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mCYGEN REGULATION OF ION CHANNELS AND GENE EXPRESSION 
E. Kenneth Weir and José López-Barneo 
Department of Medicine, V A Medica) Center & University of Minnesota, 
USA and Departamento de Fisiología Médica y Biofísica, Universidad de 
Sevilla, Spain 

This workshop concentrated on a relatively new but rapidly 

growing research field. The influence of Oz sensing on cellular 
functions is an emergent topic that in the coming years will certainly 

have a broad impact in biomedicine. The initial progress in the field 
has been achieved independently by researchers with different 
background and technical expertise, without much communication 
among them. Thus, we thought that the gathering of a selection of 
scientists, representative of the various disciplines with interest in the 
subject, would render an enormous conceptual enrichment and could 
lead to a breakthrough in the maturation and development of the field. 

This was among the first international workshops on the subject aimed 

at the interchange of ideas and concepts among scientists from areas as 

di verse as molecular biology. biochemistry. physiology . pharmacology 
and clinical research . 

Oxygen, one of the most abundant elements in the biosphere, is 
crucial for the maintenance of most life forrns on earth. It has a major 

biological role as acceptor of the electrons in the mitochondrial 
respiratory chain and in doing so enables the synthesis of ATP by 

phosphorylative oxidation. Despite its paramount importance, little is 
known about how organisms are capable of sensing 02 availability and 

adjusting the gas uptake to their changing needs, in different habitats 

or physiological situations. Because, in mammals, 02 is taken up in the 
respiratory system and transported to the tissues by the blood, the 
most immediate adaptative response to the Jack of environmental 02 is 
an increase in the frequency of breathing. Acute hypoxia also produces 
dilatation in most arteries, which is an important mechanism 

participating in the local regulation of vascular tone. Besides these fast 

physiological responses, long-terrn hypoxia can induce in specific cells 
modifications in gene expression and enzymatic activity. Well-known 

examples of these chronic adaptations to the lack of Oz are the 

induction of erythropoietin, the hormone that stimulates the 
production of red blood cells, and of vascular endothelial growth factor, 
which may mediate hypoxia-initiated angiogenesis. 
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Research in recent years has begun to shed light on the basic 
cellular and molecular mechanisms underlying acute and chronic 
adaptations to low 02 tension. The cardiorespiratory responses to 
hypoxia seem to be mediated by 02-sensitive ion channels, expressed 
in glomus cells of the carotid body (the primary 02-sensitive arterial 
chemoreceptors), arterial smooth muscle cells, neuroepithelial bodies 
of the lung, pheochromocytoma and brain cells. The molecular nature 
of the intrinsic 02-sensors associated with ion channels, or those 02-
sensitive molecules capable of triggering the signal pathway(s) 
regulating transcription, although unknown, is currently being 
investigated in severa) laboratories. The molecular characterization of 
the 02 sensitive molecules will surely lead to a better understanding of 
many pathophysiological processes (such as hypertension or the 
responses of brain and heart cells to ischemia) and will generate new 
strategies for the pharmacological treatment of human diseases. 
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CELLULAR METABOLISM OF OXYGEN 

Helmut Sies 
Institut fur Physiologische Chemie 1, Heinrich-Heine-Universitat Düsseldorf; Postfach 

101007, D-40001-Düsseldorf; Germany 

crnail : helmut.sies@uni-duesseldorfde 

General 
ll1e bulk of cellular oxygen uptake is utilized for energy production in the form 

of A TP by cytochrome 9 oxidase in the mitochondrial respiratory chain. The net 4-

electron reduction of molecular oxygen to water occurs without release of intermediate 

radical species. This means that well over 95 % oftotal oxygen uptake occurs without 

the forrnat ion of reactive oxygen species ( 1 ). The mitochondrial respiratory chain may 

genera te superox:ide anion radicals at the leve! of ubisemiquinone, a process potentially 

related to long-term damage to mitochondria . Mitochondrial DNA is afilicted by 

oxidation to an e~1 e nt about 10-told highcr than genomic DNA. 

Ox1dallls 
ll1ere a severa! cnzymatic sitcs in the cell where intermediate steps of o~") · g en 

rcduction occur (2). ll1e one-elcctron step. i.e. fo mmtion of the superox:ide anion 

radica l, occurs enzymatically, and the process of redox cycling is driven by reductases 

utilizing NADPH. This process is ofinterest in toxicology, being the basis ofthe tox:icity 

of quinoncs and nitroaromatics (3). 

l'crox)'ll itrite: Defenses. Nitric ox ide and superoxidc can be generated by 

inflamrna tory cell s, and the two radi ca ls react rapidly to form peroxynitrite. This 

cytotoxic reactive oxygen species leads to DNA darnage by oxidizing guanine and by 

causing. single-strand breaks. In proteins, peroxyniuite can lead to tyrosine nitration , 

potentially interfe1ing with pbosphorylation/dcphosph orylation signaling pathways. So 

fa r. there is no kn own enzymatic dcfcnse aga inst pcroxyttitrite, and low-molecular-rnass 

compound s such as ascorbatc, cystcine and mcthionine have been sbown to react with 

pcrOX ) ~li t r i t c . 

Our recent work showcd that perox)mitrite appcars to react preferentially with 

sclcnium compounds. Ebselen, an anti infl ammatory selenoorganic compound, reacts 

with p crox~ Jit r it c. f01min g thc COITesponding selcnoxide ( 4) at a second-order rate 

constant of 2 x 106 M·' s· ' (5), which is about 100-fold higher than the rate constant 

obscrvcd " ~ th thc above-mentioncd compounds. ·nlC selenoxide can be reduced back to 

thc parcnt cornpound at the e~ 1 Je n se of GSH or oth er thiols, so that a steady-state !in e of 

dcfense can be maintaincd. Selenium-contain ing compounds protect plasmid DNA fi"om 

single-strand breaks bettcr than the con esponding sulfur-contaiiting compounds; e.g. , 

selenomethionine protected DNA from pcroxyniuite-induced damage more efficiently 

th an mctllionine (6). Likewise, nitration rcactions were suppressed efficiently by seleno

compowJds (7). We postulate, based on prelimina1y evidence, that defense against 

peroxyniuite is a novel function of seleuoproteins such as GSH peroxidase (8). 

Antioxidants ami Oxidative Stress 

The patteru of ox:idants is matched by an an·ay of antioxidant s. The nature ofthc 

diversc antiox:idants encompasses enzymes and small molecules, including vitamins such 

as ascorbate or vitamine E and micronullieuts such as carotenoids (9, 10). A disbalaucc 
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in the oxidant/antioxidant equilibrium in favor of the oxidants, leading to potential 
damage, is termed ' oxidative stress' ( 11 , 12). /~.ntioxidants are involved in disease 
mechanisms, and there is interest in employing antioxidants in therapeutic strategies ( 13 ). 

( 1) Chance, B., Sies, H . and Boveris, A. ( 1979) Hydroperoxide Metabolism in 
Mammalian Organs. Physiol. Revs. 59, 527-605 

(2) Sies, H. ( 1986) Biochemistry of Ox.idative Stress. Angew. Chem. lnt.Ed.Engl. 25 , 
1058- 1071 

(3) Kappus, H. and Síes, H. ( 1981) Toxic Drug Effects Associated with Oxygen 
Metabolism. Redox Cycling and Lipíd Peroxidation. Ex"jlerientia 37, 1233- 1241 

(4) Masumoto , H., and Sies, H. (1996) Th e Reaction ofEbselen with PerOK)'IlÍirite 
Chem.Res.Toxicol. 9, 262-267, 1996 

(5) Masumoto, H. , Kissner, R. , Koppenol, W.H. and Síes, H. ( 1996) Kinetíc study of 
the reaction of ebselen with peroxynitritc 

FEBS Lett ., submitted 

(6) Roussyn, I. , Briviba, K., Masumoto, H. and Sics, H. ( 1996) Selenium-containing 
Compounds Protect DNA from Single-Strand Breaks Caused by Peroxynitrite 
Arch . Biochem. Biophys. 330, 216-218 

(7) Briviba , K. , Roussyn, 1. , Sbarov, V.S., and Sies, H. (1996) Attenuatiou of 
Oxidation and Nítratíon Reactions of Pero,.:ynitrite by Selenomethionine, Selenocystinc 
and Ebselen 

Biochem.J 319, 13-1 5 

(8) Sies, H. and Masumoto, H. ( 1997) Ebselen as a Glutathione Peroxidase Mimic and 
as a Reactant ·.vith Peroxynitrite 

Adv. Pharrnaco l. 38 , 229-246 

(9) Traber, M. and Sies, H. (1996 ) Vitamin E in Human s: Demand and Deli,·ery. 
Ann. Rev. Nutr . 16,32 1-347 

( 1 O) Si es, H. and StabJ , \V. ( 1995) Antiox.idant Function s of Vitamius E and C, fl-
Caroteuc and Other Carotenoids. Amer. J Cliu . Nutr. 62, 13 15S-1 32 1 S 

( 1 1) Si es, H , ed . ( 1985) Oxidative Stress, Acadcmic Press, London 

( 12) Sies, H., ed . ( 1991) Oxidative Stress: Oxidauts and Antiox:idants, Academic Prcss. 
London 

( 13) Sies, H., ed . ( 1997) Antioxidants iu Di sea se Mechanisms and Therapy, Acadcmic 
Press, San Diego (Adv. in Pharmacol. 38) 
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Reactive oxygen intermedjates as medjators for regulating jan channel 
actiyjty and gene expressjon durjng cellular oxygen sensing . 
H.Acker, WEh/eben, T.Porwol: Max Planck lnstitut für Molekulare 

'PiiYSfOiogie, Rheinlanddamm 201, D-44139 Dortmund, FRG 

Cellular oxygen sensing is a highly conserved process in evolution, 
most likely developed by bacteria and plants with the first appearance of 
oxygen in !he atmosphere to comba! !he toxic effect of reactive oxygen 
intermediates ( ROl ). Signa! pathways are now very well described in 
these systems involving ROl as second messengers to regulate ion 
channel apeo probability as well as gene expression. The same 
processes seem !o take place in mammalian cells using severa! ROl to 
up - or downregulate different genes. The main pathway seems to be 
!he modifcation of transcription factors as well as !he increase or 
decrease of membrane potassium currents by influencing !he 
inactivation mechanism of !he corresponding ion channel. The airo of 
our study is the identification of !he oxygen sensor protein monitoring 
changes in oxygen partial pressure ( P02 ) and of the intracellular 
localisation of different ROl for inciting the oxygen sensing signa! 
pathway. We use carotid body - as well as HepG2 - cells for this 
purpose. These two cell systems are well known to regulate potassium 
ion channel actvity and gene expression in dependence on P02 . We 
could identify as a putative oxygen sensor protein by means of light 
absorpticn photometry, immunohistochemistry and western blot analysis 
a low output cytochrome b with respect to ROl generation with 
components similar to the one as described for the high output 
neutrophil NADPH oxidase . The intracellular level of ROl in HepG2 cells 
is conirolled by the glutathion peroxidase with an enhanced activity 
under hypoxia and cobalt application leading to an upregulation of the 
erythropoietin ( Epa ) and vascular endothelial growth factor ( VEGF ) 
gene. Furthermore , a local Fenton reaction observed in perinuclear 
structures of HepG2 cells by means of 3D confocal images seems to be 
involved explaining the upregulation of gene expression with application 
of the ircr. chct<Jtcr d es fe~r:c~am :nc . ;~ ¡~ rr: :gh! h:rü te th~ importan~o cf 
hydroxyl radicals downregulating Epa and VEGF expression in HepG2 
cells under normoxia whereas primary hepatocytes as shown in the 
literature seem to use the same mechanism to upregulate the glucagon 
stimulated phosphoenolpyruvate carboxykinase gene ( PEPCK ). As 
described in literature potassium channels Kv 1.4, 3.3, 3.4 most likely 
expressed also in carotid body cells increase the potassium curren! 
under H20 2 application whereas 10 2 inhibits this curren!. We believe 
based on these facts in an unifying concept of oxygen sensing valid for 
procaryots and eucaryots for regulation of ion channel activity and gene 
expression with distinct action of various ROl generated by 
hemeproteins as a function of P02 . 
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A crlllc:lll .... l'lll rwldue In the IMc:tlwtlon domalna of 

w~ potaalumchannela 

Olaf Ponga 

ll"'lllll.t für Neurale Slgnalverarbeitung 

ZentnllT1 filr Molek-..iare Neuroblologie 

University al Hamburg. Germany 

Vollage-acdviDd pcl(BSSium (Kv) d1annels are key plsyers in many aspec:ts al electrlcal 
~ In the nervoua system. For Bl<Bmple, Kv d1annel activltiea are involved in the 
rug~allon af -e 111111111 and traquencies al actlon poteooals, af thresholds af excillltion, al 
aynapt1c llr9nglh. and el !he resling palantlal af membranes. T wo maln lypas al Kv channels 
may be dlscemed: slo.oAy or non-lnadivating Kv d1annels end rapidly inactivating (A-type) Kv 
channels. A-type Kv channels msy operale In the sutxhreshold ranga of action potentials and 
thereby fiMill importan! ragulalory functlons for encoding pre- and postaynaptic neural 
signalllng. Suveral A.typa K11 channel mediated currents have been described ~eh differ in 
the voltege-sen:slllvity el activlllion and lnactivation and/or in the llme oonatants al activa!ion, 
inaá11111!1on and l'eCOII"'Y from lnactivation. Thus, divel'9e A-typa Kv c:hennels are exprassed 
In the nervoua system qgeoling thal A-lype Kv channels msy have specialized and dlstincl 
functions raated to nervous exc:itabllity . 

The charac;terizalion af clonad A-type Kv channels has indicaled thal A-type Kv channels are 
most likely heteromultimers ..tlich are assembled from u and B subunits. The pr1mary 
aequences al Kv a aubuntt lsaforms, ..nich have been derived from many dlfterent cONAs 
fmm bacteria and plants lo man, are qurte similar, alwsys exhibiting a charactarlatlc type al 
seconcSary Slructure. Accordlngly, all Kv u subuntt lsoforms msy have comparable slructures 
consiSiing al hydrophobic, membrane-spanning cora domains ftanked by hydrophillc amino 
and carboxy termlnl of varying lengths. lt appears that the core domain is insertad 11'1to the 
membrane such thal the amino and carboxy termini lace the cytoptasm. The core domaln of 
Kv o. sublnta invariably contalns six hydrophibic segments (S1 lo S6) ...nid1 lrBilS\Ierse lhe 
membrana and one hydrophobic segment HS interspersed ~ SS and S6. Segment SS 
is tucked into !he membrana and ertBIS and exlts lhe plasma membrana from !he extracellular 
sida. lhe core domain al Kv u subunits contains the structtXas thal are necessary lo form the 
pore and !he voltage-sensof ..tlid1 determines the voltag<>-senslaltlllity al Kv channel openlng. 
The cytoplasmlc amlno IMninus contalns !he domains oM'llch are required for essembly and 
telramertzsllon (T-domains) . Soma carbaxy-termlnl may contain a carboxylerminal signature 
eequence for lntMactlon .,.;th tha members al \he postsynapllc density (PSD) prntein famlly. 

