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Preface

Since 1959, the International Society of Arterial Chemoreception (ISAC)
has organized in a variety of countries fifteen scientific meetings devoted to
the mechanisms of peripheral arterial chemoreception and chemoreceptor
reflexes. After the meeting held in Philadelphia with Sukhamay Lahiri as
president, ISAC membership elected Lyon (CNRS, University Claude
Bernard, France) as the site of the XV™ ISAC Symposium. The Symposium
was effectively held in Lyon from the 18th to the 22nd of November 2002
and Jean-Marc Pequignot was its president. The organizers were Jean-Marc
Pequignot and Yvette Dalmaz Lyon (CNRS, University Claude Bernard,
France) and the Scientific Committee was formed by John Carroll
(University of Arkansas for Medical Sciences, USA), Constancio Gonzalez
(University of Valladolid, Spain), Prem Kumar (University of Birmingham,
U.K.), Sukhamay Lahiri (University of Pennsylvania, Philadelphia, USA),
Colin Nurse (McMaster University, Hamilton, Ontario, Canada), and
Nanduri Prabhakar (Case Western University, Cleveland, Ohio, USA).

The Symposium in Lyon intended to follow the path opened in
Philadelphia gathering people working at the interface of cellular and
molecular biology with researchers in the more classical topics of
chemoreception pathways and reflexes. The aim was to join experts with
different perspectives. Along these lines, some participants are engaged in
the exploration of the intimate mechanisms of oxygen sensing and cellular
responses, with their work centered in a great number of preparations
covering a broad spectrum from bacteria, to chemoreceptor cells or to central
nervous systems neurons. Other participants in the Symposium are directing
their efforts to define the responses elicited by alterations in oxygen
availability, but the levels of their description are organs, systems or even
entire organisms; this group of participants in the Symposium include
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vi Preface

researchers dedicated to define the morphofunctional pathways linking the
chemoreceptors and other oxygen sensing cells to the responding organs.
The plasticity of the entire oxygen-sensing and effector machinery, triggered
by continuous or intermittent exposure to altered oxygen levels also received
special attention.. The plasticity was evidenced by modifications in the
intimate molecular and cellular mechanisms, by changes in the anatomical
pathways and functional responses seen in intact animals. These latest
aspects brought our Symposium to the frontiers of physiology to meet the
physiopathology and the mechanisms of disease. The Symposium program
was built along these lines to accommodate the wide spectrum of
participants.

In this Symposium we also wanted to make a tribute to Pierre Dejours
(CNRS, Strasbourg, France). Pierre Dejours, who retired a few years ago,
had a major part in the study of peripheral chemoreception. His
investigations are considered as an important landmark that proved to be
pivotal in the study of breathing regulation. Henry Gautier who was a close
collaborator of Pierre Dejours presented a plenary lecture in his honor. The
related chapter by Henry Gautier in this volume describes the steps of
research work, which have led in particular to the so-called oxygen test or
Dejours's  test, classically used to assess the peripheral arterial
chemosensitivty level in humans or animals, in neonates or adults.

As some of the most senior scientists in the field have pointed out, the
Lyon Symposium has proven to be one of optimism: a great number of
young investigators participated actively in the meeting and presented
exciting results in various fields of chemoreception. Their successful
contributions provided evidence for the growing interest of the international
scientific community in the field of oxygen-sensing and chemoreception. A
special session was organized to recognize the significant contributions of
this new scientist generation and the ISAC membership awarded three prizes
to Silvia Conde (New University of Lisbon, Portugal), Maria Garcia-
Fernandez (University of Sevilla, Spain), and Michael G. Jonz (McMaster
University, Hamilton, Ontario, Canada).

At a business meeting the ISAC council and the membership decided on
the venue of the next ISAC symposium which is to be held in Sendai, Japan,
in 2005, with Hisatake Kondo as its president. The following conference is
to be held in Valladolid, Spain, in 2008, with Constancio Gonzalez as its
president.

Several institutions provided funds for the organization of the XVth
ISAC Symposium: Centre National de la Recherche Scientifique (CNRS),
Institut National de la Recherche Médicale (INSERM), Université Claude
Bernard Lyon I, Conseil Général du Rhoéne, Institut de Recherches
Internationales Servier, Région Rhone-Alpes, Ville de Lyon. We are grateful



Preface vii

to all of them. Their generous financial support was essential to ensure the
welcome of the participants. In particular, the support of Région Rhone-
Alpes made it possible to publish this volume.

We are also very grateful to every participant who contributed
scientifically and constructively to the fruitful discussions and the congenial
atmosphere of the ISAC conference. Finally, we would like to thank
especially Michele Chabrier ("Influence") who played a major role in the
organization of the meeting and social program, Annick Brillant and
Jacqueline Pequignot for the management of the editorial aspects of this
volume.

The Editors,

Jean-Marc Pequignot (Lyon, France)
Constancio Gonzalez (Valladolid, Spain)
Colin Nurse (Hamilton, Ortario, Canada)

Nanduri Prabhakar (Cleveland, Ohio, USA)
Yvette Dalmaz (Lyon, France)



CONTENTS

Honoring Pierre Dejours
His Contribution to the Study of the Role of the Arterial

Chemoreceptors in the Regulation of Breathing in Humans............

Gautier H.
O; and CO, Sensing Mechanisms in the Peripheral
Arterial Chemoreceptors : Membrane Properties,
Intracellular Metabolic and Genomic Events

2P Domain K" Channels : Novel Pharmacological Targets for

Volatile General AnesthetiCs. ... ..c.vvviiriiieetii e iaeieeannnn,

Patel A.J. and Honore E.

Ca®" Responses to Hypoxia are Mediated by IP;-R

on Ca” Store Depletion.................oeeeieiieeiieeeeeee e

Lahiri S., Roy A., LiJ., Mokashi A., Baby S.M.

Functional Identification of Kva Subunits Contributing
to the O,-sensitive K™ Current in Rabbit Carotid Body

Chemoreceptor Cells...........ooveiiiiiiiiiiiiiiii e,

Lépez-Lopez J.R., Pérez-Garcia M.T., Sanz-Alfayate G.,
Obeso A., Gonzalez C.

Carotid Body Chemoreceptor Activity in Mice Deficient

in Selected Subunits of NADPH Oxidase........ooovviveeiiiiiennian...

He L., Chen J., Dinger B., Sanders K., Sundar K.,
Hoidal J., Fidone S.

Glucose Sensing Cells in the Carotid Body..............ccococvivinenen..

Garcia-Fernandez M., Ortega-Saenz P., Pardal R.,
Loépez-Barneo J.

Effect of Mitochondrial Inhibitors on Type I Cells......................

Wyatt C.N., Buckler K.J.

Ascorbate in the Carotid Body...........c.cooiiiiiiiiiiiii i,

Dymecka A., Marczak M., Ramadan A., Suchoki P.,
Pokorski M.

ix



X Contents

Studies on Glomus Cell Sensitivity to Hypoxia in Carotid

Body SHCES. ...ttt 65
Ortega-Saenz P., Garcia-Fernandez M., Pardal R.,
E. Alvarez, Lopez-Bameo J.

An Unusual Cytochrome asg; with low PO, Affinity
Correlates with Afferent Discharge in the Carotid Body....................... 75
Huckstorf C., Streller T., Acker H.

A Reevaluation of the Mechanisms Involved in the

Secretion of Catecholamine Evoked by 2.4 Dinitrophenol

From Chemoreceptors Cells of the Rabbit Carotid Body............. e 85
Rocher A., Geijo E., Caceres A.l., Gonzalez C., Almaraz 1.

Enhancing Effect of Vasopressin on the Hyperglycaemic

Response to Carotid Body Chemoreceptor Stimulation.

Role of Metabolic Variables..............cocoieiiiiiiiiiiiiiiiii e 95
Montero S., Yarkov A., Lemus M., Mendoza H.,
Valles V., de Alvarez-Buylla E.R., Alvarez-Buylla R.

Immunohistochemical Study of the Carotid Body

during Acute Hypoxia..........ovviiiiiiiiiii e 109
Ohtomo K, Hayashida Y., Fukuhara K., Nanri H.,
Ikeda M., Yoshizaki K.

