothelial nuclei area and shape factor. 
In addition, there was a significant increase in adventitial cell number in the basilar but not in 
mesenteric resistance arteries. 
Cooclusions. These results suggest that: 
(1) Hypertension induced in the rat by chronic NO inhibition is associated with eutrophic inward 
remodelling of basilar and mesenteric arteries. 
(2) Remodelling induced by NO inhibition involves significant cellular changes, despite no 
changes in overall wall dimensions. 
(3) The increase in adventitial cell number in cerebral, but not in mesenteric arteries, might be 
related to the existence of nitrergic innervation in the basilar artery. 
(4) The contribution to these vascular alterations of NO inhibition and hypertension itself needs to 
be deterrnined. 
Supported by Medica! Research Council, Wellcome Trust, Fondo de Investigaciones Sanitarias 
and Comunidad Autónoma de Madrid. 
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Effect of NOS2 induction on glutathione metabolism in rat 
cultured astrocytes 

Paula García-Nogales, Angeles Almeida, Emilio Fernández, José M. Medina and 

Juan P. Bolaños* 

Departamento de Bioquímica y Biología Molecular, Universidad de Salamanca, 

Edificio Departamental, C! Ores. de la Reina s/n, 37007 Salamanca, Spain. 

(Tel.: 34-(9)23-294526; Fax.: 34-(9)23-294579; E-mail: jbolanos@gugu.usal.es). 

Reduced glutathione (GSH) is considerad to be a majar antioxidant 

compound protecting central nervous system cells against excess nitric oxide ("NO) 

biosynthesis. We have previously described that exposure of exogenous, authentic 

peroxynitrite (ONOO-) causes depletion of GSH stores in neuronas but not in 

astrocytes. lt appears that GSH depletion is involved in the specific neuronal 

susceptibility to excess ·No-mediated damage to the mitochondrial respiratory 

chain leading to neurotoxicity. Whilst GSH depletion may account for the different 

vulnerability to •NO/ONOO- found in different cell types, the mechanism for the 

specific resistance of astrocytes to the damaging effects of •NO/ONOO- is not 

understood. In arder to address this question, we have studied the possible role of 

nitric oxide synthase (NOS2) induction on GSH metabolism. Upopolysaccharide

mediated NOS2 induction was accompanied by a time-dependent increase in 

glucose-6-phosphate dehydrogenase (G6PD) mANA levels in rat culturad 

astrocytes. The mechanism responsible for G6PD induction and other pathways 

relatad with GSH biosynthesis were also studied. Since NADPH is required for 

GSH regeneration from GSSG, NOS2-mediated G6PD induction may representa 

possible protective mechanism responsible for the resistance of glial cells against 

excess ·No exposure. 

This work was funded by the Junta de Castilla y León and C.I.C.Y.T. (Spain). 