The 8 IIOA>units aooear lo be peripheral p<otelns tightly associated ~th the cytoplasmic slde of 
the a subunlts. So lar, only B subunrts h!!Ve been clonad and charactefized that lnteracl with 
mambers of !he Kv1n subunlt subfemily. But índlrect evidence suggeS.s that !he n subunrt 
members al !he other Kv1 subfamllles also assocíate .,.;th 6 subunits. We sllO'Mid the Kv11l 
lnteraction Bite to be localizad lo o cytoptasmic amlno terminal reglen wilhin the 
tstramerizalion dornain T1 9 • Pos:slbly, tour Kv16 subunlts bind to Kv1u tetramers to form 
u484 haleromultimfJOI. Apparently, KvB subunits are auxlllary subunits which msy Bid 
aseambly of Kv u subun~s and/or transport of !he r>811J.y formad Kv channels lo 1he plasma 
membrana. Another importan! funclion al KvB dlunits can be tha! they contar rapid 
lnadlvallon onto K11 a c:hannels v.taich otheMise cannot rapldly lnaclillate, bu! behave ijke 
delsyed redifiers. This property is due to the presence al an amlno terminal inadlvating 
domain in scme 8 subunits liko KvB 1 and Kv83. The KvB inactillating domaln appears lo be 
srructu'ally relatad to !he amino terminal IMcllvating dornain oM'llch was previously ldentilied in 
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aome Kv a sublrits like Kv1 .4 and Kv3.4. For Kv u subtrits rt has been ahown thal they 
C01'11aln a receptor lar the lnactivllling doma/n near or 61 the imer maulh al the pore. Bindlng al 
tho inadlvatlng dornaln to thls receptor site upon depolar2alion of the membr- rapidly 
c:f099S the op8l'l Kv channel pore. lt has boon pmp:-.:1 tha1 inactivating domain binding 
regemblm a baJI and chllin type mechanism, in ....nlch the nactivating domain ""'uld be the 
ball end ather pana al the amino termlnus the chain. 

Amlno terminal Kv u and Kv B inactlvsting domai rlS llave """ara! structural !satures in 
common. "They clo no! req..Ore for thoir function a COYalant bond te !he rest of the molecule. lf 
one adds to the bething ,.,¡<Jion of iroide-out patches lra::tivoong domalns In tha forrn of 
peptldes (approxlmaiely 25 amino aclds long}, nonlna::i'Jatin;¡ Kv chlinnels are rapid ly 
inBG11vated by binding the peptide to a receptor sida loca:ted neat or at tha inner mouth al the 
Kv c:hannel pore. Furthormore, the lnactivsting doma!ns, wrich have been characterized 50 

far, m ay be divided lnto two subdomains. One subdomaio o:x'ltalns a relmively hlgn óensity of 
positively ctwged ami no adds. This positiva charge dens.-:y may be Importan! lar the blndlng 
reactlon al the inadiva!Jng clomain. The other subdoman contalr\S a critica! cySieln residue 
IM>ich may be f lanl<ed by ser1ne , alanine ~ or clhe< hyO":Jphobic residues. This subdomain 
appear.; to determine the Slablllty of lhe inactivatlng domllJT) receptor lnteraction. 

lnterestingty, tha inBctivsting domains ...,ich hava been ds:ovemd In mammal iBn Kv u and 
KvA subunits all contain Bl a homalogous sequence posiOOn a cysteina. Thia cystaine has te 
be mllintBined in B raduced condition lar lnactiv.rJng dcmaln act ivity When the cysleine 
residue hes been oxidized, !he lnactivating domaln can nc ionger cloae lhe Kv channel pore . 
Probably, lhis is dueto a loss of blnding activity . lmporta-t:y . the cysteine r!ISidues ...,ich are 
present in a subunrt inadlvatlng domains and tnose in Kv~ domalns are beth sensitiva to 
oxidatlon. Thus. regardless v.l1ethe< the lnactivating d:nain ls bondad to a Kv a amino 
termlnus Ol a K v ~ amino lB!fTllnus. thc oct ivity ai Kv IMC,·Blivsting domalns is very sensjt lve 
to axldatioo. Thereby , Kv channels rnpidly inactlvate W'Y!r. the cy~elna ls In a reduced state 
By contraS! , Kv channels do nat rapldly inoctivate .,.,.,., " e cysleine ls In an axidized state 
The oxidlllion p<ocess di911biing the lnactivsl ing domaln o; re\her fBSI but only involves those 
inactlvatlng domains nol bound to the lnner mouth cf L.,. Kv channel. The sensittv ity of the 
lnacttvsting domalns to axidlllion ls elirnineted -Mlen cysteine in the inactlvating domalns <S 

replaced by aerioo. Kv channels ""th thla mutant inectivatng doma1n slill inactivate rapidly , but 
the inadlvatlon time conslants are now lndist inguish!ble under axidizing end reducing 
condltions. H~ar . recovery lrom inactivation in lhe m..bn!s is acceieraled in comparison to 
""Id type. The resutts suggested that serine repla"""""" of the cysteine dastabilizes the 
complex betv.leen the inactlvatlng domain and the Kv =>annet pore . This observsl lon moy 
agBin unde~ioo the lmportance of a raduced cyste1ne f<Y ~ stebility of the complex betwoon 
the lnBcttvating domaln and the Kv channel pone ., conclusion, rapld inactivation of 
mammalian A-type Kv channels ls regulated by cystelne o idation. Thls type of regula! lon mrry 
have B role in vivo lo ijnl< the cellular redox status t: :he ex cit abil ity of membmne areas 
containing A-typo Kv channels. 
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Cysteine proteinase gene expression in legume seed 
germination: a possible role for oxygen?. 

Emilio Cervantes. Departamento de Biologia Vegetal. 
Facultad de Biologia. Universidad de Salamanca. E-3 7007. 
Salamanca. España. 

Ry RT-PCR and subsequent cDNA library screening, a 
cysteine proteinasc cncoding cONA was cloned from 
cotyledons of germinating garbanzo (Cicer arietinurn, L.). 
The corresponding mRNA is first detected in northcrn 
blots several hours following seed imbibition, but not 
during seed development or in dry seeds, reaching a 
maximum between 48 and 96 hours after the begining of 
imbibition ( 1 ). 

The embryonic axis is involved in regulating 
expression of this gene (termed cacG1 for Cicer arietinum 
germination) because in cotyledons imbibed after ablation 
of the embryonic axis, transcript levels are significantly 
reduced. When thc cotyledons are imbibed after ablation of 
lhe embryon1c axis and simultaneous removal of the testa, 
transcript levels increase to clase tu normal values during 
germination. This pattern of expression is silllilar to that 
previously reponed for diamine oxidase activity in thc 
cotyledons ofpea (2) and suggests regulation by oxygen. 

Also, mRNA levels for cacG1 are responsive to 
different concentrations of ethylene and oxygen undcr 
different experimental conditions, suggesting that 
ethylene and oxygen may have aspects in common in 
their signal-transduction chains. 
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Nitrogen fixation and oxygen sensing 

P. Boistard, E . Soupene and J. Batut 
Laboratoire de Biologie Moléculaire des Relations Plantes-Microorganismes 

CNRS- INRA, BP 27 31326 Castanet Tolosan Cedex Fr 

Biological nitrogen fixation is performed by a variety of rnicrooorganisms which belong to 
taxonornically distant genera. However the enzymatic complex nitrogenase which allows reduction 
of molecular nitrogen into arnmonia is highly conserved, likely due to the stability of the triple bond 
which has to be disrupted and therefore the sophisticated chernical reaction to be performed. 
Nitrogenase is made up of two protein components whose X ray structure has been deterrnined in 
the recent years. Nitrogenase sensu stricto or componen! one is a hetero tetramer with two different 
polypeptide chains, alpha and beta. The coenzyme is an iron molybdenum complex. Transfer of 
electrons to nitrogenase is mediated by componen! two or nitrogenase reductase which is a 
homodimeric iron metalloenzyme. Nitrogenase reductase is particularly sensitive to oxygen. 
Because nitrogen is involved in a major metabolism, nitrogenase can constitute a significan! portion 
of cell proteins and its synthesis divert a major part of the cell resources . Therefore, its synthesis is 
repressed at oxygen concentrations deleterious for the enzyme. 
In addition, because the energy requirement for nitrogen fixation is high, sorne nitrogen fixing 
bacteria couple nitrogen fixation with a highly efficient respiration process adapted to low oxygen 
tensions. The expression of the corresponding respiratory chain is also regulated by oxygen 
concentration. 
Nitrogen fixing bacteria have adopted different regulatory cascades to regulate the expression of 
their nitrogen fixing apparatus according to the oxygen status. However, they often contain 
homologous regulatory proteins whose modulatory architecture allows a combinatoria! organization 
of the signa! transduction pathway. Oxygen sensing modules are present in different components of 
the cascades and illustrate different chernical possibilities for oxygen signa! perception and 
transduction . 
For example, most nitrogen fixing organisms possess a regulatory protein, NifA which controls the 
expression of nitrogen fixation genes in concert with the sigma 54 RNA polymerase holoenzyme. In 
most instances, NifA activity is intrinsically sensitive to oxygen whereas in Azorobacrer vinelandii , 
oxygen is sensed by a flavoprotein Nifl.... Furthermore, in Sinorhizobium melilori, the expression of 
nifA itself is controlled by a pair of regulatory proteins, one of which, FixL, is an oxygen binding 
hemoprotein which controls the activity of the transcriptional activator FixJ . In addition, FixL/ J 
control the expression of the rnicroaerobiosis-adapted respiratory chain through an Fnr homolog, 
Fix.K . In Bradyrhizobium japonicum, whereas Fix.K, similarly to S. melilori controls the expression 
of the microaerobic respiratory chain, nifA expression is under an autoregulatory control. 
Additional examples of this combinatoria! organization associated with the modularity of thc 
regulatory proteins, will be given. 
In alfalfa nodules elicited by its symbiotic partner S. melilori, the expression of the nitrogen fixing 
apparatus is coupled with nodule development. The oxygen-responsive regulatory cascade of 
nitrogen fixation gene expression is a major determinan! of this coupling and will be shown to 
operate through severa! ofits components. 
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OXYGEN TRANSDUCERS REGULA TE BEHA VTOR IN ESCHJ::RICHIA COU 

Barry L. Taylor 

Departmcnt ofMicrobiology and Molecular Genelics and Center for Molecular Biology and Gene 
Therapy, Luma Linda University, Loma Linda, CA 92350. 

Behavioral responses to oxygen (aerotaxis) are ubiquitous in motile microorganisms. 

They ha ve been studied for 100 ycars but thc oxygen sensors have only recently been identified 

Oxygen can act as both an attr4ctant and a repellen!. In a spatial gradient of oxygen. bacteria are 

a!tracted ro a concentration of oxygen that is optimal for the metaholic lifestyle, and repellcd by 

oxygcn conccntraúons thal are higher or lower than the prefcrrcd ox.ygen concentration. As a 

resull. the bacteria forma focused band at the preferred oxygen concentration. Previous studies 

in this lahorat0ry have demonstrated a requirement for a 1\.mctional electron transport system for 

aerot11xis and indicated that the aerotaxis transducer detects and responds to a change in the 

electron transpon system or in the proton motive force . Subsequently, we established that the 

CheA. CheW and Che Y proteins are components ofthe signa! transduction pathway for aerotaxis. 

in addition to chemotaXis in Escherichia co/i ( 1 ). The chemotaxis pathway is a phosphorylation 

cascade in which the CheA sensor kinase ami Che Y cognate response re~'lllator are members of 

thc family of two componen! regulatory systems (2) . The chemotaxis receptors Tsr. Tar. Trg and 

Tap span the cytoplasmic membrane and have a highly conserved signaling scquence in the 

cytoplasmic (-terminal domain which binds CheA and CheW and modulates autophosphorylation 

ofCheA. We postulated that the aerotax.is transduccr would have a domain that senses oxygen 

directly or indircctly, anda conserved signaling domain that modulates CheA 

autophosphorylation. 

A BLASTP search identified an open rcading frame at 69 1 minutes on the E coli 

chromosome that hadan N-terminal sequence with 47% similarity to thc N-terminal domain of 

NifL anda e-Terminal domain with 96.7% identity to the signaling domain in Tsr. NitL is an 

oxygen-sensing protein ofthe NifL-NifA two-component system that regulates transcription of 

nitrogen fixation genes in Azotohacter vinelandii (3). The ORF in F. coli was renamed aer. 

Aerotaxis in an aer-2:: kan mutan! was reduced by one half and was re..~ored hy expression of aer 
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from the pGHI plasmid. Aerotaxis was abolished in a tsr aer douhle mutant. Aer and Tsr were 

shown to be two independent transducers for aerotaxis that mediate the rumbling response ofF. 

coli to decreased oxygen and the smoot.h swimming response to an oxygen increase. 

We have isolated Aer by nickel aftinity chromatography and lound that it is a llavoprotein 

with FAD as a prosthetic group . Tsr has cytoplasmic and periplasmic pH receptors . Our current 

hypot.hesis for oxygen sensing is that oxygen increases respiration in Ji coli. Aer senscs a change 

in redox state and Tsr senses a change in proton motive force . Aer and Tsr undergo 

conformational changes that decrease the autophosphorylation ofCheA . 

Thc Aer and Tsr proteíns can al so be considered as sensors ofthe interna! energy state in 

E coli. They mediate a recently discovered redox taxis ( 4) and an energy taxis in addition to 

aerotaxis . Thus Aer and Tsr integratc different signals that relate to the encrgy state and guide F. 

wli to t.he micro environmcnt that is optimal for energy production, growth and survival. 
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Oxygen regulated gene expression in mammalian cells. P.J. Ratdiffe, G. Dachs, B.L. 
Ebert, J.D. Rrth, J.M. Gleadle, P.H. Maxwell, J.F. O'Rourke, C.W. Pu!Jl, l. Stratford, S.M. 
Wood.lnstitute of Molecular Medidne, John Raddifle Hospital, Oxford. OX39DU. 