Effect of HERG-like Potassium Channel Blocker

on the Carotid Body Chemoreception............ccceevviiiiiiiininininnninnn. 117
Osanai S., Takahashi T., Nakano H., Ohsaki Y.,
Kikuchi K.

The Effect of Methanandamide on Isolated Type I Cells..................... 123
Wyatt C.N., Buckler K.J.

Doxapram Stimulates Carotid Body with Different

Mechanisms from Hypoxic Chemotransduction............................... 129
Takahashi T., Osanai S., Nakano H., Ohsaki Y.,
Kikuchi K.

Neuromuscular Blocking Agents and Carotid
Body OXygen Sensing..........covuiiiiiiiiiiiiiiieiiieiie e 135
Jonsson M., Lindahl S.G.E., Eriksson L.I.



Contents Xi

0; and CO,; Sensing Mechanisms in Airway

Chemoreceptors, Pulmonary Artery Smooth

Muscle Cells and Other Oxygen-sensing Systems : Membrane
Properties, Intracellular Metabolic and Genomic Events

Pulmonary Interstitium: an Introductory Review....................c.ooeuii. 141
Miserocchi G.

Regulation of K™ Currents by CO in Carotid Body Type 1
Cells and Pulmonary Artery Smooth Muscle Cells............................ 147
Kumar P., Dubuis E., Vandier C.

Ionotropic Receptors in Pulmonary Neuroepithelial

Bodies (NEB) and their Possible Role in Modulation

of Hypoxia Signalling............cooiiiiiiiiiiiiiiii e 155
Cutz E., Fu X.W,, Nurse C.A.

Mitochondrial Complex II is Essential for Hypoxia-induced

ROS Generation and Vasoconstriction

in the Pulmonary Vasculature..........ccoviiiiiiiiiiiiiiiiiii e, 163
Paddenberg R., Goldenberg A., Faulhammer P.,
Braun-Dullaeus R.C., Kummer W.

Regulation of the Hypoxia-inducible Transcription

Factor HIF-1 by Reactive Oxygen Species

in Smooth Muscle Cells.........cooiiiiiiiiiiiiii e, 171
BelAiba S., Gorlach A.

0O,-sensing Mechanisms in Efferent Neurons to the Rat
Carotid BOAY . .....iiuiiiiieiiiii i e e e 179
Campanucci V.A., Fearon .M., Nurse C.A.

Amyloid Peptide-mediated Hypoxic Regulation of Ca®*
Channels in PC12 Cells.......oooiiiiiiiii e 187
Peers C., Green K.N., Boyle J.P.

Role of ROS and NO in Hypoxia-induced Increase

in Tyrosine Hydroxylase-messenger RNA in PC12 Cells........................193
Kummer W., Hohler B., Sell A., Hianze J.,
Pfeil U., Goldenberg A.



Xii Contents

Oxygen Sensing by Human Recombinant Tandem-P Domain
Potassium Channels................oooiiiiiiii 201
Kemp P.J., Peers C., Miller P., Lewis A.

Oxygen Sensing by Human Recombinant Large Conductance

Calcium-activated Potassium Channels: Regulation

by Acute HypoXia........coovuiuininiiiiii i 209
Kemp P.J., Peers C., Lewis A.

Potential Oxygen Sensing Pathways in the Zebrafish Gill.................... 217
Jonz M.G., Fearon .M., Nurse C.A.

Sensory Neurons of Rat and Mice Dorsal Root Ganglia

Respond to Hypoxia with Increased NO Generation.......................... 225
Henrich M., Ko6nig P., Grup M., Fischbach T.,
Godecke A., Hempelmann G., Kummer W.

Molecular Mechanisms of Oxygen-induced Regulation

of NA*/K* Pump... e 0 231
Bogdanova A Ogunshola O Bauer C
Nikinmaa M., Gassmann M.

The Paraganglia of the Rat Superior Laryngeal Nerve........................ 239
Hughes K., Pickering M., O’Leary D.M., Bradford A.,
O’Regan R.G., Jones J.F.X.

Mechanisms of Communication Between
Chemosensory Cells and Chemoafferent Fibers

Dye and Electric Coupling Between Carotid Nerve
Terminals and Glomus Cells..............coiiiiiiiiiniiiiii e, 247
Jiang R.G., Eyzaguirre C.

Neurotransmitter Relationships in the Hypoxia-challenged

Cat Carotid Body.......cocouvriniiiiiiii e 255
Fitzgerald R.S., Wang J.H-Y ., Hirasawa S.,
Shirahata M.

Ach Differentially Modulates Voltage-gated K Channels
in Glomus Cells between DBA/2J and A/J Strains of Mice................... 263
Yamaguchi S., Higashi T., Hori Y., Shirahata M.



Contents Xiil

Hypoxic Augmentation of Neuronal Nicotinic Acetylcholine
Receptors and Carotid Body Function...............c...cooiiiiiii i, 269
Shirahata M., Higashi T., Mendoza J.A., Hirasawa S.

Cholinergic Actions on Carotid Chemosensory System...................... 277
Zapata P., Larrain C., Fernindez R., Reyes E.P.

Nicotinic Acetylcholine Receptor Channels in Cat
Chemoreceptor Cells.........c.oovviiiiiiiiiiiiiiii e 285
Higashi T., Yamagachi S., McIntosh J.M., Shirahata M.

Hypoxia Does Not Uniformly Facilitate The Release of Multiple
Transmitters from the Carotid Body...........cccoveiiiiiiiiiiiiiiiininn.. 291
Dong-Kyu Kim, Summers B.A., Prabhakar N.R.,
Kumar G.K.

Expression and Function of Pre-synaptic Neurotransmitter

Receptors in the Chemoafferent Pathway of

the Rat Carotid Body.........c.cooviiiiiiiiiii e, 297
Fearon I.M., Zhang M., Vollmer C., Nurse C.A.

Adenosine-Acetylcholine Interactions at the Rat Carotid Body............. 305
Conde S.V., Monteiro E.C.

Diverse Cholinergic Receptors in the Cat Carotid

Chemosensory Unit..........ooovuiiiieirieiiiiiiiiri i, 313
Hirasawa S., Mendoza J.A., Jacoby D.B.,
Kobayashi C., Fitzgerald R.S., Schofield B.,
Chanrasagaran S., Shirahata M.

Carotid Chemosensory Neurons in the Petrosal Ganglia
are Excited by Achand ATP..........ooooiiiiii 321
Varas R., Alcayaga J., Iturriaga R.

The Use of NK-1 Receptor Null Mice to Assess the Significance

of Substance P in the Carotid Body Function.......................coooeae. 327
Rico A.J., Prieto-Lloret J., Donnelly D.F.,
de Felipe C., Gonzalez C., Rigual R.



X1V Contents

Concomitant Effect of Acetylcholine and Dopamine

on Carotid Chemosensory Activity in Catecholamine

Depleted Cats..........o.ooiiiiiiiiii 337
Bairam A., Lajeunesse Y.

Contribution of Neural and Endothelial Isoforms of the

Nitric Oxide Synthase to the Inhibitory Effects of NO

on the Cat Carotid Body............coooviiiiii e, 345
Valdes V., Mosqueira M., Iturriaga R.

Nitric Oxide and Calcium Binding Protein in Hypoxic
Rat Carotid Body........c.ooevniiiiiiiiii e 353
Matsuda H., Hayashida Y., Kusakabe T.

Carotid Body Nitric Oxide in Spontaneously Diabetic BB Rat.............. 359
Bianchi G., Cacchio M., L. Artese, G. Ferrero,
Rapino C., Grilli A., Felaco M., Di Giulio C.

Contribution of Dopamine D2 Receptors for the cAMP
Levels at the Carotid Body..........cccooeiiiiiiiiiiiiic e 367
Batuca J.R., Monteiro T.C., Monteiro E.C.

Brainstem O, and CO; Sensing — Central Integration
of Peripheral Chemosensory Inputs

Chemosensitivity of Medullary Respiratory Neurones.
A Role for Ionotropic P2X and GABA4 Receptors..................... 375
Gourine A.V., Spyer K.M.