*Presenting author. 
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ROLE OF NO AND ANGIOTENSIN IN ARTERIAL PRESSURE CHANGES DURING 
ACUTE NECROTIZING PANCREATITIS 
Gallego S, Hdez-Barbáchano E, San Román JI, López MA, Calvo JJ. Dpto Fisiología y 
Farmacología. Universidad de Salamanca. Spain. 
In severe acute pancreatitis d.ramatic decreases in arterial blood pressure are often observed. In 
these circumstances, the response to different vasoconstrictors is strongly depresssed, but the 
causes of this lack of response are not yet known. We have used the experimental model of 
retrograde taurocholate infusion through the pancreatic duct to induce necrotizing acute 
pancreatitits in rats. Male Wistar rats (300-350g of bw) were anesthethized with uretane (20%, 
lml/100 g bw) and the right carotid artery was cannulated. Arterial pressure values were 
recorded by means of a Mac Lab informatic system (ADinstruments) and vasoactive 
substances were infused through the femoral vein. The decrease (21±3mm Hg) in mean arterial 
pressure (MAP) in pancreatitis was gradually attained after a meantime of 59.5±7min. After 
the hypotension, the effect of severa! vasoactive substances was checked, in arder to know 
which mechanisms could be affected by pancreatitis. The effects of L-NAME infusion 
(50rng/Kglh for 30 min), followed by a bolus of angiotensin 11 (225ng!Kg) and the effects of a 
bolus injection of angiotensin 11 (225ng/Kg) on (MAP), systolic (SP), diastolic and pulse 
pressures and heart frequency were analyzed in control and pancreatitic animals. In terms of 
absolute values (mm Hg), the increase of MAP was significantly higher after the L-NAME 
infusion (52±6 in controls, 34±3 in pancreatitics) compared with the effect of angiotensin 
(23±3 in controls, 10±2 in pancreatitics). Similar effects were observed on SP. Therefore, 
nitric oxide (NO) plays an important role to control arterial blood pressure, not only in normal 
but also in pancreatitic rats and though the increase of MAP and SP were srnaller in pancreatitic 
animals cornpared with control ones, the response to vasoconstrictors is yet very irnportant in 
pancreatitis. Moreover, when angiotensin was injected after the L-NAME infusion, the MAP 
was significantly increased (28±3 in controls, 19±3 in pancreatitics). Therefore L-NAME and 
angiotensin could restare normal tension values in acute pancreatitis. On the other hand, the 
effect of perindopril (2.3rng!Kg), an inhibitor of the angiotensin converting enzyme (ACEI) 
was also studied in arder to know to what extent ·angiotensin is effective in pancreatitic 
animals. ACEI produces a decrease in MAP of24±4 mm Hg in control compared with 12±2 
in pancreatitic animals. Our results demonstrate that angiotensin operates even in pancreatitis 
Therefore, the cornbined effect of L-NAME and angiotensin could be useful to preserve the 
arterial pressure after hypotension derived from pancreatitis. 
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MODULATION OF ANGIOTENSIN-CONVERTING ENZYME BY NITRIC OXIDE. 
* * * + +Ackermann, A., Femández-Aifonso, M.S., Sánchez de Rojas, R., Ortega, T., Paul, M., 

and González, M.C. 
* Depto. Fisiología, Facultad Medicina, U.A.M. and Depto. Farmacología, Facultad Farmacia, 

U.C.M. Spain; +oept. Medicine, F.U. Berlín, F.G.R. 

The aim of the present study was to determine the effect of nitric oxide (NO) on 
angiotensin-converting enzyme (ACE) activity. 

A biochemical study was performed in order to analyze the effect of the NO-donors, SIN· 
1 and diethytamine/NO (DEAINO), and of an aqueous solution of nitric oxide on the ACE activity 
in plasma from 3-month old male Sprague-Oawtey rats and on ACE purified from rabbit lung. SIN-
1 significantly inhibited the activity of both enzymes in a concentra,tion-dependent way between 
1 and 100 ~- DEAINO inhibited the activity of purified ACE from 0.1 ~M to 10 ~M and plasma 
ACE, with a lower potency, between 1 and 100 ~M. An aqueous solution of NO (100 and 150 
~) also inhibited significantly the activity of both enzymes. Uneweaver-Burk plots indicated an 
apparent competitive inhibition of Hip-His-Leu hydrolisis by NO-donors. 

Modulation of ACE activity by NO was also assessed in the rat carotid artery by 
comparing contractions elicited by Ang 1 and Ang 11. Concentration-response curves to both 
peptides were performed in arteries with endothelium in the presence of the guanylyl cyclase 
inhibitor, 000 (1 O ~M), and the inhibitor of NO formation, L-NAME (0.1 mM). NO, which is still 
being released from endothelium in the presence of 1 ~M 000, elicited a significan! inhibition 
ot Ang 1 contractions at low concentrations (1 and 5 nM). In the absence ot endothelium, 1 ~M 
SIN-1 plus 10 ~M 000, as well as 10 ~M DEAINO plus 10 ~M 000 induced a significan! 
inhibition on Ang 1-induced contractions at 1 and 5 nM and at 1 - 100 nM, respectively. 

Ang 1 log (M) Ang 11 log (M) 

control (with endothelium) -7.46 {-7.7, -7.23) -7.84 (-8.16, -7.52) 

+ 10 ~M ooa -7.43 (-7.81' -7.1) -8.56 (·8.93, -8.18)* 

+ 0.1 mM L-NAME -8.21 (-8.52, -7.91)* ·8.61 (-8.88, -8.36)* 

E- (without endothelium) -8.17 (-8.45 -7.89)* 

E- + 10 11M ODQ plus 111M SIN-1 . -7.47 (-7.75 -7.15)# 
..1 • . 