Recent evidence has linked severa! groups of mammalian genes to what appears to be a 
rommon mechanism of gene regulation by oxygen working near the physiological range. 
Functional similalities in r~lation have been observed, including responses to cobaltous 
ions and iroo dlelators as well as hypoxia. For a number of these genes, transfection and 
DNA binding studies have implicaled the transcripüonal complex hypoxia índucíble factor-1 
(HIF-1) in the inducible responses. 

To define more clearty !he role of HIF-1 or related romplexes in the regulaüon of mammalian 
gene expression we have compared responses to hypoxia and iron chelation in wild type 
murine hepatoma c:ells (Hepa-1 ), and mutan! dertvalives (c4) Which are detective for one 
componen! of !he DNA binding heterodimer (HIF-1p), and unable to fonn a HIF-1 complex. In 
the mutant c4 cells detective responses to hypoxia were observed for a large number of 
genes, which includes examples where HIF-1 has previously been implicated by transfection 
studies (e.g. VEGF, Glut-1 ), as well as newly defined hypoxically regulaled genes identified 
by drtferential display PCR. These responses clearly demonstrate the crilical importance of 
Hl F-1 ~ in a widely operative system of gene regula !ion by oxygen. Equally, residual 
responses to hypoxia in HIF-113 deficient cells demonstrate the existence o! HIF-1 ~ 
independent regulatory mechanisrns, which also respond to iron chelation, and which, for 
sorne genes, appear to be exaggerated in HIF-1 ~ deticient cells . 

To investigate this system of gene regulation in an in vivo context, we monitored tumour 
growth of Hepa-1 cells and the HIF-1~ detective mutan! derivatives, in xenotransplantation 
experiments. In keeping with the differenc:es in inducible gene expression seen in tissue 
culture, substantial differences in tumour growth and vascularity were observed, indicating 
that this sytem is activated in hypoxic conditions arising within salid tumours, and 
demonstrating its importance in tumour biology. 

To analyse the medlanism of HIF-1 activation by hypoxia, and the domain structure of the 
molecule, we have fused HIF-1 cDNAs to the DNA binding domains of heterologous 
transcription factors. Hl F-1 a but not HIF-1 p cnirneras were found to convey hypoxically 
inducible expression on eitber the glucocurticoid receptor or Gal4 DNA binding domains , a result 
wttich supports tlle existcnce nf importan! post-translational control mechanisms for HTF-1 a. 
Detailed analysis of tbese chimeras has deflned at lcasl 2 regions of the Hif,.-la molecule wh.ich 
can convey oxygen dependent transcriptional activation and presumably interact with a signal 
transctuction or sensing ruecha.nism. 
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EVIDENCE FOR UYDROGEN PEROXU))•: AS A SIGNAL TRANSDUCTION MOLECULE IN 
OXVCEN DEPENDENT REClJLATION OF GENE EXPRESSION. 

Maria F. Cw:yzyk-Krzetka, Sandn L. Krnll, Waltke R. Paulding and Amy C. Dmdinn 
Department of Molecullll' and Cellul¡¡r Physiology, Univcrsity of Cincinnati, Cincinnati, 
OH 45267-0576, USA 

Tyrusine hydrnxylsue ('fll), thc rolle limiling enzymc in catecholamine synthcsis, is induced by 
hypol<ia in O:rsensilive typc l cclls of carutid body and also in n clonal cellline PC 12 that is uscd as a 
modcl systcm for carotid body cells. This induction involves increasc in the amount ofTH protein and rn 
mRNA. Our laboratory has shnwn that thc 0-rdc!lcndent regulation ofTH gene l:l<pro:JO•iun occurs at the 
lcvel ofTII gene transcription and TH mRNA stability. TI1c 02-sen~it i ve mecha.nism that mc:diatcs 
regulation of 111 gene Cl<pression by hypoxia is complex and potcntially involves different signal 
transduction pathway8 thnt nre aftected by p02, such as for exarnple membranc depolarization dueto the 
prcsence uf O:rsensitive K• conductance, increase in the intracellular calcium concentrat.ion, or increase in 
the intraccllular cGMP. Recenlly a novel anrl interesting evidence has bccn prescnted lhal physiological by
prnduct of oxidative metabolism, hydrogen permude (ll10,), pan i ~,;pates in the 0 2-scnsing pathway in 
various 0,-sensitive cells. We havc thcrefore tested whether hydrogen peroxide is involvcd in the response 
of PC12 cells to hypoxia. The measurcmcnts ofH1.01 using 2'7' -dichlorodihydrofluorescein rcvcaled that 
under nonnoxic conditions PCI2 cells contain high amounts ofH,Ol. El<posurc ofcells tu 5%02 led to 
JO% (n-4) and 50% (n=5) decrc:ase in H20, rneasurcd aft.cr Jh and 20 h respeetivcly. Levds ofH20 1 
wcr~ dosel y cnrrelated with the e,;pression of TH rnRNA. Treatment of PC 12 ceUs with a reducing 
antioxidant. N-(2-mercaplopropionyl)-glycinc (NMPG, 1 O mM) causcd a do se dependen! induction uf TH 
mRNA that was identical in time course and magnitude to that measun:d whcn hypoxia was applied . 
NMPG r~duced levels of H 2 0 ~ in PCI2 cells by 20% (n=4) and 40% (n=4) after 3 and 20 h, rcspcctivcly . 
Moreover, thc effects ofboth hypol<ia and NMPG rould he complelely countcrbalancc:d by treatment of 
l'C12 cells with aminotriazole (ATZ). catalase inhibitor, that re~ulted in recovery of H20 2 conc~ntrntion to 
approximately 90% of the control valuc. Treatm~nt of cells with deferoxamine (DF, 100 ~!M) , iron chelatnr 
and thus hydroxyl radical scavenger, caused induction ofTII mRNA similar to lhat mcasured during 
hypoxia , while when DF was applied simultancously with hypo,;ia the incrcase in TH mRNA was 
aholished. Mcasurcments of H201 during DF trcatmcnt revealed a 25% and lO% increascs 11fter Jh anda 
20 h, respective] y. 

NCl<t wc examined whelher H20 2 affccts TH gen~ expression at the lcvcl of mRNA stability. We found 
that NMPG or DF had stabili1.ing effect nn Tii mR.NA, vcry similar to that measured during hypoxia. The 
combined eftects of hypol<ia and DF werc subtractive. and in crease in H20 , concentra ti en with ATZ 
prcvcntcd hypoxia induced increase in TH mRNA stability. Our lahoratory has previously shown that thc 
0 ,-dependenl incrcasc in TII mRNA ~tahility is due to incrcaserl binding of a hypoxia induc.ible prntcin 
(HIP) Lo the cytidinc-rich element within 3' untranslated regiun ufTII mRNA (HIPDS elcn•cnt). We 
fuuml that Lhe bimling ofl!IP t.o the mRNA was redox dependen! and involved reduccd cyslcinc thiol 
groups. In addition. incrcasc in rcducing ronditinns in the in vitm binding rcaction (using reducing agcnt s 
such as 10-20 mM DTT) induced binding ofthc protein tu the mRNA similarly to the indu~'lion caused by 
hypox.ia. We thus cxamined effects uf l ~ hanges in H z( l ~ r.onccntratinn nn the hinding of lllP to HTPRS. TI1e 
hinding was strongly induccd by either NMPG or DF. Thcsc data support the hypothesis that hypoxia 
induced decreases in H20 2 and consequcntly hydroxyl radical conccntrations lead to augmentcd nwnber of 
thc reduccd thiol gruups that in turn rcsults in enhnnccd binding of the regulatory proteins to the nucleic 
~~eids and increase in gene Cl<pression. 
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Molecular mecha.nism in the erythropoietin response to hypoxia.. 
S.Salceda, Vickram Srivinas and Jaime Caro. 
Car-deza F oundarion for Hernatologic Research. 
Philadelphia, PA. USA 

Erythropoietín (Epa) is the glycoproteín growth factor that controls red cell production 
and adapts the red cell mass to the oxygen requirements of the tissues. Erythropoetin is 
prod.uced primaraiy in the kidney of adult marnmals by a process involving transcriptional 
activation ofthe erythropoietin gene. This transcription.al ac:tivarion is mediated by an 
hypoxía responsive enhancer element locaíed at the 3' flanking regían of the Epo gene. 
The re.cently identified hypoxia inducible factors a: and j3 forma DNA-binding complex. 
(HIF-1) that interact with the enhancer and induce tnmsactivation. Messenger RNA 
levels ofthe two components of the complex: are not significantly affected by hypoxia, 
suggesting a translarional or post-translational control. However, the ex:act mechanisms 
involved in the fonna:tion ofthe DNA-binding complex and its transactivational a.ctivity 
are still poorly understood. Preliminary results from our laboratory suggest tbat protein 
phosphorylarion is an importan! component in tbe transactivational activity of the IllF-1 
complex. 
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ACTIVATION OF HYPOXIA-INDUCIBLE FACTOR 1 DEPENDS ON 

STABILIZATION OF ITS a SUBUNIT 

L. Eric Huang and H. Franklin Bunn 

Hematology-Oncology Division, Brigham & Women's Hospital, Harvard Medica! School, 
Boston, MA 02115, USA 

Hypoxia-inducible factor 1 (HIF-1) is a heterodimeric transcription factor which is 

activated in a wide range of cells exposed to hypoxia and is critica! for the regulation of a number 

of physiologically importan! genes. HIF-1 is composed of a 120-kD a subunit and a 91-94 kD 0 

subunit. Both subunits are members of the basic-helix-loop-helix-PAS family of transcription 

factors; HIF-la is a novel protein whereas HIF-10 is the previously cloned and characterized aryl 

hydrocarbon receptor nuclear translocator. Here we prescnt evidence that regulation of HIF-1 

activity is primarily determined by the stability of HIF-1 a protein. 8oth HIF-la and HIF-10 

mRNAs were constitutively expressed in HeLa and Hep3B cells with no significant induction by 

hypoxia. In contrast, HIF-la protein was barely detectable in normoxic cells but highly inducihlc 

in hypoxic cells, whereas HIF-10 protein was constantly present. Hypoxia-induced HIF-1 

binding as well as HIF-la protcin was rapidly and drastically dccreascd in vivo following an 

abrupt increase to normal oxygen tension. In addition , arrest of protein translation by 

cycloheximide failed to abrogate HIF-1 DNA binding in hypoxic cells, suggesting that activatcd 

HIF-1 is dispensable of protein translation. Morcovcr. short prc-cxposurc of cells to hydrogen 

peroxide selectivcly prevented hypoxia induced HIF-1 binding via blocking accumulation of HIF

la protein, while treatrncnt of hypoxic cells or hypoxic cell cxtracts with H202 had no effect on 

HIF-1 binding. Furthe1more, removal ofH202 fully rcstorcd HlF-1 DNA binding. Thesc rcsults 

indicate that activation of HIF-1 involves redox dependen! stabilization of HIF-1 a protein. 
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Oz.SENSITIVE ION CHANNELS : FUNCTIONAL ROLES AND 
MECHANISMS 
J. López-Barneo. R · Montoro and J. Ureña 
Departamento de Fisiología Médica y Biofísica. Facultad de Medicina, 
Universidad de Sevilla. 

Oxygen tension (PO z ) is known to be an important variable for 
the regulation of many ph ysiological function s; however, the cellular 
mechanisms underlying the detection of the changes in P02 are not 
well understood . Chronic exposure to hypoxia can produce the 
induction of genes encoding for enzymes , hormones and growth 
fac tors (1 ). It is al so known that P0 2 regulates the acti vity of severa! 
io n c hannel types which partic ipate in a number of fa s t 
physiological adaptations to hypoxia. 02 -regulated K+ and/or Ca2 + 
channels have been reported to exist in such di verse locations as 
g lomu s cell s of the carotid body, systernic and pulrnonary arterial 
smoo th mu scle, neuroepithelial airway chernoreceptors, rnammali an 
neuron s, and pheochrornocytorna cell s (2 ). Chemos e ns or y 
tran sduction by the carotid bod y is a we ll characterized 0 2-
dependent process . Carotid bod y (g lomu s) ce ll s are capabl e of 
se nsin g reducti ons in arterial 0 2 tension (PO 2) and to stimulate the 
b rain s tern re s piratory centers to produce hyperventilation. 
E lec tro ph ys iolo gical wo rk ha s sho wn th at th e c hemorec epti ve 
propertie s o f g lomu s cell s are based u pon th e presen ce o f 0 2 -
se nsitive K+ channels whose acti vit y is inhibited in respon se to 
lowe rin g P02 (see for a review ref. 3 ). Hypoxia re sults in th e 
enhancement of cellular exc itability and le ads to Ca2+ entry throu gh 
voltage -depend ent c hann els, transmitte r re lease , and ac ti vati o n of 
th e affe re nt fib ers of the s inus nerve (3 ,4 ,5) . Monitorin g cytosolic 
f C a 2 + ) and d opamin e re lea se In in tac t sin gle g lOffiU S Ce li S 
d e mo ns tra te s a c har ac te ri s ti c re la ti o ns hi p be tween P O 2 and 
transmitte r sec retion at the cellular leve! th at is co mparable to the 
re la ti on de scribed fo r the input-output vari abl es in the carotid body 
(2) . Alth ough the interaction of 0 2 with th e ion channels is not we ll 
kn ow n , it is hi ghl y like ly th at the unde rl yin g mec hani sm s are 
de limited to th e cell membrane. Revers ible, POz-dependent c hanges 
in chann el ac ti vity are seen in exc ised membrane patches and with 
buffe rin g of intracelular pH and [Ca2+] or afte r blockade of G
prote ins with GTPyS . Changes of Po2 lead to specifi c alterations in 
th e kine tic parameters of th e channels (deceleration of acti va ti on 
without effects on the open and closed interval s after the first 
opening as well as on deac tivation), thus , it has been proposed th at 
0 2 interacts with specific domains of the channel macromolecule. 02 
could modify channel function via an 02-sensor associated with the 
channel macromolecule . As putative 02 sensor, it has been proposed 
a membrane-bound NADPH-oxidase (6) which could co-express with 
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the channels and, depending on the P02 levels, modify the redox 
status of specific residues in the chan:1el protein. Alternatively, 02 
could bind direct1y to meta1-containing site:; located in the main 
channel subunits and, thus, regulate the conformationa1 state of the 
molecule . In fact, auxiliary beta subunits in potassium channels are 
known to have a relatively high degree of sequence similarity with 
oxidases (7). 
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K+ channels in carotid body type 1 cells and their sensitivity to hypoxia: 

studies in chronically hypoxic and developing rats. 