Effects of Controller Dynamics on Stimulations
of Irregular and Periodic Breathing....................c.oo, 389
Longobardo G.S., Evangelisti C.J., Cherniak N.S.

CO,/H" Signal Tranduction and Central Ventilatory Control................ 401
Kazemi H.

Differential Expression of Intracellular Acidosis

in Rat Brainstem Regions in Response

to Hypercapnic Ventilation................ocoiiiiiiiiiiiiiiiiniiiiiiiieee 407
LaManna J.C., Neal M.L., Xu K., Haxhiu M.A.



Contents XV

Tentative Role of the Na*/H* Exchanger Type 3

in Central Chemosensitivity of Respiration........................ooooeienl 415
Kiwull-Schéne H., Wiemann M., Frede S.,
Bingmann D., Kiwull P.

Effect of Losartan Microinjections into the NTS

on the Cardiovascular Components of Chemically

Evoked Reflexes in a Rabbit Model of Acute Heart Ischemia............... 423
Rosario L., Rocha I, Silva-Carvalho L.

Effects of Acute Hypoxic Conditions on Extracellular

Excitatory Amino Acids and Dopamine in the Striatum

of Freely-moving Rats................oooiiiiiii e, 433
Parrot S., Cottet-Emard J.M., Sauvinet V., Pequignot J.M.,
Denoroy L.

Activity of Dorsal Medullary Respiratory Neurons

INnAwake Rats. ..ot 445
Martial F.P., Dunleavy M., Jones J.LF.X., Nolan P.,
O’Regan R.G., McNicholas W., Bradford A.

Cardiovascular and Respiratory Responses to Heme
Oxygenase Inhibition in Conscious Rats...............c.cooeiiiiiiinnn.. 455
Hirakawa H., Oikawa S., Bishop V.S., Hayashida Y.

Peripheral Chemoreceptor Input to Cardiac Vagal
Preganglionic Neurons in the Anaesthetized Rat.............................. 461
O’Leary D.M., Jones J.F.X.

Hypoxic Remodelling of Ca** Homeostasis in Rat Type 1
Cortical ASITOCYIES. .. ouvneitie it 467
Peers C., Smith I, Boyle J., Pearson H.

Effect of CO, on Cardiovascular Regulation in
Conscious Rats. ... ....o.oiiiiii i 473
Oikawa S., Hirakawa H., Kusakabe T., Hayashida Y.

A6 noradrenergic cell group modulates the

hypoxic ventilatory reSponse. ...........coeuvuiriiiiiiiiiiieiiiiieiiee e, 481
Soulage C., Perrin D., Cottet-Emard J.M.,
Pequignot J.M.



XVi Contents

Ventilatory Chemosensory Drive in Cats, Rats

and Guinea Pigs. ..., 489
Fernandez R., Arriagada Y., Garrido AM.,
Larrain C., Zapata P.

Plasticity of Chemosensitivity Processes
During Development: Transition at Birth and Delayed Effects

Deletion of Tachykinin NK1 Receptor Gene in Mice

Does Not Alter Respiratory Network Maturation but

Alters Respiratory Responses to Hypoxia...........c.cccooviiiiiiiinininnn 497
Hilaire G., Burnet H., Ptak K., Sieweke M., Blanchi B.,
De Felipe C., Hunt S.P., Monteau R.

Autonomic Ganglion Cells: Likely Source of Acetylcholine
in the Rat Carotid Body.........ccoooiiuiniiiiiiiiii 505
Gauda E.B., Cooper R., Johnson S.M.

Effects of Perinatal Hyperoxia on Carotid Body

Chemoreceptors ACtiVItY il VItFO...........c.ouiiuviiiiiiiieiniiieiieennn, 517
Prieto-Lloret J., Caceres A.L, Rigual R., Obeso A.,
Rocher A., Bustamante R., Castaneda J., Lopez-Lopez J.R.,
Perez-Garcia M.T., Agapito A., Gonzalez C.

Prenatal Hypoxia and Early Postnatal Maturation

of the Chemoafferent Pathway..................c.c.coo 525
Peyronnet J., Roux J.C., Perrin D., Pequignot J.M.,
Lagercrantz H., Dalmaz Y.

pH Sensitivity of Spinal Cord Rhythm in Fetal Mice in vitro................ 535
Eugenin J., Ampuero E., Infante C.D., SilvaE.,
Llona L.

Time Dependent Regulation of Dopamine D,- and

D,-Receptor Gene Expression in the Carotid Body

of Developing Rabbits by Hypoxia............cocoeveiiiiiiiniiinii 541
Bairam A., Lajeunesse Y., Joseph V., Labelle Y.

Ventilatory Response to CO; in New-born Mouse............................ 549
Ordenes M.C., Eugenin J., Llona I.



Contents Xvii

Long-term Effects of Neonatal Cryoanesthesia on

Hypoxic Ventilatory Response in Weaning Rats Depend

on Neonatal TestOSterone. .........cc.vveiiiieieii it ereaenns, 555
Joseph V., J. Soliz, Pequignot J.M.

Plasticity of Chemosensitive Processes : Acclimatization
to Intermittent Versus Chronic Hypoxia in Adult

Systemic and Cellular Responses to Intermittent

Hypoxia : Evidence for Oxidative Stress and

Mitochondrial Dysfunction.............c.coooiiiiiiiiiiiiiiii 559
Peng Y., Yuan G., Overholt J.L., Kumar G.K.,
Prabhakar N.R.

Effects of Hypobaric Hypoxia on the Intercellular
Coupling of Glomus Cells..............o.ooiiii e, 565
Jiang R.G., Eyzaguirre C.

Oxygen Sensing by Recombinant Large Conductance

Calcium-activated Potassium Channels : Regulation

by Chronic HypoXia...........coooiiiiiiiii 573
Kemp P.J., Hartness M. E., Peers C.

Altered Expression of Vascular Endothelial Growth

Factor and FLK-1 Receptor in Chronically Hypoxic

Rat Carotid Body........oovuiniiiiiiii e 583
Chen J., Dinger B., Jung R., Stensaas L., Fidone S.

Role of HIF-1 in Physiological Adaptation of the
Carotid Body During Chronic Hypoxia............cocvviiiiiiiiiiiininninn 593
Man-Lung Fung, Tipoe G.L

Carotid body HIF-1a,, VEGF and NOS Expression

During Aging and HypoXia...........covveieiiiiioniiiiniiiiiiiiiiieea, 603
Di Giulio C., Bianchi G., Cacchio M., Macri M.A.,
Ferrero G., Rapino C., Verratti V., Piccirilli M.,
Artese L.



XViii Contents
Rat Carotid Bodies in Systemic Hypoxia.
Involvement of Arterial CO, Tension in

Morphological Changes...............coiiiiiiiiiiiiii e, 611
Kusakabe T., Matsuda H., Hayashida Y.

Immunohistochemical Study of the Carotid Body Just
After Arousal From Hibernation.........................oon, 619



Honoring Pierre Dejours : His Contribution to the
Study of the Role of the Arterial Chemoreceptors in
the Regulation of Breathing in Humans

HENRY GAUTIER
Atelier de Physiologie Respiratoire, Faculté de Médecine Saint-Antoine ; 27, rue Chaligny
75012-Paris, France

In the mid-fifties, Dejours became interested in the contribution of the
arterial chemoreceptors in the regulation of breathing in humans. The role,
but not the intimate mechanisms, of the receptors was relatively well known
thanks to the experiments of recording of afferent activity and of electrical
stimulation or denervation of afferent nerves but, for obvious reasons, these
experiments could not be performed in humans. Human beings are provided
with the same chemosensitive structures as laboratory animals and the fact
that functional responses to respiratory stimuli (hypoxia and/or hypercapnia)
are about the same in humans and experimental animals makes it likely that
in human beings, the part played by the reflexogenic drive is the same as in
animals.

Dejours (1957) asked the following question : If a ventilatory oxygen
drive does exist in humans under a given condition, how could it be
demonstrated ? The inhalation of a high oxygen mixture will suppress the
drive and it is expected that ventilation should decrease. Conversely, the
inhalation of a moderately hypoxic mixture will enhance the drive and an
increase of ventilation would be anticipated. In practice, most physiologists
have studied the expected changes in ventilation following a few minutes
inhalation of a hyperoxic or hypoxic mixture.