E- + 1 O 11M ODQ plus 1 OllM O EA/NO -6.56{-7.02 -6.11)# 

Table: Ec50 values for Ang 1 and Ang 11-induced concentration-response curves in th~ rat / i :rl 
carotid artery in the absence and presence of 000 and L-NAME. Data are presented as · 
geometric means and confidence intervals. *p < 0,05 with respect to control. #p < 0,05 ;v.tit t) · 1 ~::> 
respect to arteries without endothelium . 

In conclusion, the present resuls demonstrate that: i) NO and NO-releasing compounds. inhÍbit 
ACE activity in a concentration-dependent and competitive way and ii) NO release from endothelium 
physiologically reduces conversion of Ang 1 to Ang 11. · poa1 

{This work was supported by grant 95/1422 from Fondo de Investigaciones Sanitarias, Sp'arn)-: ¿n~d.::> 

--::' ".\ 1 (' ) 
' ·} ' \ :> ! :~) 
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INCREASE IN NEURONAL NITRIC OXIDE SYNfHASE EXPRESSION DURING 

MORPHINE DEPENDEN CE AND WITHDRA W AL IN MICE. 

Juan C. Leza, Beatriz Cuéllar, A. Patricia Fernández, María A. Moro, Ignacio 

Lizasoain, José Rodrigo and Pedro Lorenzo. Departamento de Farmacología, Facultad 

de Medicina, Universidad Complutense, E-28040 - Instituto Caja!, CSIC. Madrid, 

Spain. 

Opiate dependence and withdrawal has been correlated with increase in calcium

dependent nitric oxide synthase (NOS) activity throughout the CNS (1,2). To elucidate 

whether morphine dependence and abstinence modifies the expression of neuronal NOS 

and to study the topographic pattem of these changes, morphine dependence was 

induced by s.c. implantation of a 75 mg morphine pellet in adult male CD 1 m ice. At 

days 4 to 7 post-implantation, withdrawal was induced by s.c. administration of 1 

mglkg naloxone. All the animals underwent behavioural changes consistent with opiate 

withdrawal (micturition, diarrhoea, stereotyped movement - grooming-, tremor, 

shaking and jwnping). Fifteen min after naloxone adrninistration, brains were perfused 

by cardiac punction with 4% p-formaldehyde in PBS and postfixed in the same solution 

for 3 h at room temperature. After fixation, slices of brain tissues (50 ¡.tm) were 

incubated with a specific policlonal antibody anti nNOS at a 1 :3000 dilution. 

Immunohistochemical analysis revealed an increase in nNOS expression in olfactory 

bulb, anterior and posterior olfactory nucleus, locus coeruleus (LC), nucleus prepositus 

hipoglosii (one of the main aminoacidergic inputs to LC), nucle~s tractus solitarius and 

cerebellmn (mainly in Purkinje cells) . The present data provide evidence for the 

ricirtcrease in nNOS expression in select populations of NO synthesising neurones during 
~ - ·u i ! .: ·r~ 

morphine dependence and withdrawal in areas related with motor and autonomic 

change..<; which take place in opiate withdrawal. 

(l) Leza et al. Eur J Phannacol. 285: 95-98. 1995. 
(2) Leza et al. Nawryn Schmiedeberg 's Arch Pharmacol. 353: 349-354. 1996. 
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Triggering of pcritoneal macrophagcs with lnterfc1·on alpha/bcta 
attcnuates the expression of inducible Nitric Oxide Synthase through a 
decrease in NF-kappaB activation. 

Eduardo Lopez-Collazo, Sonsoles Hortelano and Lisardo Boscá 
Instituto de Bioquímica, Centro Mixto UCM-CSIC 
Madrid 28040 