Chris Peers 

lnsticute for Cardiovascular Research, Leeds Universiry, Leeds LS2 9JT 

The carotid body mediales increased ventilation in response to reductions in inspired 0 2 

levels. Such increases in ventilation mature postnatally, such that ventilatory responses in 
neonates are blunted as compared with adults. Furthermore, in animals bom and reared in 
chron ically hypoxic (CH) conditions, ventilatory responses to acutely inspired hypoxic gas 
mixtures are blunted as compared with age-matched, normoxically reared animals (Hanson 
& Kumar (1994) Adv. Exp. Med. Biol. 360, 99- 108). 

Type 1 cells are believed lo be the 0 2-sensing elements of the carotid body, and much interest 
has centred on K+ channels in these cells which can be reversibly inhibited by hypoxia (see 
Peers & Buckler (1995) J. Memb. Biol. 144, 1-9). Our stuGies ha ve utili zed type 1 cells from 
10 day old rat pups to indicate that hypox ia in hi bits Ca2+-sensi ti ve K+ (KcJ channels (e.g. 
Wyatt & Peers (1995) J. Physiol. 483 , 559-565), whi lst voltage-gated K+ channels were 
unaffected (Pcers (1990) Ncurosci. Lcrr 119, 25 3-25 6). Carotid bodies from rats of this age 
are almost fully mature in terms of catccholamine release and carotid sinus nerve discharge 
in respon se to hypoxia (Donnelly & Doyle (1994) J. Physiol. 475, 267-275). By contras!, 
in ce li s isolated from age-matched r ats born and reared in a low Po2 environment (! 0% 0 2) , 

K, , channels were lacking. However, acute ilypoxia (P~ approx. 20mmHg) reversib ly 
inhibited thc residual voltage-gated K+ currcnt s in these CH cell s (Wyatt el al. (1995) Proc. 
Nml. Acod. Sci USA 92 . 295-299) Thus CH suppressed functional expression of Kc, 
channcls, but hypoxia sensing mcc hanJS!llS wcrc stil l prcsent. 

We havc investigated whether the obscrved differences between normoxic and CH type 1 
cells arase bcca use CH maintaincd th c caro tid body in an immature state. Todo thi s, we 
comparcd thc propertics of normoxica ll y rcarcd 4 da y old carotid body typc 1 ccll s with thosc 
isolatcd from oldcr animals (10 clays old and adult). In comparison with cells from oldcr 
animals, Kc, channcls con tributcd si gn ifi cantly less to to tal whole-ccll K+ curren! in 4 clay 
ole! cell s. Howcvcr, acute hypoxi a causccl significan tly lcss inhibit ion of K+ currcnts in 4 cla y 
olcls, ancl appearccl to sclectivcly inhib it K,, channels in cell s from rats of al! ages stucliccl . 
These findings suggest th at chroni c hypoxia may supprcss a postnatal developmcnt of K.:·, 
channel fun cti onal ex prcssion in type 1 ce ll s, but cloes not suppress the clevelopmen t of 0 2 

sensing mechanism s. Additi onally, in CH, th cse sens i11g mechanism s couple lo K+ chann cls 
other than Kc, channels, but in normoxicall y-rearecl young animals, where Kc, channels are 
lacking (as compared with cell s from olcler ani mals) , thcre is no obvious coupling of 0 2-

sensing mechanisms to othcr K+ channe l types. 

17JC studics descri/; ('(/ wcre sup¡;ortcd by The Wellcomc Trus1 and the British !!can 
Foundafion. 
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0XYGEN SENSING BY RAT CHROMAFFI:N CELLS : J'.DRENAL MEOULLA 1\ND CAROTI:D 
BODY CONTRASTED 
C.A. Nurse, A. Jackson, R.Thompson and H. Zhong 
Department of Biology, McMaster University, Hamilton, 
Ontario, Canada LBS 4K1 

The ability to sense oxygen and make appropriate adjustments for 
maintaining tissue Po2 are crucial if mature animals are to survive 
hypoxia. In mammals, chemoreceptors (type 1 cells) in the carotid 
body (CB) are the primary 0 2 sensors, which regulate blood Po2 via 
reflex control of ventilation [Gonzalez et al., 1994; Physiol. Rev. 
74: 829-898]. In the neonate, however, the ability to survive 
hypoxic stress depends critically on catecholamine (CA) release 
from the adrenal medulla and in some species, e.g. rat and man, 
this occurs prior to the onset of sympathetic innervation [Slotkin 
& Seidler, 1988; J. Devel. Physiol. 10: 1-16]. Since CB type 1 
cells and adrenomedullary chromaffin cells (AMC) derive from the 
embryonic neural crest, and are phenotypically similar, the 
possibility is raised that they might both express similar 0 2 sensing mechanisms. 

In whole-cell recordings from neonatal rat AMC, cultured for 1-3 
days, the majority (-70%; n= 50) responded to acute hypoxia (Po2 = 
-40 torr) with -30% suppression of voltage-dependent K• current, 
similar to CB type 1 cells. In addition, hypoxia depolarized 
neonatal AMC by 10 - 15 rnV, in association with a conductance 
decrease; the depolarization was often sufficient to trigger action 
potentials. Exposure of neonatal AMC cultures to rnoderate (10% 0 2 ) 
or severe (5% 0 2 ) hypoxia for 1 hr caused a dose-dependent, 
nifedipine-sensitive, stirnulation (-3x or 6x respectively) of 
epinephrine release, deterrnined by HPLC. As expected, hypoxia also 
stirnulated CA release (mainly dopamine) in cultures of neonatal CB 
type 1 cells. 

In contrast to these results on neonates, cells isolated from 
juvenile (P13 - P20) rats displayed striking differences. Whereas 
juvenile CB type 1 cells continued to respond to hypoxia (10% 0 2 ), 
as revealed by a -3x stimulation of CA secretion, juvenile AMC were 
unresponsive during whole-cell recordings and in assays for CA 
release. It is unknown whether this failure to respond is due to 
downregulation of particular K• channel subtypes and/or the 0 2 sensor protein. Thus AMC and CB type 1 cells appear to have similar 
0 2-sensing mechanisms, though the former present an interesting 
rnodel where 0 2 sensing appears to be regulated by normal 
developrnental processes (e.g. syrnpathetic innervation). It remains 
to be determined whether similar K• channel subtypes are utilized 
by both cell types for sensing 0 2 • 
Supported by MRC (Canada), Hospital for Sick Children Foundation 
(Toronto), and Heart and Stroke Foundation of Ontario. 



Instituto Juan March (Madrid)

39 

Role of poussium channels in hypoxic chemoreception in carotid body type-1 cells. 
K.J. Buckler 
University Laboratory ofPhysiology, Parks Road, Oxford, OXI 3PT 

lt has been proposed that the modulation ofpotassium channel activity by hypoxia plays a major 

role in oxygen sensing by the type-1 cells ofthe carotid body. To date, two main types of oxygen-sensitive 

K- channels have been characterised in type-1 cells. These are a high conductance (190pS) calcium activated 

potassium channel (BKca ) found in rat type-1 cells (Wyatt & Peers 1995), and lower conductance (40pS) 

calcium insensitive channel (termed the K02-channel) found in rabbit type-1 cells (Ganfornina & Lopez

Barneo 1991 ). lt has been suggested that inhibition of these channels by hypoxia is responsible for 

membrane depolarisation which in tu m induces voltage-gated calcium entry and neurosecretion. 

This model of oxygen chemoreception has been called into question by the observation that 

pharmacological compounds which al so inhibit these oxygen sensitive K +-channels e.g. (TEA, 4-AP and 

charybdotoxin) fail to excite the intact carotid body under normoxic conditions (Donnelly 1995, Pepper et.. 

al 1995) This paper presents the results of experiments designed to test the role of BKCa and 

K02-channels in setting the resting potential of neonatal rat type-1 cells and examines the cause ofthe 

depolarisation seen in hypoxia. 
The effects of severa! K-channel inhibitors were tested on ceUs which responded to either hypoxia 

or anoxia with a Jarge, rapid, rise in [Ca2+]i. These included 20 nM charybdotoxin, 1 O mM TEA and 5 mM 

4-AP an inhibitor of K02 and other K-channels . None of these inhibitors evoked a significan! rise in 

[Ca2+]i . Similarly, a combination ofboth JO mM TEA & 5 mM 4-AP failed to depolarise type-1 cells . Thus 

neither BKCa -<:hannels nor any other TEA or 4-AP sensitive K +-channels make a significan! contribution 

to the control of the resting membrane poten tia! under normoxic conditions in these cells. Consequently 

inhibition of any such channels cannot account for the depolarisation seen in hypoxia. 

lt has been reported, previously, that in cells voltage clarnped close to their normal resting potential, 

anoxia evokes a small inward shift in holding curren! of a few pA (Buckler & Vaughan-Jones 1994 ). Anoxia 

al so dramatically reduces resting membrane conductance (measured using vo!tage ramps from -90 to -30 

m V). The 1/V relation ofthis oxygen-sensitive curren! has a reversa! potential of about -90 m V in normal 

extracellular [K + ]o or -60 m V in 20 mM extracellular K -i- . These results confirm that this oxygen-sensitive 

curren! is also carried by K+ ions.This curren! however was insensitive to both TEA (1 O mM) and 4-AP (5 

mM) and showed little voltage sensiti vi ty over a wide range ofpotentials ( -100 to + 30). 

In summary, these investigations have shed new light on the role of K-<:hannels in 

02-<:hemoreception in that it is now clear that the response to hypoxia cannot be explained by the inhibition 

of Jarge voltage-gated K +-conductances alone. lnstead it is proposed that the 

initial depolarisation, or receptor poten ti al , is mediated vi a the inhibition of a small resting K +--conductance. 

This will probably serve to initiate electrical activity and Ca2+-in.flux, which could then be further controlled 

by the modulation of voltage-gated/Ca2+-dependent K +-channels. 
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Oxygen Sensing in the Pulmonary Vasculature 

E. Kenneth Weir, Halen L Reeve, Simona Tolarova 
David N. Comfield, Daniel P. Nelson, Stephen L Archer 

In the smooth muscle cells of resistance arterias the resting membrana potential is largely determinad by potassium curren!. The effect of changas in oxygen tension on membrana potential and vascular tone appears to be mediated through changas in potassium channel gating. In the case of the resistance pulmonary arterias of the rat, 
hypoxia inhibits one or more delayed rectifier (KoR) channels, causes membrana 
depolarization and calcium entry through voltage-dependent calcium channels, thus initiating vasoconstriction (1 ). The mechanism by which the gating of the KoR channel changas in response to hypoxia is not clear, but might involve alteration of redox status (2,3). lt has been suggested that NADPH oxidase might be the oxygen sensor (4). However, transgenic mica which lack the 91 kD subunit of NADPH oxidase (5), still have normal hypoxic pulmonary vasoconstriction, which makes a role for NADPH oxidase 
unlikely. Despite this, Shaker K+ clhannel beta subunits belong to an NAD(P)H oxidoreductase superfamily (6), which again raises the question of a redox gating mechanism. 

The means by which oxygen changas K+ channel gating is made more intriguing by the observation that an increase in oxygen tension inhibits, rather than activates, a KoR channel in the smooth muscle of the ductus arterious (7). The inhibition causes membrana depolarization and initiates normoxic constriction of the ductus at birth . In other species and in other vessels Kca channels in the smooth muscle cells also 
respond differently to changas in oxygen tension. Hypoxia inhibits Kca channels in the 
resistance pulmonary arterias of the fetallamb (8), while hypoxia activates Kca 
channels in the cerebral arterias of the cat (9). These observations imply either different 
oxygen-sensing components in the K+ channels. or different cellular oxygen metabolism giving rise to diametrically opposite effects on fundamentally the same channels. The 
problem o! the mechanism of K+ channel gating also arises in studies on oxygensensing in the carotid body (1 O) and the neuroepithelial body (11 ). 

1) Archer SL, Huang JMC, Reeve HL, Hampl V, Tolarova S, Michelakis E, Weir EK. Circ Res 78:431-442, 1996. 
2) ArcherSL, WiiiJA, WeirEK. Herz 11:127-141,1986. 
3) Archer SL, Huang J, Henry T, Peterson D, Weir E K. Circ Res 73 :1100-1112, 1993. 4) Thomas 111 HM. Carson RC, Fried ED, Novitch RS. Biochem Pharmacol 42 :R9-12, 1991. 
5) Pollack JO, Williams DA, Gifford MAC. U LL, Du X, Fisherman J. Orkin SH. 
Doerschuk CM, Dinauer MC. Nature Genetics 9 :202-209, 1995. 
6) McCormack T, McCormack K. Cell79:1133-1135, 1994. 
7) Tristani-Firouzi M, Reeve HL, Tolarova S, Weir EK, Archer SL. J Clin lnvest (In press) , 1996. 
8) Cornfield DN, Reeve HL, Tolarova S, Weir EK, Archer S. Proc Natl Acad Sci 93 :8089-8094, 1996. 
9) Gebremedhin D, Bonnet P, Greene AS, England SK, Rusch NJ, Lombard JH, Harder DR. Pflugers Arch 428:621-630, 1994. 
1 O) Lopez-Barneo J, Lopez-Lopez JR, U re na J, Gonzalez C. Science 242:580-582, 1988. 
11) Youngson C, Nurse C, Yeger H, Cutz E. Natura 365:153-155, 1993. 
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A pivota! procedure in hypoxic pulmonary vasoconstriction is the increase in cytoplasmic 

free calcium concentration ([Ca2+]¡) in pulmonary arterial smooth muscle cells. 1• 2 [Ca2+]¡ is 

controlled by Ca2+ influx through sarcolemmal Ca2+ channels3 and Ca2+ release from 

intracellular stores .2 Membrane potential (Em) regulates [Ca2+]¡ in large part through the voltage

dependence of Ca2+ channels .3 The activity of voltage-gated K+ CKv) channels is a major 

determinant of resting Em! while hypoxia selectively inhibits Kv channels in pulmonary arterial 

smooth muscle cells. 5 Thus, the reduced Kv currents CIKrv>) depolarizes the cells, opens voltage

gated Ca2 + channels, increases [Ca2 +]¡ and induces pulmonary vasoconstriction.4
·
5 The rise in 

[Ca2+]¡ also activates Ca2+ -activated e¡· channels to further depolarize the cells and activates 

Ca2 + -activated K+ channels to repolarize the cells . Hypoxia-induced inhibition of Ca2+ -activated 

K+ channels helps to maintain the depolarization and thus the pulmonary vascular tone . 6 

Hypoxia decreases ATP generation7 (via decreased citric acid circle and oxidative 

phosphorylation), alters cellular redox potential, 8 reduces cytochrome P-450 activity9
·
10 and 

diminishes oxidant production 8 Interestingly, IK(V> is also decreased by the metabolic inhibitors 

(deoxyglucose and FCCP), 11
·
12 reducing agents (glutathione) 11

·
13 and the P-450 inhibitors 

(clotrimazole and 1-aminobenzotriazole) , 10 while is increased hy ATP 14 and oxidants (diamide 

and nitric oxide). 15 Molecular! y, Kv channels are composed of pore-forming a-subunits and 

auxiliary fi-subunits (a4fi 4).
13 At least five Kv channel a-subunit genes and three fi-subunit genes 

are expressed in pulmonary arterial smooth muscle cells. The recent finding that fi -subunits 

belong to an NAD(P)H oxidoreductase superfamilyl6 suggests that the fi -subunits may serve as 

an intermediare in sensing 0 2 tension and redox status change to govem the native Kv channel 

functions. 