Actually, at rest and at sea level, the ventilatory response to hyperoxic
mixtures appears quite variable as shown in Table 1. However, it is
important to emphasize that the response is definitely related to the duration
of the exposure to hyperoxia. Indeed, if a high oxygen mixture is breathed
for several minutes, ventilation does not change or even increases whereas,
after only 1 or 2 minutes of hyperoxia, a significant reduction in ventilation
is observed. Dejours (1957) realized that the method which consists in
studying the ventilatory effects of pure oxygen inhalation after several
minutes of such an inhalation is inadequate. In fact, a prolonged oxygen
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inhalation not only suppresses the oxygen drive but can and does provoke
the change of many other factors which also act on ventilation, for instance :
decrease of arterial pH due to an increase in oxyhemoglobin, change of
alveolar and arterial PCO, and pH in the respiratory centers and possible
circulatory changes such as in the cerebral blood flow. For these reasons, the
observed change in ventilation represents only one aspect of a change in the
oxygenation of the body, and it therefore cannot be interpreted simply in
terms of oxygen drive.

Table 1. Effects of oxygen on ventilation in humans

Authors Number of  FIO, Duration of % changes in
subjects % exposure ventilation

Shock and Soley 33 100 20 min +134

(1940)

Dripps and 33 100 6-8 min +7.6

Comroe (1947)

May(1957) 15 60 10 min +0.4

Loeschcke (1953) 20 32 4 min 0

Dripps and 32 100 1-2 min -3.1

Comroe (1947)

Loeschcke (1953) 20 32 1 min -8.0

May (1957) 15 60 1 min -19.5

It is, however, possible to obtain a change in the oxygen drive almost
free of secondary reactions. If in a given condition there is a chemoreflex
oxygen drive (or more precisely a chemoreceptor hypoxic drive), the
inhalation of a high oxygen mixture increases alveolar PO, at the first breath
and after a few seconds, the blood with higher PO, flowing from the lungs
perfuses the chemoreceptor carotid bodies, the activity of which should then
decrease. Just at this time, a decrease in ventilation must be observed. With
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such a method, most of the secondary factors are avoided because they are
secondary in time. The inhalation of oxygen can be restricted to one or two
breaths or can be prolonged for some time ; these techniques are referred to
as the single-breath, double-breath or continuous oxygen test (Dejours e al.,
1958b).

In fact, the technique of the oxygen test is a particular application of a
quite general method. Referring to the constancy of the milieu interieur put
forward by Claude Bernard, Dejours (1962) indicates that : Any new factor
imposed upon an organism changes its equilibrium. In the early phase of the
period of action of the disturbing agent, at the moment of maximal
disruption, the transient variations observed in the organism can be related
to it. But when the disturbing agent is applied for a prolonged time, many
secondary reactions occur, generally tending to cancel out the disturbing
effects of the factor of disequilibrium. These secondary reactions terminate
eventually in a new state of equilibrium, the analysis of which is very
complex.

With the technique of the oxygen test, Dejours et al. (1957) observed
that in normoxia, ventilation decreases transiently by about 10% after a
delay of 10 seconds corresponding to the circulation time between the lung
and the carotid body. If the subject is first made hypoxic by breathing an
hypoxic mixture, the fall in ventilation following the oxygen test is much
greater and the more hypoxic the subject, the greater the fall which is
induced by 100% oxygen breathing (e.g. —13% with FIO, = 0.17 and -32%
with FIO, = 0.14). Conversely, when the subject is made hyperoxic by
breathing continuously a 33% oxygen mixture resulting in an alveolar PO,
around 170 mmHg, the inhalation of 100% oxygen for one breath is not
followed by any significant change in ventilation. This observation shows
that the alveolar PO, threshold for oxygen stimulation of the chemoreceptors
in human beings lies somewhere between 100 and 170 mmHg, a conclusion
which agrees well with the data furnished by the direct recordings of
chemoreceptor activity in animals as function of PaO,.

It thus appears that the wave of hyperoxic blood, induced by the
inhalation of 100% oxygen, suppresses the hypoxic chemoreceptor drive,
resulting in a decrease in ventilation. This interpretation is based on the
following considerations : a) In the awake dog, the same transient fall in
ventilation is seen under otherwise identical conditions but it no longer
occurs after chronic surgical chemodenervation (Bouverot et al., 1965) ; b)
In anaesthetized cats, 3 seconds after the start of oxygen breathing
(physiological or chemical denervation of Dripps and Comroe, 1947), there
occurs a decrease in ventilation together with a decrease in the
chemoreceptor discharge recorded in the Hering’s nerve (Leitner et al.,
1965) ; and c) Man has a functional arterial chemoreceptor system and,
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indeed, Guz et al. (1966) showed in one unanaesthetized subject that vagus
and glossopharyngeal nerve block by local anaesthesia resulted in almost
complete abolition of the hyperventilation which occurs when breathing an
hypoxic gas mixture. This experiment was the first to show in man that
hypoxic hyperventilation had a chemoreflex origin.

It must be pointed out that the fall of ventilation recorded after the start
of 100% oxygen breathing does not afford an accurate estimate of the
magnitude of the ventilatory oxygen drive prior to the oxygen inhalation.
Indeed, at the time when the maximal fall of ventilation is observed, PO, of
the blood perfusing the carotid bodies may not be above the threshold of
stimulation. If the oxygen inhalation is prolonged, arterial PO, reaches
values much higher than the threshold of the chemoreceptors, but by that
time, some secondary reactions have intervened, such as hypercapnia, which
develops as soon as ventilation decreases after the start of 100% oxygen
breathing.

The oxygen test that was just described above has been used at sea
level by Dejours and his collaborators in various situations such as in man
during muscular exercise (Dejours et al., 1958b), in premature and full-term
newborn babies (Girard et al., 1960) and in different animal species such as
birds (Bouverot and Leitner, 1972). During short-term acclimatization to an
altitude of 3600m, a 50% fall in ventilation was consistently observed 15 to
20 seconds after a single-breath of 100% oxygen. This phenomenon
demonstrated the existence of a strong oxygen drive which did not show any
trend toward diminution during the period spent at altitude (Dejours et al.,
1959). Using also the oxygen test at altitude, we have confirmed the results
of Dejours et al. and, in addition, we have shown that the decrease in
ventilation was much smaller in subjects born and living permanently at
altitude. We also confirmed that after a few minutes of 100% oxygen
breathing, the ventilation was not significantly affected as indicated above
(Lefrancois et al., 1968).

The technique of the single-breath and its effects on the ventilation in
the following seconds was not limited to the use of 100% oxygen. Indeed,
Dejours and his collaborators used also single-breaths of nitrogen to provoke
or enhance an hypoxic stimulus (Girard et al., 1959). Likewise, CO,-tests
were also used in humans (Dejours ef al., 1958a) and dogs (Bouverot et al.,
1965). In the latter, this was done before and after carotid-denervation to
determine the participation of the peripheral and central chemoreceptors in
the ventilatory response to hypercapnia.

In short, the contribution of Pierre Dejours to the study of
chemoreceptors was very important in the sixties and has initiated numerous
studies. His investigations are now considered as a landmark that proved to
be pivotal in the study of the regulation of breathing, particularly in humans
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and, not surprisingly, references to Dejours’s studies are often found in the
literature (see for instance the recent work of Subramanian et al., 2002).

According to the classical investigations of Dejours using the transient
inhalation of oxygen or nitrogen, it was thought 40 years ago that the oxygen
or rather the hypoxic drive was affecting ventilation through an exclusive
action on arterial chemoreceptors. However, as indicated above, it was
already known that when oxygen was breathed for several minutes, after the
initial decrease in ventilation, a recovery and sometimes a hyperventilation
could be observed. This recovery could not easily be explained and it was
suggested that it was multifactorial in origin.