Summary 

Triggering of peritoneal macrophages with IFN-y and a low concentration of 
LPS induced the expression ofthe inducible nitric oxide synthase (iNOS). 
However, when stimulation was accomplished in presence of IFN-a/¡3 the 
synthesis ofNO was significantly inhibited. At the mRNA leve!, IFN-a/¡3 
decreased the content ofiNOS and addition oftype I INFs during the initial 
two hours upon IFN-y!LPS activation, was required for the inhibitory effect. 
Evaluation of the transcriptional activity using run-on assays of nascent 
RNA indicated that INF-a/13 inhibited the transcription of iN OS. 
Transfection experiments using a l. 7 kb promoter sequen ce corresponding 
to the 5' flanking region ofthe murine iNOS gene showed a decreased 
promoter activity when type I IFNs were included in the synergistic 
stimulation with IFN-y and LPS. Analysis ofthe transcription factors which 
participate in iNOS expression revealed a marked decrease ofNFKB 
activation, a nuclear factor required for the transcription of this gene. The 
degradation ofiKBa and lKB¡3 which is required for the translocation of 
NFKB to the nucleus was inhibited in the presence of IFN-a/¡3. However the 
activity of other transcription factors such as IRF-1, which is involved in the 
expression of iN OS in response to IFN-y, was not affected by IFN-a/f3 
stimulation. These results suggest that in the presence of IFN-a/¡3 the 
activity ofthe iNOS promoter is impaired, and this attenuated NOS 
expression could be imp011ant in pathophysiological situations in which 
secretion oftype I INFs occurs. 
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MECHANISM OF NITRIC OXIDE MEDIATED INHIBITION OF VACCINIA 
VIRUS DNA SYNTHESIS 

1Yuzo Fujikura, 1Jaroslav Sanitrák, 2Jakub Krijt, and 1Zora Mélkov~ 
1Department of Pathological Physiology, 1st Medica! Faculty of Char1es 
University, U nemocnice 5, 128 53 Prague 2, and 21nstitute for lnherited 
Metabolic Diseases, Ke Kar1ovu 2, 121 00 Prague 2, Czech Republic. 

Nitric oxide (NO} and peroxynitrite play a majar role in the inhibition 
of growth of tumor cells and different kinds of intracellular pathogens. 
These inhibitory properties are mediated by inhibition of DNA synthesis 
and by the effect on host cell metabolism - especially by disturbing of 
mltochondrial fundion, changes in redox potential, modification of proteins 
(1 ). 

lt was previously shown that NO produced by activated 
macrophages inhibited growth of DNA viruses characterized by virus titers 
(2, 3). Uslng vaccinia virus fiN), we have demonstrated that this NO
mediated inhibition of virus growth occurred at the level of DNA synthesis 
(4). The lnhibition of virus growth and DNA synthesis could be, however, 
caused by two different mechanisms: first, it could be due to a specific, 
NO-mediated inhibition of the Individual enzymes involved in the synthesis 
of W DNA or DNA prea.irsors as in case of tumor cells; additionally, it 
could be dueto the inhibition ofthe energy metabolism by NO. 

Using W recombinant expressing murine macrophage indudble 
NO-synthase (iNOS), we have determined activity of three W encoded 
enzymes involved in W DNA synthesis- ribonudeotide reductase (RR), 
DNA polymerase, and thymidine kinase (TK). Among the three enzymes, 
only activity of W RR was inhibited by NO. The inhibition of RR activity by 
NO was detected at 4 hours post infection (h.p.i.), W DNA synthesis 
characterized by thymidine lncorporation was decreased at 6 h.p.i .• and 
virus titers were decreased since 8 h.p.i. 

We have also characterized the effed of NO production on host cell 
energy metabolism by measuring the levels of total cellular ATP and ADP. 
In time of inhibition of W RR activity and W DNA synthesis, there was, 
however, no decrease in total ATP levels observed. Thus. energy 
depletion does not appear to be the direct cause of inhibition of W DNA 
synthesis. In condusion, inhibition of W RR seems to be the first and 
spedfic cause of inhibition of virus DNA synthesis by NO. 

1. Nathan, C.F .• and Hibbs, J.B. (1991) Curr. Opin. lmmunol. 3, 65-70 
2. Croen, K.O. (1993) J. Clin. lnvest. 91, 2446-2452 
3. Karupiah. G., Xie, O .. Buller, RM.L., Nathan, C. , Duarte. C., and 

MacMicl<ing, J.D. (1993) Science 261 , 1445-1448 
4. Mélková, Z. and Esteban, M. (1995) J. lmmunol. 155,5711-5718 
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EXCITATORY AMINO ACIDS ARE INVOLVED IN THE EXPRESSION 

OF INDUCIDLE NITRIC OXIDE SYNTHASE IN AN IN VITRO MODEL 

OF BRAIN ISCHAEMIA 

María A. Moro, Antonio Cárdenas, Jorge De Alba, Juan C. Leza, Paz 

Femández-Tomé, Pedro Lorenzo and Ignacio Lizasoain. Departamento de 

Fannacología, Facultad de Medicina, Universidad Complutense y C.S.I.C. , E-

28040-Madrid, Spain. 