The data mentioned above suggest that the mechanisms by which hypoxia decreases IK(V> 

may be related to: a) inhibition of cellular metabolism , b) change in redox potential, e) 

inhibition of the activity of cytochrome P-450 or NADPH reductases (ora membrane-delimited, 

metal-containing protein) and/or d) conformational change of the channel protein. 



Instituto Juan March (Madrid)

46 

References 

l. Harder DR, Madden JA, Dawson C: Hypoxic induction of Ca2+ -dependent action 

potentials in small pulmonary arteries of the cat. J. Appl. Physíol. 1985; 59: 1389-1393. 

2. Salvaterra CG, Goldman WF: Acute hypoxia increases cytosolic calcium in cultured 

pulmonary arterial myocytes. Am. J. Physiol. 1993; 264:L323-L328 . 

3. Nelson MT, Patlak ffi, Worley JF, et al: Calcium channels, potassium channels, and 

voltage dependence of arterial smooth muscle tone. Am. J. Physiol. 1990; 259 :C03-C18. 

4 . Yuan X-J: Voltage-gated K+ currents regulare resting membrane potential and [Ca2+]¡ in 

pulmonary arterial myocytes . Circ. Res. 1995; 77:370-378. 

5. Yuan X-J, Goldman WF, Tod ML, et al: Hypoxia reduces potassium currents in cultured 

rat pulmonary but not mesenteric arterial myocytes . Am. J. Physiol. 1993; 264:Ll16-

Ll23 . 

6. Park MK, Lee SH, Lee SJ, et al : Different modulation of Ca-activated K channels by the 

intracellular redox potential in pulmonary and ear arterial smooth muscle cells of the 

rabbi . Pjlugers Arch. 1995; 430:308-314. 

7. O he M, Mimata T, Haneda T, et al: Time course of pul mona!')' vasoconstriction with 

repeated hypoxia and glucose depletion. Respir. Physiol. 1986; 63:177-186 . 

8. Archer SL, Huang J, Henry Y, et al: A redox-based 0 2 sensor in rat pulmonary 

vasculature . Circ. Res. 1993; 73 :1100-1112 . 

9. Harder DR, Narayanan J, Birks EK, et al : Identi fication of a putative microvascular 

oxygen sensor. Circ. Res. 1996; 79:54-61 . 

10. Yuar! X-1, Tod ML, Rubín U, et al: Inhibition of cy tochrome P-450 reduces voltage

gated K + currents in pulmonary arterial myocytes. Am. J. Physiol. 1995; 268:C259-

C270. 

11. Yuan X-J, Tod ML, Rubín U, et al : Deoxyglucose and reduced glutathione mimic the 

effects of hypoxia on K+ and Ca2 + conductances in pulmonary artery cells. Am. J. 

Physiol. 1994; 267 :L52-L63 . 



Instituto Juan March (Madrid)

47 

12. Yuan X-J, Sugiyama T, Goldman WF, et al : A mitochondrial uncoupler increases Kc. 

currents but decreases Kv currents in pulmonary artery myocytes. Am. J. Physiol. 1996; 

270:C321-C331. 

13 . Rettig J, Heinemann SH, Wunder F, et al : Inactivation properties of voltage-gated K+ 

channels altered by presence of 13-subunit. Nature Lond. 1994; 369:289-294. 

14. Evans AM, Clapp LH, Gumey AM. Augmentation by intracellular ATP of the delayed 

rectifíer current independently of the glibenclamide-sensitive K-current in rabbit arterial 

myocytes . Br. J. PhaT11Ulcol. 1994; 111:972-974. 

15. Yuan X-J, Tod ML, Rubín U, et al: NO hyperpolarizes pulmonary artery smooth muscle 

cells and decreases the intracellular Ca2+ concentration by activating voltage-gated K+ 

channels. Proc. Natl. Acad. Sci. USA, 1996; 93:10489-10494. 

16 . McConnack T, McConnack K. Shaker K+ channel b subunits belong toan NAD(P)H

dependent oxidoreductase superfamily. Cell 1994 ; 79:1133-1135 . 



Instituto Juan March (Madrid)

48 

Longitudinal Differences In ~. and K,. channcl dislribulion determine ,·ascular reacti\'ity to 
hypoxia Stephen L. Archcr. Jame~ Huang, Hclcn Reeves, E. Kenncth Wcir 
Yeterans ;\ffairs Medica! CtnLcr and University of Minnesota, Minneupoli s. MI"\, liSA 

Hypoxic polmonary vasoconstriction (HPY) is ddincd as the rapid, reversible. incr~ase in pulmonary 
vascular resistanc~ which occurs in thc lung, ora segment of lung, beginning wirhin sccond., of a 
Ll~crea~~ in alveolar O, tension below a threshold (-Fi02 0.1) . Thc role of HPY in th.:. adult is the 

rcgulation of vcntilation/pert"usion mutching . HPY is imrin ~ i c to the smooth musclc ccll (St-1C)I .2 , 
although the magnitude of the respn n . < ~ is moduluted by circulating mediators (c.g . cndothelin; . 
Hypoxic constriction is uniquc lo the pulmonary circulation, most s ys t~mic vcssels dilate in n: s pon ' ~ 

to hypoxia 3 Hypoxia incr~ · • s c s free cymsolic calc ium concentration (Ca'·l. and caus ~ s constricrion 
of pulmonary mtery (Pi\), hui not cerebral artcry, SMcs1.2 Thi ~ implics there is a diflácnt 02 
s ~nsing mechanism in the pulmonary vasculature . f::v~;:n within the ptolmonary circulation the v~ssels 
primaril)· re s pon~ib l e for re¡;ulati11g tone (small. mu~cular, resistance artcri c~) di~pla y a sttstained 
constriction to hypoxi<~ whcrcas the brger. pn,xirnal , conduit pultnl>nary arteries exhibit a tra"'icm 
con~triction followed by a prolongcd dil:nion, m u eh like a systemic artcry:\ . There is good evidcnc.: c.: 
that HPY results frorn the integrated action 0f Ca'" and K+ c.:hannels in the piasmakrnn.a 4 The. Ca' · 
chann~l is crucial in providing the Ca'• for contraction, but thcy are primarily rc¡:ulatcd hv the 
activity of K+ channcls, which control membrane potcntial (E,_)5 A majar advancc. in our 
understanáing of HPV i~ the recognition that hypoxia-induccd membrane depolari7.ation results l'rom 
inhibition o!" K+ channels in l'A SMC. Thus far . candidate 0.-inhibite.d K+ channels have been 
identified via patch clamp techniqucs hased on their conductance and sensitivity to pharmacological 
inhibitors. PA SMC cells contain various types of K channels including; calcium-sensitive (KCas .). 

delaycd rectifier (KDR 6) and adenosine triphc.-phate(KATP)-gatcll K+ channels7. Hypoxia i11hihi b 
a family of 4-aminopyridine (4-A!' )-scnsi tive, voltage-gated (Kv), K+ channels . Thcrc is cell-cell a:1d 
scgmem-segment variation in the predominan! K+ ch<mnel types cxpressed by P 1\ Sl\10 (Figure) . 
Conduit t>As have a ~rcatcr proportion of KC· cclls lhan resistancc l'As ~ In sorne ce lis , wholc 

Condult PA Rcststonce P;l cell K+ ~urrent i¡K), 
in rhe r~~ring 
conditic:n, i!\ carried 
mainly by KoR 
channels. in other' 
by Kca channcJ., aud 
in other~ by both 
channel types . Thi> 
l~ a d us to nami.:: lh t::~ c 

cell "' typ!!s" KoR. Kca and M ixcd' '. The following criteria d : ffere~tiatc th~ 3 cell types: pharmacology 
(sensitiv iry nf r. lO tetraethylammonium, TEA '~ 4-AP), biophysi¡;;<i ~llrihutes (CUlTenl Ll~nsily , 
capacitanc,:) and cell morphology (l ighr mkroscopy) . KCu cells are largc . smooth , have low currcnt 
density and are 1EA-sensitivc. In contra.st. KDR cclls are small. h~ v c a pc rinuclear bulge . ni gh curr~nt 

density and are 4-AP-s~nsiti\'e !!. The pr~v:.lcnce of Kca and KoR cclls varies betwe~n conduit (main 
or first diYision P/\s) and resistance (4th-5th division. <400 ¡.un. imraparenchym~l PA:;) anenes . Kca 
cells are more common in the conduit and KoR cells are more c.ommon in rcsistance PAs (Figure ). 
Though ~ cell"s lK may be prcdnminated by 1 ~hannel type , each cdl comains severa( channcl types . 
The lK is a mosaic. derivc:d from all active K+ channels . The occurrcnce of diverse ekctrophysiologic 
cell types within and b<!tween vascular scgments contribulcs to regional differcnccs in vascular rear:tivity 
lo stimul i which influence tone via K+ channels . The functional imponancc of K+ channel divcr:;ity is 
cvidem in studics of segment.al diffcrences in th~ response of the PA to stimuli which alter tone duc to 
effects on K+ channels. ror cxample , hypoxi~ inhihit~ KoR chtmn~ls while activating Kca channels 8 
HypoxiH constricts resistancc PA rings (ricb in KoR cells) whilc rclaxing conduit rings (ri ch in KCa 

cells) 8. W~ conclude t.hat regional divcrsity in the distritJution of 0,-sensitivc K+ dtlulnel~ contri bu tes 
ro !he reg.ional localization of Hl'V to rcsistance P /1 . 
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CALCIUM CHANNELS, CYTOSOLIC CALCIUM AND VASOMOTOR 
RESPONSES TO HYPOXIA. 
A. Franco-Obregón*. J. Ureña. T. Smani. J, López-Barneo 
Departamento de Fisiología Médica y Biofísica. Facultad de Medicina, 
Universidad de Sevilla . *Present address: Department of 
Pharmacology, Mayo Clinic, Rochester, MN, USA. 

The regional distribution of blood in most vascular beds is 
determined by lo c al variations in oxygen tension. As i s 
characteristic of most systelnic vascular beds, the main trunk and 
larger branches of pulmonary artery vasodilate in response to 
hypoxia. The opposite response, or hypoxic vasoconstriction, is 
observed for the more distally located resistance branches of the 
pulmonary artery (1-3 ). Severa! cellular mechanisms ha ve been 
proposed to explain the distinct vasomotor responses to hypoxia of 
the systemic-Iike and distal pulmonary arterial segments. Sorne 
models implicate the role of vasoactive agents (e.g. NO and 
endothelin 1) released from the endothelium in response to regional 
variations in blood oxygen content. These endothelium-derived 
vasoactive factors then diffu se to the arterial smooth muscle !ayer 
where they ultimately influence smooth muscle contraction . 
However , hypoxic vasomotor responses can be partiall y 
recapitulated in arterial samples denuded of the endothelium as 
well as in isolated arterial smooth muscle cells. suggesting that the 
endothelium plays a modulatory . rather than obligatory , role in th e 
manifestation¡ of the hypoxic-vasomotor responses. Other model s 
propose that the contractile status of arterial smooth muscle is 
directly responsive to blood Po 2. It seems likely that both 
endothelium - and smooth-dependent mechanisms work tn 
coordination to elaborate the intact hypoxic -vasomotor response s . 
In additi on, any mechanism(s) responsible for setting arterial ton e, 
re gardles s of whether dependent on endothelium-derived 
vasoacti ve factors or inherent to the smooth mu scle cell itself must 
firs t impinge on the modulation of vascular smooth muscle cytosoli c 
cal c ium concentration ([Ca2+]¡) which then ultimately determines 

smooth muscle contraction (1-3 ). 
To investigate what aspect of the se re sponses are inherent to 

the smooth muscle cell of arterie s we examined acutely di ssociated 
arterial smooth muscle cell s from various arterial bed s and 
monitored their responses to changes in bathing P02 under different 
experimental paradigms. Using calcium microfluorimetry, Fura-2 
AM loaded vascular smooth muscle cells isolated from various 
systemic and pulmonary arteries exhibit oscillations of cytosolic 
calcium, or Ca2+ spikes. The frequency and amplitude of the Ca2 + 
spikes, as well as basal [Ca2+] i , were exquisitely sensitive to 
changes bathing PO 2. Most characteristically. basal [Ca2+) ¡ was 
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lowered in both systemic and the majority of main trunk 
pulmonary myocytes following a reduction in Püz . By contrast, basal 
[Ca2+]i was often augmented in myocytes isolated from the distal 
branched of the pulmonary artery (4) . Since in the same 
preparation basal [Ca2+]i (as well as Ca2+ spike frequency and 
amplitude) are similarly regulated by Ca2+ influx (4), we next 
examined the possibility that the primary site of action of oxygen 
tension was on voltage gated Ca2+ channels as recordcd using the 
whole-cell patcli. clamp technique . In agreement with our Fura-2 
measurements the macroscopic L-type Ca2+ currents of systemic 
and main pulmonary myocytes were attenuated in response to a 
drop in P02 at negative membrane potentials near the physiological 
resting potential of vascular smooth muscle (5,6) . Further 
corroborating our previous results we found that the L-type Ca2 + 
currents of myocytes isolated from the distal branches of 
pulmonary artery were potentiated by hypoxia near rest (6). It thus 
appears that the 02-modulation of L-type Ca2+ channels influences 
basal [Ca2+]¡ in a manner which is consistent with the classically 
described vasomotor responses of systemic and distal pulmonary 
arterial beds to hypoxia. 

Reference s 

l . Dawson, C. A. (1984). Physiological Reviews 64 , 544-616. 
2. Fishman , A. P. (1976) . Circulation Research 38, 221-231. 
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TiUe: Hypoxia, adenosine;lliTd-K,n-r cbannels of coronary arterial smootb muscle. 
N.B. Standen, Ion Cbannel Group, Department or Cell Pbysiology and Pbarmacology, 

University of Leicester, Leicester LEI 9HN, UK. 