Since that time, numerous investigations carried out in laboratory
animals and even in humans have definitively shown that exposure to
various oxygen mixtures can affect ventilation and other functions by acting
directly on the central nervous system. All these studies will not be
rewiewed in this paper and only two examples will be mentioned as they are
directly relevant to the control of breathing and are nowadays the subject of
interesting projects which involve several neuro-modulators.

During acute exposure to hypoxia, ventilation increases to a peak.
Immediately following this increase, ventilation decreases somewhat over
the subsequent 10-30 minutes (Easton et al., 1986). Although its intimate
mechanisms are not fully understood, there is considerable experimental
evidence that the decline in the ventilatory response to hypoxia, also named
roll-off, reflects the effects of hypoxia on the central nervous system and
probably involves the release of inhibitory neuro-modulators (see Bisgard
and Neubauer, 1995). On the other hand, as indicated above, hyperoxia, after
a brief hypoventilation, determines an increase in ventilation to or even
above the control level. It seems quite remarkable that the secondary
increase in ventilation observed during oxygen breathing appears as the
opposite, the mirror image, of the ventilatory decline observed during
hypoxia. Hence, it appears that hyperoxia has a central stimulatory
component with a time-constant of a few minutes that can be masked by the
abrupt decreased ventilatory drive of the chemoreceptors. This interpretation
is supported by the fact that in intact conscious cats, prolonged oxygen
breathing has no significant effects on ventilation whereas it induces a
sustained hyperventilation after carotid-body denervation (Miller and
Tenney, 1975 ; Gautier et al, 1986). Finally, there are other results
suggesting that hypoxia may also change ventilation and other functions
such as body temperature regulation by acting directly on the central nervous
system (Roux ef al., 2000). This is the case for the ventilatory depression
consistently seen during hypoxia after carotid-body denervation in
anaesthetized preparations whereas conscious carotid-body denervated
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animals either showed no change in ventilation or actually hyperventilated
when exposed to hypoxia (see Mortola and Gautier, 1995).

Another example concerns the interesting and intriguing effect of prior
hyperoxia on the ventilatory response to hypoxia. It has been shown that the
recovery process of the enhanced hypoxic depression by repeated hypoxic
challenges in humans was slow in normoxic conditions as it required 30-60
minutes but this process could be accelerated by inhalation of 100% oxygen
(Easton et al., 1988). In addition, Honda et al. (1996) have recently shown,
also in humans, that a short hyperoxic exposure before isocapnic hypoxia
could potentiate the peak ventilatory response to hypoxia without modifying
the late component of the biphasic ventilatory response. This was confirmed
by Gozal (1998) in conscious freely behaving rats. Honda et al. speculated
that central glutamate may be involved whereas the results of Gozal
suggested that neuronal nitric oxide synthase may play an important role in
such hypoxic ventilatory response potentiation by a previous hyperoxic
exposure.

This review is limited to these recent studies in order to illustrate the
fact that the mechanisms of action of hypoxia or hyperoxia on ventilation are
far to be completely understood. However, it has now been demonstrated in
numerous reports that these mechanisms involved several mediators or
modulators at the periphery but also at the level of the central nervous
system. It must be emphasized that all these recent studies do not contradict
at all and rather help to explain the early findings of Pierre Dejours
concerning the participation of the peripheral chemoreceptors in the
regulation of breathing.
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1. INTRODUCTION

Volatile anesthetics induce neuron hyperpolarization and consequent
depression of the central nervous system (Nicoll and Madison, 1982; Berg-
Johnsen and Langmoen, 1987; Franks and Lieb, 1988; el-Beheiry and Puil,
1989; Southan and Wann, 1989; Maclver and Kendig, 1991; Franks and Lieb,
1994; Harris et al., 1995; Belelli et al., 1999, Sirois et al., 2000). Besides the
well known potentiation of GABAA and glycine chloride channels (Harris et
al., 1995; Belelli et al., 1999), evidence demonstrates that in both vertebrates
and invertebrates, volatile anesthetics open background K* channels and thus
increase the resting membrane potential (Franks and Lieb, 1988; Winegar et al.,
1996; Lopes et al., 1998; Sirois et al., 2000). For instance, in the mollusc
Lymnea, halothane opens a class of baseline K" channels (IKAn) which
hyperpolarize and silence pacemaker neurons (Franks and Lieb, 1988; Franks
and Lieb, 1991; Lopes et al., 1998). In Aplysia californica, halothane-mediated
neuronal hyperpolarization is due to the opening of the background S type
(serotonin-sensitive) K™ channel (Winegar et al., 1996). Similarly, opening of
baseline acid-sensitive K" channels by volatile anesthetics produces rat
hypoglossal and locus coeruleus neuron hyperpolarization (Sirois et al., 1998;
Sirois et al., 2000).

Recent reports demonstrate that the volatile anesthetic-sensitive background
K" channels belong to the family of mammalian K* channel subunits with four
transmembrane segments and two P regions (Patel et al., 1999; Gray et al,
2000; Lesage et al., 2000; Sirois et al., 2000). Interestingly, the yeast 2P domain
K" channel, which is characterized by eight, instead of four transmembrane
segments, is also activated by volatile anesthetics demonstrating the
conservation of this pharmacology (Ketchum et al., 1995; Gray et al., 1998).
The mammalian 2P domain K channel subunits are characterized by diverse
patterns of expression and functional properties (Lesage and Lazdunski, 2000;
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Goldstein et al., 2001; Patel and Honoré, 2001; Patel and Honoré, 2001; Patel
and Honoré, 2001; Patel er al., 2001). Volatile anesthetics selectively open
human TREK-1, TREK-2, TASK-1, TASK-2 and TASK-3 channels (Patel et
al., 1999; Gray et al., 2000; Lesage et al., 2000; Meadows and Randall, 2001).
On the contrary, local anesthetics reversibly inhibit the 2P domain K* channels
(Patel et al., 1998; Kindler et al., 1999; Rajan et al., 2000; Meadows and
Randall, 2001). In the present report, the expression and properties of these
anesthetic-sensitive K* channels are reviewed and their possible functional role
ih the mechanisms of anesthesia is discussed.

2. THE MAMMALIAN 2P DOMAIN K* CHANNELS

Mammalian K* channels belong to four main structural classes made of two,
four, six and seven transmembrane segments (TMS) (Lesage and Lazdunski,
2000; Goldstein et al., 2001; Patel and Honoré, 2001; Patel and Honoré, 2001;
Patel and Honoré, 2001; Patel et al., 2001). The common feature of all
K" channels is the presence of a conserved motif called the P domain (the
K" channel signature sequence or putative pore-forming region) which is part of
the K" conduction pathway (Doyle et al., 1998). The two, six and seven TMS
classes are characterized by the presence of a single P domain while the most
recently discovered class of four TMS subunits is characterized by the presence
of a tandem of P domains (Lesage and Lazdunski, 2000; Goldstein et al., 2001;
Patel and Honoré, 2001; Patel and Honoré, 2001; Patel and Honoré, 2001; Patel
et al., 2001) (fig. 1).

Figure 1: The human 2P domain K* channel subunits. Membrane topology of a background K*
channel with four transmembrane segments and two P domains. Phylogenetic tree of the 14
human 2P domain K* channels.
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Functional K* channels are tetramers of pore-forming subunits for the two,
six and seven TMS classes and dimers in the case of the four TMS class
(Lesage et al., 1996; Lopes et al., 2001).

The 2TMS/1P K* channels encode the inward rectifiers. These K™ channels
close with depolarization because of channel block by intracellular Mg** and
polyamines (for review Ruppersberg, 2000). The conductance increases upon
hyperpolarization and consequently, the inward K' currents recorded at
potentials below the equilibrium potential EK" (about -90 mV in a physiological
K" gradient) are much larger than the outward K'currents recorded at
depolarized potentials. Although, the amplitude of the outward currents flowing
through the inward rectifiers is limited, they will have a major influence on the
resting membrane potential (Hille, 1992). The voltage at which channel gating
by intracellular Mg** and polyamines occurs will set the range where the K*
channel will influence the cell membrane potential. Because they are blocked at
depolarized potentials, these channels will have a limited role in the initial
repolarization of the action potential.