Oxygen and glucose deprivation (OGD) causes the expression of a 

calcium-independent nitric oxide synthase (NOS) activity corresponding to 

inducible NOS (iNOS) in different CNS cell types including neurones in rat 

forebrain slices (1). We have now investigated whether glutamate might be 

involved in the mechanisms by which OGD leads to the expression of iNOS in 

our model. A calcium-independent NOS activity appeared in slices exposed to 

OGD but not in control slices. The NMDA receptor antagonist dizocilpine (lOO 

nM) blocked this expression. OGD also caused the release of glutamate to the 

bathing solution. lncubation of control slices with glutamate (lOO JLM} for 20 

min also caused the expression of a calcium-independent NOS activity, which . 1_ 
í • r. · '· 

was inhibited by the inhibitor of the activation of NF-KB pyrrolidine. ; . , 

dithiocarbamate. These data suggest that activation of NMDA receptors bi, . 
. ' . l.:)! .. :Jl.l.> :~ 

glutamate released after OGD is in vol ved in the expression of a cal~ium- t ; w /. 
independent NOS activity m rat forebrain slices vía activation of · the··.IJ ur~ 

.. ;!! '>. ]I'J ) ') ¿ 

transcription factor NF-KB. 

l. Moro, M .A. et al. (1998). Eur. J. Neurosci. 10, 445-456. 
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SEGREGATTON OF NOS EXPRESSlON AND Ca1
+ RESPONSE TO NITRIC 

OXIDE IN ADRENERGlC AND NORADRENERGIC DOVTNE 
CHROMAFFIN CELL.~ 

Oset-Gasgue M.J , Vicente S., (i{)nzález M.P. and Castro E. 

Previous work has demonstratcd t.hat Nitric Oxide (NO) can be au important 
intrace1lular messenger in the regulation of neurosecretion in chromaffi.n cells. Since 
standard chromaffin cell cultures are mixed populations of noradreualine (NA) a11d 

adreualine (A) producing cells, it would secm important to undcrstand the functioual 
diffcrences between these individual components. The use of fluoresccnce imaging 
techniques for the recording of cytosolic calcium from siugle chromaffin cells together 
with thc immuuoidentification of individual cells with speci.fic antibodies against 
tyrosine hidroxylase, N-phenyl ethauolamine N-methyl transferase and nitric oxide 
synthasc (NOS), has allowed us to measure single cell calc1um responses in ideutified 
adrenergic, noradrenergic and nitrergic chromaffin cells, thus helping us to cla1ify the 
differential role ofNO in the function of these chromaffin ceU types. 

53±2% of chromaffin cclls were able to synthesize NO (NOS+ cells) being these 
cclls mainly noradrenergic (82±2%). Re.sults indicate that NO donors such as sodium 
uitroprusside, rnolsidomine and isosorbide dinitrate evoke (Ci~]; increascs in a 
62i4% of chromaffiu cells, t.he response toNO donors beio.g between 30 and 50% of 
tl1at of 20 ~lM nicotine. Cells rcsponding to NO donors were mainly adrenergic 
(68±5%) although also 45±9% of NA cells gave (Ca2 

.. ]; increasing responses. Tite 
distribution of NO respouding cells between NOS+ and Nos· was VCI)' similar in the 
whole populatiou (63±5 and 60±7%, rcspectively), hut these differcnces were more 
promiHent when considering the distribution ofNO response betwecn noradreuergic 
and adrenergic Nos• cells; while 73±6% of adrenergic NOS+ cells cvokes 1 Ca2+]; 
in creases by NO stimulation, only 3 5 ± ll% of noradreuergic NOS+ celts respond. 