The delivery of oxygen to tissues is matched to their local needs by changes in blood flow, and 
hypoxia causes vasodilation on many vascular beds. In the heart, for exarnple, a local fall in 
oxygen tension causes dilation of coronary arteries and arterioles, increasing blood flow and oxygen 
supply. The vasodilation results from relaxation of coronary arterial smooth muscle, and could 
occur by severa! means: an action of 0 2 tension on the smooth muscle cells either directly or by 
changing .the.concentration of intracellular metabolites, or release ofvasodilator factors from either 
endothelial cells or cardiac myocytes. Adenosine released from cardiac myocytes has been 
proposed to play a central role in matching blood supply through the coronary circulation to the 
needs of the myocardium. 

A number of studies either in whole animals or isolated hearts ha ve suggested that A TP-sensitive 
K'" channels (KATP channels) may provide an importan! mechanism for hypoxic coronary 
vasodilation, since such vasodilation may be substantially inhibited by the sulphonylurea KATP 

channel blocker, glibenclamide u. Pan of the vasodilation appears to depend on adenosine release, 
while pan is independent of adenosine. Adenosine has also been shown to hyperpolarize coronary 
arterial smooth muscle cells, consisten! with the activation of K• channels. 

In smooth muscle cells isolated enzymatically from severa! different vascular tissues, inhibition of 
metabolism by inhibiting either glycolysis or oxidative metabolism or both leads to the activation 
of glibenclamide-sensitive K• currents ' . In pig coronary arterial smooth muse le cells studied using 
perforated patch recording, adenosine activated K• currents that showed little voltage dependence 
and had a pharmacology consisten! with the activation of KATP channels 4

. The underlying single 
channels hada conductance of 35 pS in high [K•] solution. The action of adenosine was mimicked 
by an A1 adenosine agonist (CCPA) and inhibited by the A, antagonist DPCPX, but was unaffected 
by A2 agents. In rabbit mesenteric artery, however, there is evidence that adenosine can activate 
KATP channels by way of A, receptors activating the adenylyl cyclase-PKA pathway ' . In pig 
coronary cells, we have also found that superfusion of a solution with a reduced oxygen tension 
(p01 25-40 mmHg) caused activation of K' currents '. The currents showed the same lack of 
voltage-dependence and sensitivity to glibenclamide as adenosine-activated currents in the same 
preparation. The single channel conductance, measured either under whole-cell recording 
conditions or in cell-attached patches, was also identical lo 1ha1 of adenosine-activaled channels. 
lt therefore appears lhat hypoxia can activale KATP channels in these cells, though the mechanism 
remains unclear, since such pO, levels would be expec1ed lo cause little change in intracellular 
nucleotide concentrations. 

Thus activation of KATP channels in arterial smoolh muse le provides one mechanism for hypoxic 
vasodilation in the coronary circulation, and probabl y in a number of other vascular beds. K' 
channel activation will lead to hyperpolarization of smoolh muscle cells , causing relaxation by 
reducing entry and possible release of Ca'' . In addition to their physiological control, KATP 

channels can be activated by a number of synthetic K• channel openers. Recent evidence suggests 
that these compounds may be more potent under conditions of hypoxia or metabolic compromise. 

l. von Beckerath, N. el al. (1991). J. Physiol. 442, 297-319. 
2. Nakhostine, N. & Lamontagne, D. (1993). Am. J. Physiol. 265, Hl289-H1293. 
3. Quayle, J.M. & Standen, N.B. (1994) (Review). Cardiovasc. Res. 28, 797-804. 
4. Dart, C. & Standen, N.B. (1993). J. Physio/. 471, 767-786. 
5. Kleppisch, T. & Nelson, M.T. (1995) P NA.S. USA . 92, 12441-12445. 
6. Dart, C. & Standen, N.B. (1995). J. Physiol. 483, 29-39. 
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ION CHANNEL FUNCTION DURING HYPOXIA: DIRECT ANO INDIRECT MODULATlON 

Gabriel G. Haddad, M.O. 

Depending en its severlty and duration, 0 2 deprivation ectivates mechanlsms that can laad te 
profound deleterious changas in neuronal structure and function or te adaptive mechanlsms that can 
possibly delay injury and increase neuronal survival. One of these neuronal adaptive mechanisms is 
believed te be the activation of K~ channels, but direct evidence for their activation is lacklng. We 
performed experiments to test the hypothesis that hypoxia induces activation el K• channels vía 
changas in cytosolie and membrana factors. In cell-attached patches from central neurons, hypoxia 
reversibly activated an outward current. Thls hypoxia-activated curren! In excised inslde-out patches 
was K+ selectiva and voltage dependen!, and had a high sensitivity te interna! ATP, ADP, and AMP
PNP. In cell-free excised membrana patches, we also lound that this specific K+ curren! was revers1bty 
inhibited by lack of 0 2 . This was characterized by a marked decrease in channel open-state probability 
and a slight reduction in unitary conductance. The magnitude el channel inhibition by O, deprivation 
was closely dependent on 0 2 tension. The PO, Ievel for 50% channel inhibition was about 10 mmHg 
with little or no inhibition at P02 ~ 20 mmHg. These results therefore previda the first evldenca lo!' 
regulation ol K+ channel activity by 0 2 deprivatlon in cell-free excised patches from central neurons. 

The voltage-sensitive Na channels are another example of a channel that is modulated by 1ow 
0 2 In nerve cells . The effects of brief exposures te hypoxia on the membrana currents of isolated 
hippocampal CA 1 neurons were studied with the use of the whole-cell variation of the patch-ciamp 
technique. Neurons were acutely dissociated from immature and mature rats . With hypoxia, there was 
a decrease in the magnitude of the hyperpolarizing holding curren! and a depression of the voltage
dependent inward current of mature neurons. The hypoxia-sensitive inward curren! was blocked by 
tetrodotoxin (TTX) but was not blocked by cadmium or cesium + tetraethylammonium (TEA) . Therefore 
this current was identified as the voltage-dependent, fast-inactivating sodium current {IN.). In mature 
neurons, hypoxia left-shifted the steady-state inactivation curve for IN,· Whole-cell voltage-clamp studies 
of acutely isolated human neocortical pyramidal neurons demonstrate that anoxia and metabolic 
inhlbition ¡;¡reduce a larga negative shift in the steady-state inactivation curve lar the voltage-dependent 
sodium current {1 .. .). Briet exposures te hypoxia alter therefore the intrinsic excitability of CA 1 neurons 
by at least two mechanisms: 1) alterations in leakage currents and 2) alterations in the fast Na• 
conductance. We propase that the alterations in both K• and Na• conductances m ay play an adaptive 
role by reducing 0 2 demands and thus possibly delaying neuronal injury. 
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Ischemia and Oxidativc Regulation ofNeuronal Ca2+-Penneable AM:PA Receptors 

Dugan, L.L., Turetsky, D.M., Sensi, S.L., Canzoniero, L.M.T. and Choi D.W. 

The majority of AMP A-type glutamate receptors are relatively impermeable to Ca2+ 

However, recent studies have identified subpopulations ofneurons in hippocampus, 
cerebellum, spinal cord and cortex which are highly permeable to Ca2+; calcium
perrneability may be conferred on AMP A receptors by absence of a GluR-B subunit, the 
subunit whlch normally limits Ca2+ entzy tbrough the AMP A channel. Neurens bearing 
Ca2• -penneable AMP A receptor& show enhanced susceptibility te the glutamate receptor 
agonist, kainate, and appear to be selectively vulnerable to ischemic injury. In additien, 
Pelligrini-Giampietro et al (1993) reperted a preferential reduction in Glur-B mRNA in 
hlppecampal neurons follewing transient forebrain ischemia, suggesting that events 
associated with ischernia or reperfusion may regulate GluR-B expression and increase 
Ca2+ -permeability of AMP A receptors. 

Severa! groups have reported rapid preduction of reactive oxygen species during brain 
ischemia-reperfusien . Oxygen radicals during reperfusion may be generated by neurons 
undergoing glutamate receptor-mediated excitotoxicity, or from damaged mitochondria re
exposed to exygen. Reactive oxygen species may, in turn, affect redox-sensitive enzymes, 
transporters, receptors and transcription factors . We hypothesized that reactive oxygen 
species could change the expression of Ca2

• -permeable AMP A receptors. 
N eurons with Ca2

• -penneable AMP A receptors can be identified by a histochemical 
stain for kainate-activated cobalt uptake, or by fura-2 microfluorimetry. Brief sublethal 
exposure to Hz02 (60 f.LM, 30 min), to generate hydroxyl radical, produced a 25% increase 
in the number of cortical neurons exhibiting kaínate-activated cobalt uptake 12-24 hr later. 
Superoxide anion (generated by xanthlne 1 xanthine oxidase 1 catalase) or nitric oxide 
failed to affect the nurnber ofneurons with Ca2•-permeable AMPA receptors. Increased 
kainate-activated cobalt staining remained sensitive te the AMPA/kainate receptor 
antagonist, 6,7-d.introquinoxaline-2,3-dione (NBQX), and was associated with kainate
stimulated increases in intracellular Ca"• and Ca"• uptake. This increase was accompanied 
by a decrease in the amount ofnewly-synthesized neuronal GluR-B, detected by 35S-Met 
metabelic labeling and immunoprecipitation of GluR protein. These data suggcst that 
oxidative stress can alter the configuration of AM.P A receptora on cortical neurons to favor 
CaH -permeable behavior. 

Supported by NIH grants NS 30337 (DWC), and NS 32636 (LLD). 
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The maturation of peripheral chemoreceptor hypoxic sensitivity. 

~ & D.R.Pepper. Department of Physiology, Medica! School, University of 

Birmingham, Birmingham BIS 2TT, UK. 

We have been interested in the factors which govem the well-established maturational 

changes observed in the reflex ventilatory sensilivity lo hypoxia that is observed in a 

number of mammalian species. Our work is focused at electrophysiological evenls 

occurring at the carotid body and this poster will describe sorne of our recen! studies. 

The large rise in arterial Po2 thal occurs upon the initiation of air breathing at birth in 

mammals is believed not only to be the reason for a need to increase hypoxic 

chemosensitivity above in utero levels but also to be the cause of this elevated sensitivity. 

We have characterised this plasticity in the hypoxic sensitivity of the carotid body in 

animals at various ages after birth and have also shown lhe 'blunting' effecl of preventing 

the natural elevation in Po2 by mainlaining animals in normobaric hypoxia from birth. 

More recently we have demonstrated that this blunting effecl of chronic hypoxia can be 

reversed by a return to normoxia and lhat it is dependen! u pon the age at which lhe chronic 

hypoxia is imposed. 

Our data at the leve! of afferenl discharge in the whole organ in vitro is now being 

complemenled by studies on isolated lype 1 cells. We ha ve confirmed that chronic hypoxia 

from birth can reduce the peak outward curren! of these cells. In collaboration wilh Dr 

Chris Peers and colleagues, we have also demonstrated that the Ka componen! increases 

with increasing postnalal age and that in very young animals the reduced Kca is associated 

with a greatly rt'duced hypoxia sensitivity. Whether this correlation between the afferent 

chemoreceptor discharge response to hypoxia and Ka channel density are causally relaled 

remains to be determined. However, in support of a role for Kca in hypoxia sensing by the 

carotid body we have shown that IOOnM charybdotoxin can increase chemoreceptor 

discharge in adult animals albeit al relatively hypoxic le veis. The effect of this toxin in the 

neonatal response to hypoxia is currently under investigation. 

This work is supported by The Lister lnstitute for Preventive Medicine, The Medica! 

Research Council and The Wellcome Trust. 
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SENSITIVITY TO PHYSIOLOGICAL HYPOXIA. 
C. González. Departamento de Bioquímica y Biología Molecular y Fisiología. Facultad de 
Medicina. Universidad de Valladolid. 47005 VALLADOLID. Spain. 

The first topic that · 1 shall address is the definition of physiological hypoxia. 
Physiological hypoxia is a hypoxic hypoxia produced by ambient factors, i.e. , low barometric 
pressure or high altitude, and proceeding without any pathology for the entire life-span of 
individuals and from generation to generation. A reasonable limit for physiological hypoxia 
is an altitude of =4,000 m above sea leve! , corresponding to a barometric pressure of 460 
mmHg, an inspired P02 of 93 mmHg and, before acclimatization , an alveolar P02 of =42 
mmHg. Nearly 15 r.~illion people lives at this altitude, and when adeq!late corrections are 
made for racial and nutritional factors, they exhibit no differences with sea leve! inhabitants 
in reproduction, growth or physical performance. Pioneer studies on the physiology of high 
altitude revealed that and increase in red cell mass and a hyperventilation were the adaptative 
changes observed in permanent residents at high altitude as well as in lowlanders adapted to 
high altitude. It was later recognized that many populations of high altitude residents , and 
all adapted lowlanders , exibited variable degrees of pulmonary hypertension; the adaptative 
significance of this response has also been documented . A common property of the three cell 
types involved in the genesis of the adaptative responses, erytropoietin-producing cells of the 
kidney, chemoreceptor cells of carotid body and smooth muscle cells of the pulmonary 
artery , is that they possess a threshold to hypoxia which corresponds to an arterial P02 of 
around 70 mmHg, implying that they start to be activated before the arterial 0 2 content drops 
significantly. This low threshold , in turn , means that these cell types should possess Or 
sensors with low affinity to 0 2• Another common property of these cell types is that their 
responses are directed to the entire organism, aiming to prevent hypoxia in bodily cells and 
to maintain their metabolic rate and function . A corollary follows from these considerations, 
namely, that in order to prevent hypoxia from increasing in the organism, these three cell 
types must be extremely active during hypoxia. All these properties define , in my opinion, 
physiological hypoxia and physiological sensitivity 10 hypoxia (González et al., 1995) . 

It should be noted, however, that all cell types in the organism exhibit a general 
sens.itivity to hypoxia, if it is intense enough. The responses observed in most cells are 
directed to the own survival of the cells , and include shifts in metabolic routes , induction of 
glycolitic aná oxidative enzymes , a general reduction of biosynthetic functions, and at the 
same time increase in the rate of synthesis of stress proteins acting as molecular chaperons 
or helping to repair possible mutations induced by hypoxia. These general responses of the 
cells would mimic those encountered in lower organisms (Bunn and Poyton 1996) . 

M y contention is that even if the 0 2-sensor for the general sensitivity to hypoxia and 
for the physiological hypoxia belongs chemically to the same family, probably a 
hemoprotein, the sensor for physiological hypox ia has had to acquire sorne properties through 
evolution that enables it to detect the adequate levels of hypoxia. Parallel adquisition of 
specific transduction cascades in the cells endowed with physiological sensitivity to hypoxia 
would allow them 10 generate appropriate responses and maintain a high metabolic rate 
during hypoxia. 