By contrast, the voltage-gated outward rectifiers encoded by the 6TMS/1P
subunits, open upon depolarization. Depolarization is sensed by the positively
charged fourth TMS which is coupled to activation gates. Opening of the
voltage-gated K™ channels is time-dependent (delayed rectifiers) and contributes
to repolarize and terminate the action potential (Hille, 1992). Several voltage-
gated K" channels are also characterized by a fast (N-type) inactivation process.
The inactivation gate is the positively charged amino terminus of these specific
subunits (ball and chain mechanism). The SK (6TMS/1P) and BK (7TMS/1P)
channels are outward rectifiers which are opened by an increase in intracellular
calcium. Additionally BK channels are activated by membrane depolarization.

The class of mammalian 4 TMS K" channel subunits has expanded to
include 14 members (fig. 1). These subunits share the same structural motif
with 4 TMS/2P, an extended M1P1 extracellular loop, and both amino- and
carboxy- termini facing the cytosol. However, low sequence identity is found
outside the pore domain (Lesage and Lazdunski, 2000; Goldstein et al., 2001;
Patel and Honoré, 2001; Patel and Honoré, 2001; Patel and Honoré, 2001; Patel
et al., 2001). The mammalian 2P domain K channels are classified into five
main structural subgroups: i) TWIK-1 (KCNK1), TWIK-2 (KCNK6) and
KCNK?7 (Lesage et al., 1996; Chavez et al., 1999; Pountney et al., 1999; Salinas
et al., 1999; Patel et al., 2000) (KCNK7 is not functional); ii) TASK-1
(KCNK3), TASK-3 (KCNK9) and TASK-5 (KCNK15) (TASK-5 is not
functional) (Duprat et al., 1997; Kim et al., 1998; Leonoudakis et al., 1998;
Chapman et al., 2000; Kim et al, 2000; Rajan et al., 2000); iii) TREK-1
(KCNK2), TREK-2 (KCNK10) and TRAAK (KCNK4) (Fink et al., 1996; Fink
et al.,, 1998; Bang et al., 2000; Lesage et al., 2000); iv) TASK-2 (KCNKS),
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TALK-1 (KCNK16) and TALK-2 (KCNK17) (also called TASK-4) (Reyes et
al., 1998; Gray et al., 2000; Decher et al., 2001; Girard et al., 2001); v) THIK-1
(KCNK13) and THIK-2 (KCNK12) (Rajan et al, 2000) (THIK-2 is not
functional) (fig. 1). 2P domain K channels have also been identified in
Drosophila and Caenorhabditis elegans (Goldstein et al., 1996; Wei et al.,
1996; Kunkel et al., 2000). In the nematode, about 50 of 80 K* channel subunits
belong to the 2P domain family (Wei et al, 1996; Bargmann, 1998). In
Drosophila 11 of 30 K" channel subunits belong to the 2P domain family (Rubin
et al., 2000). Very little conservation (<35%) is found between nematode,
Drosophila and human sequences.

TWIK-1, the first mammalian 2P domain K* channel to be identified, self-
associates to form disulfide-bridged homodimers (Lesage et al., 1996). The
extracellular M1P1 interdomain, predicted to form an amphipathic o helix,
promotes self-dimerization. A cysteine located in this domain appears to be
important for the dimerization of some, but not all 2P domain K" channels, for
instance TASK-1 (Lesage et al., 1996). Besides a role in self-dimerization, this
large extracellular loop might also bind regulatory factors or extracellular
ligands. A dimer contains 4P domains, which are essential in the formation of
K" selective pores.

The 4TMS/2P subunits encode background K* channels. Background or leak
K" channels are opened pores in the membrane and have no voltage- or time-
dependency (Hille, 1992). Activation is instantaneous upon depolarization as
the channels are always opened at rest. Because of an assymetrical
physiological K* gradient (about 150 mM intracellular and S mM extracellular),
the current to voltage relationship of a K* leak channel is predicted to be
outwardly rectifying (Goldman, Hodgkin and Katz constant-field theory also
called the open rectification) (Hille, 1992). In a symmetrical K gradient, the
current to voltage relationship of the leak channel is expected to be linear as
observed for TASK-1, TRAAK and TALK-1. These K* channels thus behave as
open rectifiers. Because of this leak characteristic, the background K* channels
are expected to influence both the resting membrane potential (along with the
inward rectifiers) and the repolarization phase of the action potential (along
with the voltage-gated and Ca**-dependent outward rectifiers). Several
4TMS/2P background K' channels are however more than a simple open
rectifier leak channel. For instance, TREK-1 is a K* channel which displays a
strong outward rectification in a symmetrical K" gradient (Fink et al., 1996;
Patel et al., 1998). This rectification is at least partly due to a voltage-dependent
gating (Patel et al., 1998; Bockenhauer et al., 2001). Moreover, the activation of
TASK-1, TASK-2 and TREK-2 is time-dependent (Reyes et al., 1998; Gray et
al., 2000; Lesage et al., 2000; Lopes et al., 2000). On the contrary, TWIK-2
shows a mild inward rectification when recorded in a symmetrical K" gradient
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(Patel et al., 2000). Mild inward rectification is also typical to TWIK-1 and
THIK-1 (Lesage et al., 1996; Rajan et al, 2000). TWIK-2 is additionally
characterized by a time-dependent inactivation (Patel et al., 2000). The various
4TMS/2P channels will differentially tune the resting potential and/or the action
potential duration because of these particular rectification, time and voltage-
dependent properties.

3. THE MECHANO-GATED TREK-1 AND TREK-2 K’
CHANNELS ARE OPENED BY INHALATIONAL
ANESTHETICS

Human TREK-1 is highly expressed in brain and ovary and to a lesser extent
in kidney and small intestine (Patel et al., 1999; Lesage et al., 2000; Meadows
et al., 2000; Medhurst et al., 2001). In human brain, TREK-1 shows the greatest
expression in the caudate nucleus, the putamen, the spinal cord and the dorsal
root ganglia (Lesage ef al., 2000; Medhurst et al., 2001). Significant expression
is also detected in both small and medium sized sensory neurons of mouse
dorsal root ganglia (Maingret ef al., 2000). Human TREK-2 (78% of homology
with TREK-1) is abundantly expressed in kidney and pancreas and more
moderately in testis, brain, colon and small intestine (Bang et al., 2000; Lesage
et al., 2000; Gu et al., 2002). In human brain, TREK-2 shows the strongest
expression in the caudate nucleus, the cerebellum, the corpus callosum and the
putamen (Lesage et al., 2000; Medhurst et al., 2001). Some tissues only express
TREK-1 (ovary) or TREK-2 (pancreas, colon) (Lesage et al., 2000). Other
tissues do not express these channels or only to very modest levels (heart,
skeletal muscle, lung, blood leukocytes and spleen). Finally, some tissues
present overlapping expression (brain, kidney, small intestine).

TREK-1 and TREK-2 channels are mechano-gated K* channels opened by
membrane stretch (Patel et al., 1998; Bang et al., 2000; Lesage et al., 2000;
Maingret et al., 2000). At the whole cell level, TREK-1 is modulated by cellular
volume (Patel et al., 1998; Maingret et al., 2000). Mechanical force is believed
to be transmitted directly to the channel via the lipid bilayer (Patel et al., 1998;
Maingret et al., 1999). Lowering intracellular pH shifts the pressure-activation
relationship of TREK-1 and TREK-2 toward positive values and ultimately
leads to channel opening at atmospheric pressure (Maingret et al., 1999; Lesage
et al., 2000). Acidosis essentially converts a TREK mechano-gated channel into
a constitutively active background K' channel (Maingret et al., 1999; Lesage et
al., 2000). TREK-1 is also gradually and reversibly opened by heat. A rise in
temperature of 10°C enhances TREK-1 current amplitude by about 7 fold
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(Maingret et al., 2000). Finally, TREK-1, TREK-2 and TRAAK are reversibly
opened by polyunsaturated fatty acids (PUFA) and lysophospholipids including
arachidonic acid and lysophosphatidylcholine (Fink et al., 1998; Patel et al.,
1998; Bang et al., 2000; Lesage et al., 2000; Maingret et al., 2000). Deletional
analysis demonstrates that the carboxy terminus, but not the amino terminus and
the extracellular M1P1 loop, is critical for activation of TREK-1 by stretch,
arachidonic acid, lysophospholipids, intracellular acidosis and temperature
(Patel et al., 1998; Maingret et al., 1999; Maingret et al., 2000). TREK-1 and
TREK-2 activation are reversed by protein kinase A and protein kinase C
stimulation (Fink et al., 1996; Patel et al., 1998; Lesage et al., 2000; Maingret
et al., 2000; Maingret et al., 2000). Protein kinase A-mediated phosphorylation
of Ser333 in the carboxy terminus mediates TREK-1 closing (Patel et al., 1998).
TREK-1 and TREK-2 are insensitive to most of the classical K™ channel
blockers including TEA® (10 mM), 4-AP (3 mM), Ba® (1 mM), glibenclamide
(10 uM), charybdotoxin (I uM) and apamin (10 pM). TREK-1 is reversibly
blocked by Gd** (30 pM), amiloride (2 mM) and chlorpromazine (1 uM) (Fink
et al., 1998; Patel et al., 1998; Maingret et al., 2000).