·~aken togcther thesc results seem to indicate that 1) NO could act within 
adrenal -medulla as both an intraceUular and interceltular messenger and 2). 
Noradrcnergic celis seem to be specialized in NO synthesis while adrenergic cells with 
an end~crinc fuuctiou could mainly act as a target of neurosecretory action of this 
second 1uesseuger 

Kcy words: Nitric Oxide, chromaffin cells, catecholamines, calcium, 
i1umunocytochemistry 
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NITRIC OXIDE MODULAJRi TIIE SOMATOSTATIN RECEPTORS, 
SOMATOSTATIN-LIKE IMMUNOREACTIVE CONTENT AND PROTEIN KINASE C 
IN TIIE RA T HIPPOCAMPUS 
L. Puebla-Jiménez, A. Ocaña-Fuentes, M.C. Boyano-Adánez, R.M. Izquierdo Claros, G. 
Muñoz-Acedo, E. Rodríguez-Martín and E. Arilla. 
Departamento de Bioquímica y Biología Molecular, Universidad de Alcalá, Alcalá de 
Henares, 28871 Madrid. 

Nitric oxide (NO), a simple gas with free radical chemical properties, has been demonstrated to 
serve as a neurotransmitter and neuromodulator in the central nervous system, modulating the 
wakefulness and circadian rythms, leaming and memory, feeding, drinking, and the release of 
other neurotransmitters such as norepinephrine and dopamine. Anatomical, physiological and 
functional studies suggest an interaction between the somatostatinergic system and NO. Thus, 
the aim of the present study was to detennine whether the somatostatinergic system is 
modulated by NO. Administration of the NO synthase inhibitor Nro-Nitro-L-Arginine Methyl 
Ester (L-NAME) (50 mg/kg, i.p.) during eight days resulted in a significant increase of 
somatostatin-like immunoreactivity (SSLI) content in the rat hippocampus, no changes being 
observed after four days of treatment. Administration of the NOS substrate L-arginine (150 
mglkg, i.p.) had no effect on this parameter. The specific binding of 12SI-'I'yr1-SS to SS 
receptors in hippocampal membranes from rats treated with L-NAME during eight days was 
markedly increased as compared with control rats. This increase was due to an increase in the 
maximal number of SS receptors. Coadministration of L-arginine and L-NAME during eight 
days reverted the number of SS receptors to control values whereas administration of L-arginine 
alone had no effect on the hippocampal SS receptors. In addition, L-NAME administered for 
four or eight days inhibited translocation of the protein kinase C isoform PKCa whereas a 
stimulation of PKCe translocation was detected after eight days of L-NAME treatment. Taken 
together, the present data suggest that NO may play an important role in many of the functions 
modulated by the somatostatinergic system in the hippocampus. 

. .. i. 
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Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin, M. Beato and J. 
Modolell. 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Lacal. 

49 Workshop on Transcriptional Regula
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj , J. Ortín and J. 
Valcárcel. 

Out of Stock. 

51 Workshop on Mechanisms of Ex
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri. 

54 Workshop on Cytokines in lnfectious 
Di sea ses. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers : R. W. Oppenheim, E. M. 
Johnson and J. X. Camella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of Telo
meres and Centromeres. 
Organizers: B. J. Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pages. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers: E. K. Weir and J. López
Bameo. 
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63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bemabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers: S. J . Benkovic and A. Ba
llesteros. 

65 Workshop on Signal Transduction in 
Neuronal Development and Recogni- . 
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizar: Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra and A. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J . M. Siverio and 
J. M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom
bination. 
Organizers: J . C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J. L. 
Mico l. 

73 Workshop on Development and Evo
lution. 
Organizers: G. Morata and W. J. Gehring. 

74 Workshop on Plant Viroids and Viroid
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

Out of Stock. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro and A. M. Sill ita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J. Modolell 
and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J. L. R. Arrondo, F. M. Goñi, 
B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F. García-Arenal, K. J . 
Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S. Moreno. 

82 Workshop on Wiring the Brain: Mecha
nisms that Control the Generation of 
Neural Specificity. 
Organizers : C. S. Goodman and R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshihama, R. Kolter and M. 
Vicente. 
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The lectures summarized in this publication 

were presented by their authors at a workshop 

held on the 22"d through the 241" of }une, 1998, 
at the Instituto Juan Marc-h. 

Al/ published articles are exact 

reproduction of author's text. 
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