In my talk 1 would make sorne considerations on the significance of mitochondria and 
NAD(P)H in the sensing of physiological hypoxia. 

Gonzalez, C. et al. Respir. Physiol. 102: 137-47, 1995 
Bunn, H. F. and R. Poyton. Physiol. Rev. 76: 839-885, 1996 
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Regulation of rat liver SAM -synthetase by hypoxia. 
Matías A. Avila, Elías N. Rodr íguez, Isabel Varela-Nieto, José M Mato. 

Instituto de Investi gaciones Biomédicas CSIC. Arturo Duperier 4, 28029, 
Madrid , España 

S-adenosyl meth ionine( SAM )-synthetase cata lyses the first step of liver 
methionine metabo lism. The formation of SAM involves the transfer of the 
adenosyl moiety of ATP to methion ine, and is the preferred pathway for 
methi onine breakdown in mammals. SAM serves as the methyl donor for 
essentia lly al! known biologica l methylat ion reactions in while it is converted to 
S-adenosy lhomocysteine(SAH ), and participates in the synthesis of polyamines 
and gluthati one Severa! liver disorders, such as alcoholic cirrhosis, have been 
associated wi th an impairment of methionine metabolism and the methylation 
cycle. Low oxygen ava ilability is a condition associ ated with alcoholic liver 
ci rrhosis and also occurs during liver transplantation . In a model of kept ra t 
hepatocyte s in primary culture, we have studied the regulation of SAM
synthetase during hypoxia (3% 0 2) Our resu lts show a time-dependen\ 
reduction of enzyme activity along with a decreased value of the ratio 
SAM/SAH SAM synthetase steady-state mRNA level s were downregulated 
rapid ly after the onset of hypoxia (2 h). suggest1ng an effect on mRNA stabil ity 
rather than a change in the transwpt1on rate . g1ven the long half- life of SAM 
synthetase mRNA (> 8 h) Our observa t1 ons 1nd!ca te that l1ver SAM synthetase 
activity and expression are acutely regu lated dur1ng hypoxia . To our knowledge 
th is is the f1rst example of a gene be1ng downregulated through a post
transcnptlonal mechanism by hypox1a 
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Although hypoxia inhibits a number of differertt .ion-channels in 'isolated type-J celis 
~e sensor responsible for detecting changes in Ol'-coilcentration JS · unknown. 1 am 
ÚlVestigating a m.i.rilber of possible 0 ]-sensing pathwiiys . At present re~earch is directed a t 
twd roechanisms wliich ha ve achieved a degree of prominence in the literature, these are 1) 
that 0 ¡-chemoreception ís linked to ox.idative phosphorylation or 2) that 0 ]-chemoreceplion 
is ·mediated through changes in H,02 production via the action of an NI'\D(P)H oxidase. 
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Swelling-, cAMP- and acidosis-induced chloride currents 
recorded from isolated rat carotid body type 1 cells 

E. Carpenter and C. Peers 

/nstitute for Cardiovascular Research, University of Leeds, Leeds LS2 9JJ, UK 

It has been proposed that the carotid body can act as an 'osmoreceptor' [1,2]. Many chloride 
channels are known to be activated by hypotonic solutions [3] and are often activated by cyclic AMP (3], 
the levels of which rise in carotid body type 1 ce lis during hypoxia [ 4] . Regulation of chloride channels by 
pH has also been reported [S] . We thereíore decided to investigate if such channels were present m rat 
carotid body type 1 cells. 

We have used the whole cell patch clamp technique to record chloride currents from type 1 cells 
isolated from 10 day old rats as previously described [6] . The extracellular solution contained (in mM): 
67.5 NaCI, 48.3 TEA-CI, S KCI, 6 MgCI2, 0.1 CaCI2, S HEPES, 10 D-glucose (pH 7.40 w/NaOH or TEA
OH in Na • -free solutions, 300müsm w/sucrose, 21-24°C) . Hypotonic solutions were typically 240müsm, 
although sorne experiments were carried out using 2S0-260müsm. Symmetrical cr was used and pipenes 
had a resistance of 4-9MO when filled with (in mM): 1 O NaCI, 117 CsCI, 1 CaC12, 2 MgCI2, 11 EGTA, 11 
HEPES , 2 Na2ATP (pH 7.20 w/CsOH, 300müsm w/sucrose, 21 -24°C). Cells were held at OmV and current
vo ltage ( I-V) relationships were obtained using either voltage steps (SOms, 0.2Hz) or ramps (400ms, 
0.2Hz). 

A 3-4m in hypotonic challenge induced an outwardl y rectifying, non- inactivating conductance in 9 
cells testcd (-132 ± 32pA at -80mV, 262 ± 66pA at +80mV ). Ce lls cou ld be seen to swell under the 
m icroscopc during the hypotonic challengc. On return to isotonic conditions curren! levels reduced el ose to 
control levels. Us ing voltage ramps the cells were challenged wi th the hypotonic so lution until a steady
state cu rren! was obtained, usually within 3-7min (-3 12 ± 40pA at -80mV, S22 ± S8pA at +80mV, n = 26). 
The reversa ! potenti al was 1.6 ± 0.6mV (n = 26), close to the thcoreti ca l reversa! potential of OmV undcr 
thcsc conditi ons. Rcplacing extrace llular Na with choline' (n = 6) did not significantly affect the reversa! 
potentia l or curren! amp litude, indicating that it is unlikely that th is curren! arose from a non-speci fi c 
cationic channel. When the extracellul ar Cl' concentrat ion was reduced by replacing NaCI with Na
gluconate thc reversa ! potential was shifted by 14 .7 ± 0.4mV (n = S) in the positive direction, close to the 
thcorctica l sh ift of 17.8mV , suggesting that the current was carried by Cr. Directly removing NaCI 
produccd a s im ilar shi ft in reversa! potential (n = 3). Thc current was sensitivc to blockade by niflumic acid 
(300¡.~M, 81.7 ± 4.8% inhibition at -80mV, 76.3 ± S.7% at ~80 mV , n =S) and the stilbene derivativo DIDS 
although thc effect of DIDS was predomin antly on the outward current (200¡.~M, 1 S.S ± 4.9% inhibition at 
-80mV , 62 .8 i 1.6% at +80mV, n = 6). A niflumic acid- sensit ivc outwardl y rcctifying conductance with a 
reversa! poten tia ! of 2.3 ± 2. 1 m V was also induccd by isotonica lly applicd 8-Br-cAMP (2m M, -30 ± 6pA at 
-60mV, 57 ± 13pA at +60mV, n =S). lntraccllular acidosis cffe cted by isotonica lly applied Na-propionatc 
(20m M) also induced an outwardly rectifying cond uctance wi th a reversa! potential of -O.S ± 0.9mV (-70 i 
2 1pA at -60mV. 104 ± 35pA at +60mV, n = S). 

Thcsc data support thc suggestion that thc carotid body might play a ro le as an 'osmorcceptor' . 
More im portantly. thc cr conductance reported hcre m ay be invo lved in the overall response of typc 1 cell s 
to physio log ical stimuli . 

Supportcd by thc Wcllcomc Trust. 

11] S HA RE, L. & LEVY. M.N. ( 1966). A m. J Physiol., 210, 157- 161. 
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[3] MENG , X-J. & WEINMAN, S.T (1996) . Am. J. Physiol., 271, C 112-C 120. 
14] DELPIANO, A.M. & ACKER, H. (1991). J. Neurochem., 57,29 1-297 . 
[S] PARK, K. & BRO\VN, P.D. (199S). Am. J Physiol., 268, C647-C650. 
[6] HATTON, C.J . & PEERS, C. (1996). Am. J Physiol. , 271 , C8S-C92. 
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SELECTIVE INHIBITION OF A SLOW-INACTIV ATING VOLTAGE-DEPENDENT 
POTASSIUM CHANNEL IN PC12 CELLS BY HYPOXIA 

Laura Confo1ti and David E. Millhom 
Departrnent ofMolecular and Cellular Physiology, College ofMedicine, University of 

Cincinnati, Cincinnati, OH 45267-0576, USA 

The pheochromocytoma (PC12) cell line consists of an homogenous population of 
oxygen-sensitive cells which can be used as a model system to study the modulation of ion 
channels and gene expression by hypoxia. We recently discovered that hypoxia inhibits an 
Orsensitive K current in PC12 cells which causes depolarization followed by an increase 
in intracellular calcium and secretion of dopamine (Zhu et al., Am. J. Physiol. 271 : C658, 
1996). In order to characterize the Orsensitive K channel, the effect of hypoxia on the 
different K channels present in PC12 cells was studied at the single-channellevel in cell
attached and inside-out cor.figurations. Ensemble-average current, conductance and open 
probability were measured before and after exposure to hypoxia (10% 02, 80 mmHg Po2 

measured in the perfusion chamber). Experiments were perforrned at room temperature 
with an extracellular concentration of K• of 2.8 mM. Ramp pulse depolarization 
experiments showed that hypoxia inhibits a 20 pS K channel (66 ±...12% inhibition) Four 
types ofK channels were recorded in PCI2 cells: a small conductance channel (14 pS), a 
calcium-activated channel (150 pS) and two K channels with similar conductance (20 pS) 
These last two channels differ in their time-dependent inactivation (measured with step 
pulse depolarization from an holding potential of -60 m V to +5o" m V, 200 ms duration): 
one is a slow-inactivating channel, while the other belongs to the family of fast transient K 
channels. Of these, only the slow-inactivating 20 pS K channel is sensitive to hypoxia. 
Exposure to 10% 0 2 produced a reduction in ensemble current amplitude and a decrease 
in open probability (NxPo ca. 50%) with no change in either single-channel conductance 
or number of active channels in the patch. This response, when studied in inside-out 
patches, was reversible upon returning to normoxia. In order to identify the molecular 
nature of the Orsensitive K channel we studied the expression of genes that encode for 
the a. subunits of the delayed rectifier type of K channel in PC 12 cells and their regulation 
upon prolonged exposure to hypoxia. Reverse-transcriptase polymerase chain reaction 
(RT-PCR) experiments showed that at least two genes ofthe Shaker family (Kv1.2 and 
K"1.3) are expressed in this ce!! !ine together ·v!th K·;2 .1, Kv3.! and Kv3 .2. The 
expression ofthe Shaker Kvl.2, but none ofthe other K channel genes, increased in cells 
exposed to 10% 0 2 for 18 hr. Kvl.2 is known to encode for slow-inactivating outward K 
channels of similar conductance to the 0 2-sensitive K channel which we recorded in PC 12 
cells. In conclusion, the Orsensitive K channel in PC 12 cells is a 20 pS slow-inactivating 
K channel. This channel appears to belong to the Shaker subfarnily of voltage-gated K 
channels. 
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Arachidonic Acid does not mimic the efTects of hypoxia on isolated rat carotid 

body type 1 cells. 

C. J. Hatton and C. Peers 

fnstitute jor Cardiovascular Research, University oj Leeds. Leeds LS2 9JT, UK 

Hypoxic inhibition ofK' currents in type 1 cell s is believed to be obligatory for 
chemoreception in this organ [ 1 ] . We ha ve previously demonstrated that inhibition of 
cytochrome P-450 can prevent the hypoxic inhibition of K' currents in these cell s [2). 
Here, we have investigated the effects of arachidonic acid, a major substrate for 
cytochrome P-450 on the ionic currents of isolated carotid body type I cells of the rat. 

Cells were isolated and maintained as previously described [2] , and whole-cell 
currents were recorded using the patch clamp technique (holding potential -70m V) 
K• or Ba2

' currents were evoked by 50ms depolarising pulses (0.2Hz) to +20mV (for 
K• currents), orto OmV (for Ba2

' currents), orto a range of test potentials (-60 to 
+60mV) to construct current-voltage relationships. Drug effects are expressed as 
percentage (±s.e .m.) change from control amplitudes . 

Arachidonic acid (2~M-20~M) inhibited K· currents in a concentration 
dependent manner (up to 88 .8±3 .1 %). at al! activating potentials studied . In high 
(6mM) Mg2

', low (O . lmM) ci· perfusate (which inhibits the Ca2
• activated 

component of the whole-cell K' current (3]) arachidonic a cid 2~M still inhibited K ' 
currents, although this was significantly less than in control solutions, suggesting sorne 
selectivity for the hypoxically sensitive calcium-activated component of the K· current 
However, 2~M arachidonic acid also signif1cantly inhibi ted the whole cell Ba2

' current 

(37.3±2.0%), an effect not seen with hypoxia and which may account for its apparent 
selccti vity for the calcium-activated componen\ of thc K· current 

The mechanism by which arachidonic ac1d inhibition of K· currents occurred 
was investigated using pharmacological inhibitors of arachidonic acid metaboli sm. Pre
treatment with 1-aminobenzotriazole (3mM) a suicide subst rat e cytochrome P-450 

inhibitor for 60-min did not alter thc degree of inhibition of K· currents by 2 ~M 

arachidonic acid . Likewise bath applicati on of either the cyclooxygenase inhi bit or 

indomethacin (5~M) or the non-specific li poxygenase inhibitor phenidone (5~M) failed 
to significantly affect the arachidonic acid inhibition 

These data are not supportive fo r a role for a cytochrome P-450 metaboli te of 
arachidonic acid in hypoxic chemotransduction . lnstead they suggest a direct, non
sclective effect of arachidonic acid on the ionic currcnts of isolated rat type 1 carotid 
body cell s. 

Supportcd by thc British Hcart Foundation . CJ .H. holds a BHF PhD studcntship. 

[1] PEERS, C. & BUCKLER, K J. ( 1995) . J Memb. /Jíol. 144, 1-9 . 
[2] HATTON , C. l & PEERS, C. (1996) . Am. J Physíol. 271 , C85-C92 
[3] PEERS, C. (1990) . J Physiol. 422,38 1-395 . 
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DEVELOPMENT OF CAUDAL HYPOTHALAMJC NEURONAL RESPONSES TO HYPOXlA IN 

THE RAT. Eric M . Hom and Tony G. Waldrop. Department ofMolecular and Integrative Physiology, 

Neuroscience Program and College ofMedicine, University oflllinois, Urbana, IL 61803. 