TREK-1 and TREK-2 are opened by chloroform, diethyl ether, halothane
and isoflurane in transfected mammalian cells (Patel et al., 1998; Patel et al.,
1999; Lesage et al., 2000).Opening of these channels by anesthetics induces cell
hyperpolarization. Interestingly, the other structurally and functionally related
2P domain K" channel TRAAK is insensitive to volatile anesthetics (Patel et al.,
1999). hTREK-1 is most sensitive to chloroform (2.3 fold increase in current
amplitude at 1 mM), while halothane is the strongest opener of hTREK-2 (2.3
fold increase at 1 mM) (Patel et al., 1999; Lesage et al., 2000). In excised
outside-out patches, the 48 pS TREK-1 channel is reversibly opened in a dose-
dependent manner by chloroform and halothane (Patel et al., 1999). No channel
activity is observed in the absence of anesthetic, suggesting that volatile
anesthetics convert inactive channels into active ones. Deletion of the amino
terminus does not affect anesthetic-induced TREK-1 opening (Patel et al.,
1999). In contrast, deletion of the carboxy terminus at Thr 322 completely
suppresses responses to both chloroform and halothane (Patel et al, 1999).
These results demonstrate that the carboxy terminus, but not the amino
terminus, of TREK-1 is critical for anesthetic activation.

TREK-1 and TREK-2 share all the functional properties of the anesthetic-
sensitive background K* channels in Lymnea pacemaker neurons and the S
channel in Aplysia sensory neurons (Franks and Lieb, 1988; Winegar et al.,
1996; Lopes et al., 1998). Both endogenous and cloned background K" channels
are opened by volatile anesthetics in excised patches suggesting a direct
mechanism of action (Winegar et al., 1996, Patel et al., 1999). Pure optical
isomers of the volatile anesthetic isoflurane exhibit clear stereoselectivity in
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activating background K’ currents in pacemaker neurons of the Lymnea,
(Franks and Lieb, 1991). The + isomer is more potent than the - isomer in
hyperpolarizing neurons suggesting that volatile anesthetics act by direct
binding to the protein rather than a nonspecific perturbation of lipids (Franks
and Lieb, 1991). Although the stimulation by inhalational anesthetics seems to
be direct, one cannot fully rule out possible indirect effects (Winegar et al.,
1996; Lopes et al., 1998; Patel et al, 1999). Indeed, it has been shown in
Lymnea neurons, that although the activation of IKAn by volatile anesthetics is
independent of the lipoxygenase and cyclooxygenase pathways, it might involve
the cytochrome P450 pathway (Lopes et al., 1998). Moreover, TREK-1 is not
sensitive to volatile anesthetics when expressed in Xenopus oocytes (Gray et al.,
2000). These negative results may indicate that either a specific membrane
environment and/or critical co-factors, which are absent in Xenopus oocytes but
present in mammalian cells, may be required.

4. THE ACID-SENSITIVE BACKGROUND K" CHANNELS
TASK-1 AND TASK-3 ARE OPENED BY VOLATILE
ANESTHETICS

Human TASK-1 is particularly abundant in the pancreas and the placenta
(Duprat et al.,1997). Lower levels of expression are found in
brain>lung>prostate>heart>kidney>uterus>small intestine>colon. High levels
of TASK-1 are found in cerebellar and olfactory granule cells, olfactory
tubercles, scattered neurons through all layers of cerebral cortex, intralaminar
thalamic nuclei, pontine nuclei and the locus coeruleus of the rat (Duprat et al.,
1997, Sirois et al., 2000). Brainstem and spinal cord motorneurons display the
strongest expression of TASK-1 (Sirois et al., 2000). Motor nuclei with high
levels of TASK-1 include facial, hypoglossal, ambigual and motor trigeminal as
well as the vagal motor nucleus. TASK-1 is also particularly abundant in rat
carotid body cells (Buckler et al.,, 2000). In human brain, the strongest
expression is found in the cerebellum, thalamus and pituitary gland (Medhurst
et al., 2001). TASK-1 is also particularly abundant in human dorsal root ganglia
(Medhurst et al., 2001). Human TASK-3, which is 62% identical to TASK-1, is
largely and selectively expressed in the cerebellum (Chapman et al., 2000;
Medhurst et al., 2001).

TASK-1 and TASK-3 K" currents are instantaneous (or at least very rapidly
activating (Lopes e? al., 2000; Rajan et al., 2000)) and non-inactivating (Duprat
et al., 1997, Kim et al., 1998; Leonoudakis et al., 1998; Kim et al., 2000; Sirois
et al, 2000; Meadows and Randall, 2001). TASK-1 and TASK-3 are
background K* currents which are very sensitive to variations in extracellular



16 Amanda J. Patel and Eric Honore

pH (Duprat et al., 1997; Leonoudakis et al., 1998; Kim et al., 2000; Rajan et al.,
2000; Sirois et al., 2000; Meadows and Randall, 2001). Half of TASK-1 and
TASK-3 channels are closed at a pH values of 7.3 and 6.5, respectively (Duprat
et al., 1997, Kim et al., 1998; Leonoudakis et al., 1998; Kim et al., 2000; Sirois
et al., 2000; Meadows and Randall, 2001). TASK-1 is inhibited by Zn™, the
local anesthetic bupivacaine, the anti-convulsant phenytoin, quinidine and Ba™
(Duprat et al., 1997; Kim et al., 1998; Leonoudakis et al., 1998; Sirois et al.,
2000). It is, however, resistant to TEA™ and 4-AP. TASK-1 is inhibited by
receptors coupled to Gq proteins including the M3 muscarinic receptor (Millar
et al., 2000; Talley et al., 2000). The second messenger involved in channel
inhibition is still unknown. The endocannabinoid anandamide has recently been
shown to be a direct and selective blocker of TASK-1 (Maingret et al., 2001).
TASK-3 is blocked by local anesthetics including lidocaine and bupivacaine,
Ba®", quinidine but resistant to TEA™ (Kim et al., 2000; Rajan et al., 2000;
Meadows and Randall, 2001).

TASK-1 is opened by halothane > isoflurane but is insensitive to chloroform
and partially inhibited by diethylether (Patel et al., 1999; Sirois et al., 2000).
Halothane opens TASK-1 in the excised patch configuration despite a strong
run down of channel activity upon excision (Patel et al., 1999). Deletion of the
last 147 amino acids in the carboxy terminus of TASK does not alter halothane
sensitivity whereas further deletion kills channel activity. Fusing the carboxy
terminus of TREK-1 restores basal but not anesthetic-stimulated activity
demonstrating that the region located between residues 242 and 248 (VLRFMT)
is critical for anesthetic sensitivity (Patel et al., 1999; Talley and Bayliss, 2002).