Neurons in the caudal hypothalamus of adult rats have previously been shown to be stimulated by 

hypoxia both in vivo and in vitro . Because this region is known to be a site of cardiorespiratory 

regulation during hypoxia, the goal of the present study was to examine the ionic mechanisms invo lved in 

thi s excitation during development. Utilizing the brain slice preparation, caudal hypothalarnic neurons 

from rats of various ages (4-39 days) were whole-cell patch clamped under voltage-clamp conditions to 

determine the current responses to moderate (10% 0 /85% Nj 5% CO,) or severe (5% C0/95% N,) 

hypoxia. Analyses of basal electrophysiological characteristi cs show that neonatal ( 4-16 days) neurons 

ha ve a significanlly larger resting membrane impedance, tau value, and one-half time to spike heighl when 

compared lo juvenile (20-39 days) neurons in the caudal hypothalamu s. Moderate hypoxia e li cited a net 

inward curren! in a significantly larger percentage of caudal hypothalamic neurons from juvenil e rats as 

compared to neonatal rats (71% vs . 44%; p < 0.05). In addition, a similar difference in the percentage of 

neurons responding to severe hypox.ia was observed between JUvenile and neonatal caudal hypothalamic 

neurons (88% vs 62%; p < 0.05). While the percentages of stimulated neurons were different between 

the age woups, the magnitude of the inward current response to either moderate or severe hypoxia was 

not significantly different in caudal hypothalamic neurons between juvenile and neonatal neurons 1\ 

subset of neurons were tested independenl of age for the abi lny to main tain the inward current r cs p ons~ 

to hypoxia during synaptic blockade ( 11 .4 mM Mg' ' 1 0.2 mM Ca' ') Most of the neurons tested (76 '!% ) 

maintained their response, although the average current response was significantly decrcased in thost· 

cell s that retained the inward curren! response to hypox ia ,\dclition of the Na ' channcl bl ockcr. 

tetrodotox in ( 1-2 ~M) in lhe perfusion solulion fo llowing thc synaptic blockade media attcnu ated thc 

inward currenl response lo hypoxia by greater than 75% (p < 0.05). Thc inward curren! response was 

unaffected by the addition of 2 mM CoCI, (general calcium channcl blocker) to the bathing mcdium 

These result s indicate the excitation elicited by hypox ia in hypothalamic neurons is age dependcnl In 

addition , the inward curren! response of caudal hypothalamic neurons is not dependen! upon synaptic 

input but is due primarily to inward sodium currents (Supported by NIH 38726 and USPIIS 

T32-GM07 143) 
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PROPERTIES OF IONIC CURRENTS FROM ISOLATED ADULT RAT CAROTID 
BODY CHEMORECEPTOR CELLS. EFFECT OF HYPOXIA 

José Ramón López-López, Constando González and Maria Teresa Pérez-García 

The electrical properties of chemoreceptor cells fwm neonatal rat and adult rabbit carotid 
bodies (CBs) are strikingly different. These differences have been suggested to be developmental 
aml/or species related. To distinguish between the two possibilities, the whole-cell configuration of 
the patch clamp technique was used to characterize the ionic currents present in isolated 
chemoreceptor cells from adult rat CBs. Since hypoxia-induced inhibition of02-sensitive K+ currents 
is considered a crucial step in 0 2 chemoreception, the effect of hypoxia on the adult rat 
chemoreceptor cell currents was also studied. 

Outward currents were carried mainly by K •, and two different components can be 
distinguised: A Ca2+ -dependen! K+ current (I~c.)) sensitive to Cd2

' (1 OOJ..LM) and charybdotoxin 
(ChTX; IOnM) anda Ca2'-insensitive, voltage-dependent K' current (I~). I~v) showed a slow 
voltage-dependent activation ( t declined from 187.4 ms at -20 m V to 8.8 ms at +60 m V) anda very 
s1ow inactivation. Inactivation was described by the sum of two exponentia1s ( -r 1= 684± 150 ms, 
T 2=4,956± 760 ms at +30m V) and was almost voltage-independent. The k.inetic and pharmacological 
properties of l~ v) are typical of a delayed rectifier K· channel. lnward currents through voltage
dependent Ca2

' channels (lea) were present in 19 of27 cells (71 %). TTX-sensitive Na+ currents were 
a1so observed in about 10% of the ce lis. Low P02 produced a reduction in the outward current 
amplitude that averaged 22.17± 1.96% (n = 27) at +20m V, being this effect absent in the presence 
of Cd2

' . Since 1ow P02 did not affect lea, we conc1ude that hypoxia se1ectively blocks I~c.) · The just 
described properties ofthe currents recorded in adu1t rat chemoreceptor cells, including the specific 
inhibition of I~ c.) by hypoxia, are similar to those reported in neo natal rat CB cells, impliying that 
the differences between rat and rabbit chemoreceptor cells are species-related. 

Inhibition ofl~c.) by hypoxia was further exp1ored. Hypoxia reduced the maximal current 
amplitude ofthe Ca2

' -activated componen! ofl~ c a l by 70.69±4.24% and increased the apparent Ca2
' 

binding affinity by 60.81±13.61%. This latter observation imp1ies that, at low [Ca2+);, hypoxic 
inhibition ofl~ c a) is almos! negligible, allowing to conclude that the inhibition ofl~c.) is not like1y 
to be the trigger of the 1ow P02-chemotransduction proccss. 
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CHARACfERISTIC FEATURES OF A NOVEL POTASSIUM 

ION CHANNEL FROM THE BACfERIUM 

STREPTOMYCES L/VIDANS 

H. SCHREMPF:, O. SCHMIDTI, R. KÜMMERLENI, S. HI1'!NAH2, 

D. MüLLER2, M. BETZLER2, T. STEINKAMP2, and R. WAGNER2 

1 Angewandte Genetik der Mikroorganismen, FB Biologie/Chemie, Universitat 

Osnabrück, 49069 Osnabrück, Gennany 

2Biophysik, FB Biologie/Cbemie, Universitat Osnabrück, 49069 Osnabrück, 

Germany 

We report the identification, functional expression, purification, reconstitution, 

and electrophysiological characterization of an up to now unique procaryotic 

potassium ion channel (KcsA). lt has a rectifying curren! voltage relation and 

displays subconductance states, the largest of which amounts to A = 90 pS. The 

kcsA gene has been identified in the gram-positive soil bacterium Streptomyce.\ 

/ividam . lt encodes a predicted 17.6 kDa protein with two potential membrane

spanning helices linked by a central domain which shares a high degree of 

similarity with the H5-segrnent conserved among eucaryotic ion channels . 

Multiple alignments cf deduced amino acids suggest that the novel channel has 

the closest kinship to the Ss-, H5- and S6-regions of voltage-gated K +-channel 

families, mainly to thc subfarnily represented by the Shaker protein from 

Drosophila melanogaster. Moreover, KcsA is most distantly related to eucaryotic 

inwardly rectifYing channels with two putative predicted transmembrane 

segments . At prescnt thc regulation of transcription is being investigated . 

Schrempf, H., Schm1dt, O , Kürnrnerlen, R., Hmnah, S , Müllcr, D , Betzler, M., Steinkamp, T, 

and Wagner, R. (1995) EMBO J. 14, 5170-517&. 
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Drosophila tracheal development as a model system 
for angiogenesis 

Pablo Wappner, Elazar Zelzer and Ben-Zion Shilo 
The Weizmann Institute of Science, Rehovot (76100), Israel. 

The respiratory system of in sec ts consists of a series of 
interconnected tubes called tracheae that ramify to reach every 
single cell in the orgamsm . Initially, during embryogenesis, tracheal 
development 1s a highly stereotyped developmental process. 
Nevertheless, the outgrowth of the terminal branches during the 
larv al phases is extremely plasti c and is known to depend on local 
oxygen concentrations at the tar ge t tis sue s very much alike 
angiogenesis in mammalian systems. 
We have found that the gene brea rhl ess , encoding a Drosophila FGF 
receptor homologue is required not only for tracheal cell migration 
but also for th e development o l thc oxyge n-dependent terminal 
branches ( 1 ). Therefore , the parad igm is that oxygen concentration s 
at th e targe t ti ss ues ma y regul a tc thc cxprcss10n of a Breathless 
ligand 1n a similar way to VEGí- induction 1n mammalian 
a n g10ge ne s is . 
In addition, we have cloned and charactc ri zcd the tra c h eales s (rrh) 
gene, a key regulator of tracheal dc velopmcnt (2). Trh is a bHLH-PAS 
transcription factor that shows hi gh homology lo lhe mammalian Hif-
1 a. specially in thc hasic DNA-hinding rcg io n. A ssays to determin e 
whether Trh or olher bHLH-PAS proteins are expressed in vivo in 
res ponse to hypoxic conditions are hcing developed . This will allow 
u s in the future to use ge neti c loo ls lo idcntify elements necessary 
for sensing and lransduction o f thc hypoxi c s igna] in Drosophi la . 

( 1) M. Rcichman-Fried and B.-Z. Shilo ( 1LJ95) MOD 52 : 265-273. 
(2) R. Wilk, 1 Weizmann and B.-Z. Shilo ( 1996) Genes & Dev. JO : 93-
102 . 
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M. Beato. 

*249 Workshop on Molecular Diagnosis of 
Cancer. 
Organizers : M. Perucho and P. García 
Barreno. 

*251 Lecture Course on Approaches to 
Plant Development. 
Organizers: P. Pu igdoménech and T. 
Nelson. 

*252 Curso Experimental de Electroforesis 
Bidimensional de Alta Resolución. 
Organizer: Juan F. Santarén. 

253 Workshop on Genome Expression 
and Pathogenesis of Plant RNA 
Viruses. 
Organizers : F. Garcia-Arenal and P. 
Palukaitis. 

254 Advanced Course on Biochemistry 
and Genetics of Yeast. 
Organizers: C. Gancedo, J. M. Gancedo, 
M. A. Delgado and l. L. Calderón. 

*255 Workshop on the Reference Points in 
Evolution. 
Organizers: P. Alberch and G. A. Dover. 

*256 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorin , M. Beato and A. 
A. Travers. 

257 Lecture Course on P.olyamines as 
Modulators of Plant Development. 
Organizers : A . W . Galston and A . F. 
Tiburcio. 

*258 Workshop on Flower Development. 
Organizers: H. Saedler, J. P. Beltrán and 
J. Paz-Ares. 

*259 Workshop on Transcription and 
Replication of Negative Strand RNA 
Viruses. 
Organizers: D. Kolakofsky and J. Ortin . 

*260 Lecture Course on Molecular Biology 
of the Rhizobium-Legume Symbiosis. 
Organizer: T. Ruiz-Argüeso. 

261 Workshop on Regu lation of 
Translation in Animal Virus-lnfected 
Cells. 
Organizers : N. Sonenberg and L. 
Carrasco. 

*263 Lecture Course on the Polymerase 
Chain Reaction. 
Organizers : M. Perucho and E. 
Martinez-Salas. 

*264 Workshop on Yeast Transport and 
Energetics. 
Organizers : A. Rodríguez-Navarro and 
R. Lagunas. 

265 Workshop on Adhesion Receptors in 
the lmmune System. 
Organizers : T . A . Springer and F. 
Sánchez-Madrid. 

*266 Workshop on lnnovations in Pro
teases and Their lnhibitors: Funda
mental and Applied Aspects. 
Organizer: F. X. Avilés. 
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267 Workshop on Role of Glycosyi
Phosphatidylinositol in Cell Signalling. 
Organizers: J. M. Mato and J. Larner. 

268 Workshop on Salt Tolerance in 
Microorganisms and Plants : Physio
logical and Molecular Aspects. 

Texts published by the 

Organizers: R. Serrano and J. A. Pintor
Toro. 

269 Workshop on Neural Control of 
Movement in Vertebrales. 
Organizers: R. Baker and J. M. Delgado
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors *10 Workshop on Engineering Plants 
Tell the Brain? Against Pests and Pathogens. 
Organizers: C. Belmonte and F. Cerveró. Organizers : G. Bruening, F. García-

Olmedo and F. Ponz. 
*2 Workshop on DNA Structure and 

Protein Recognition. 11 Lecture Course on Conservation and 
Organizers : A. Klug and J. A. Subirana. Use of Genetic Resources. 

*3 Lecture Course on Palaeobiology: Pre- Organizers: N. Jouve and M. Pérez de la 

paring for the Twenty-First Century. Vega. 

Organizers : F. Álvarez and S. Conway 
12 Workshop on Reverse Genetics of Morris. 

Negative Stranded ANA Viruses. 

*4 Workshop on the Past and the Future Organizers : G . W . Wertz and J . A . 
of Zea Mays. Melero. 

Organizers : B. Burr , L. Herrera-Estrella 
and P. Puigdoménech. *13 Workshop on Approaches to Plant 

Hormone Action 
*5 Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers: A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspective. 
*15 Workshop on Signal Transduction by 

Organizers: P. Bateson and M. Gomendio. 
Growth Factor Receptors with Tyro-

*7 Workshop on Transcription lnitiation sine Kinase Activity. 
in Prokaryotes Organizers: J. M. Mato and A. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

*8 Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 
pression in Yeast. Neuronal Development. 
Organizers : C . Gancedo and J . M. Organizers : C . S. Goodman and F . 
Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers: M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J. Portugal. 

*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J . López
Bameo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa
gation Promoted by Plasmids. 
Organizers: C. M. Thomas , E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. · 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
ANA Viruses. 
Organizers: J. J. Bujarski, S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J. Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J. Downw&rd, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi
mental Skin Carcinogenesis. 
Organizers: A. J . P. Klein-Szanto and M. 
Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J . A. Cidlowski; R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

• 30 Workshop on Resistan ce to Viral 
lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. P. 
Wolffe. 

33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J . Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Yeast Morpho
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers: E. Coen , Zs. Schwarz
Sommer and J . P. Beltrán. 

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers : M. Heisenberg and A. 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz
Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers: K. N. Timmis and J . L. 
Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato
poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole
cules. 
Organizers : T. L Blundell , M. Martinez
Ripoll , M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente, L. Rothfield and J. 
A. Ayala. 

43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

44 Workshop on Selective Gene Activa
tion by Cell Type Specific Transcription 
Factors. 
Organizers : M. Karin , R. Di Lauro, P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
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. Ortin and J. 
Valcárcel. 

* · Out of Stock. 

51 Workshop on Mechan isms 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 
Diseases. 
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. Comella. 

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 TeJo
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 Signa! 
Transduction in Plants. 
Organizers : R. S. Ouatrano and M. 
Pages. 
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The Centre for lntemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones , 
a private foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March . 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1988 through 1995, a 
total of 83 meetings and 7 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biological interest, 

were organized within the 
scope of the Centre. 



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 24th through the 26th of November 1996, 
at the Instituto Juan March. 

All published articles are exact 
reproduction of author's text. 

There is a limited edition of 400 copies 
of this volume, available free of charge. 