A background K" current sets the resting membrane potential in type I
carotid body chemoreceptor cells (Buckler, 1997; Buckler et al., 2000).
Reversible inhibition of this background K™ current by hypoxia or acidosis
induces membrane depolarization. Depolarization of type I cells leads to
opening of voltage-gated Ca®" channels, increase in intracellular Ca® and
release of neurotransmitters (Lopez-Barmeo, 1996). The released
neurotransmitters stimulate sinus nerve endings and trigger the reflex increase
in respiration. The endogenous background K” channel in type I cells shares the
biophysical and pharmacological properties of TASK-1 (Buckler et a/., 2000). It
is reversibly inhibited by mild external acidosis, time and voltage-independent,
resistant to TEA and 4-AP, but blocked by Ba®, Zn®", bupivacaine and
quinidine. Moreover, the type I cell background K' current is enhanced by
halothane but is insensitive to chloroform (Buckler et al., 2000). Opening of
TASK-1-like background K~ channels in type I carotid body cells may be
partially responsible for the suppression of hypoxic ventilatory drive under
general anesthesia.
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In rat somatic motoneurons, locus coeruleus neurons and cerebellar granule
neurons, inhalational anesthetics similarly activate a background TASK-1-like
conductance, causing membrane hyperpolarization and suppressing action
potential discharge (Sirois et al., 2000; Maingret et al., 2001). These effects
occur at clinically relevant anesthetic concentrations with the steep dose
dependence expected for anesthetic effects of these compounds (Sirois et al.,
2000). External acidosis to pH 6.5 completely blocks the current activated by
anesthetics (Sirois et al., 2000; Maingret et al., 2001). In motoneurons and
cerebellar granule neurons opening of TASK-1 channels may contribute to
anesthetic-induced immobilization, whereas in the locus coeruleus, it may
support analgesic and hypnotic actions (Sirois et al., 2000; Maingret et al.,
2001).

Application of 1 mM halothane reversibly potentiates human TASK-3
current amplitude by 66% (Meadows and Randall, 2001). The onset of
halothane stimulation in Xenopus oocyte is rapid (t: 62 s) while full recovery
takes as long as 5 minutes. By contrast, the neurosteroidal anesthetic
alphaxolone inhibits TASK-3 (Meadows and Randall, 2001). Two other general
anesthetics non-volatile agents, pentobarbital and ketamine do not affect
significantly TASK-3 at a concentration of 100 pM (Meadows and Randall,
2001).

S. THE SPINAL CORD AND DORSAL ROOT GANGLION
BACKGROUND K' CHANNEL TASK-2 IS OPENED BY
INHALATIONAL ANESTHETICS

Human TASK-2 is found in high levels in kidney > pancreas > lung >
placenta > brain (Reyes et al., 1998). Although TASK-2 expression is weak in
whole brain, it can be detected by PCR in rat spinal cord (Gray et al., 2000).
TASK-2 is found throughout the spinal cord in both ventral and dorsal sections
(Gray et al., 2000). Moreover, TASK-2 is expressed in human spinal cord as
well as in dorsal root ganglia (Medhurst et -al, 2001). It produces non-
inactivating, outwardly rectifying K currents with activation potential
thresholds that closely follow the K equilibrium potential (Reyes et al., 1998;
Gray et al., 2000). TASK-2 activation is time-dependent with a time constant of
about 60 ms at 0 mV. TASK-2 currents are blocked by quinine and quinidine,
but not by the classical K* channel blockers TEA", 4-AP, Cs* and Ba>" (Reyes et
al., 1998). TASK-2 is inhibited by external acidosis with a half-inhibition at pH
7.8 (Reyes et al., 1998; Gray et al., 2000). Application of volatile anesthetics
causes a concentration-dependent increase in TASK-2 currents in a range
overlapping MAC (Gray et al., 2000). TASK-2 is more sensitive to halothane
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than isoflurane (Gray et al., 2000). Unlike TASK-1, TASK-2 is also stimulated
by chloroform. Site-directed mutagenesis has been used to delete the carboxy
terminus of TASK-2 (Gray et al., 2000). The truncated TASK-2 channel does
not express a spontaneous or volatile-anesthetic-evoked activity further
demonstrating the critical role of the carboxy terminus in the function of 2P
domain K* channels (Patel et al., 1998; Patel et al., 1999; Gray et al., 2000).

6. VOLATILE ANESTHETIC-INHIBITED 2P DOMAIN K*
CHANNELS

TWIK-2 is a background K" channel which is highly expressed in both
visceral and vascular smooth muscle (Patel et al., 2000). Human TWIK-2 is
absent in the brain and in the cerebellum (Chavez et al., 1999; Pountney et al.,
1999; Patel et al., 2000; Medhurst ef al., 2001). However, a moderate to strong
expression is found in the spinal cord and in the dorsal root ganglia (Medhurst
et al., 2001). Chloroform (300 uM) and halothane (750 uM) reversibly inhibit
TWIK-2 by 32% and 27%, respectively (Patel et al., 2000).

THIK-1 expression is ubiquitous with a substantial expression in some
restricted areas of the rat brain (Rajan et al., 2000). The strongest levels are
found in the olfactory bulb granule cell layer, the lateral septal nucleus dorsal,
the ventromedial hypothalamic nucleus, the thalamus reticular and reunions
nuclei and finally the parabrachial nuclei (Rajan et al., 2000). THIK-1 is a weak
inward rectifier which is stimulated by arachidonic acid but inhibited by
halothane with a IC50 value of 2.83 mM (Rajan et al., 2000). Interestingly, 1
mM chloroform fails to affect THIK-1 (Rajan ef al., 2000).

Human TALK-1 is exclusively expressed in the pancreas (Girard et al,
2001). Human TALK-2 is similarly found at high levels in the pancreas and is
also present in liver, placenta, heart and lung (Girard et al., 2001). TALK-1 and
TALK-2 are background K" currents which are activated by alkaline pH, but are
insensitive to arachidonic acid. Both channels are inhibited by 800 uM
chloroform (-21% and -44%, respectively) and 800 pM halothane (-27% and -
56%, respectively) (Decher et al., 2001; Girard et al, 2001). Interestingly,
TALK-1 is not sensitive to 800 uM isoflurane while TALK-2 is stimulated
(+58%) (Girard et al., 2001).

7. CONCLUSIONS AND PERSPECTIVES

These recent findings provide strong evidence that 2P domain K* channels
are sensitive molecular targets for volatile anesthetics. Together with the known
modulation of neurotransmitter receptors (Harris et al, 1995; Belelli et al.,
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1999), activation of 2P domain K* channels will contribute to the
hyperpolarizing action of general anesthetics (Patel et al., 1999).

Opening of the 2P domain K’ channels is agent specific. For instance,
TREK-1, TREK-2 and TASK-2 are opened by chloroform, TASK-1, THIK-1
and TRAAK are unaffected, while TWIK-2, TALK-1 and TALK-2 are inhibited
(Patel et al., 1999; Gray et al., 2000; Lesage et al., 2000; Patel et al., 2000;
Rajan et al., 2000; Girard et al., 2001). Interestingly, TALK-2 is inhibited by
chloroform and halothane while it is stimulated by isoflurane (Girard et al.,
2001). The volatile anesthetic-inhibited 2P domain K™ channels including
TWIK-2, THIK-1, TALK-1 and TALK-2 are mostly non-neuronal (THIK-1 is
restricted to some brain areas) and strongly expressed in peripheral organs
(Patel et al., 2000; Rajan et al., 2000; Girard et al., 2001). TREK-1, TREK-2
and TASK-1 are more sensitive to halothane than isoflurane (Patel et al., 1999;
Lesage et al., 2000). This difference in potency between the two volatile
anesthetics indicates that opening of 2P domain K’ channels will probably be
prevalent during halothane-induced anesthesia. Clearly, further work is still
necessary to map the putative anesthetic binding site and understand the role of
the carboxy terminus in the mechanism of channel activation (Patel ef al,
1999).

Opening of 2P domain K" channels will have profound hyperpolarizing
effects at both presynaptic and postsynaptic levels. Because of the leak behavior
of the 2P domain K’ channels, even moderate stimulation, as observed for
clinical doses of volatile anesthetics, will have a major effect on the membrane
potential (Lesage and Lazdunski, 2000; Goldstein ef al, 2001; Patel and
Honoré, 2001; Patel and Honoré, 2001; Patel and Honoré, 2001; Patel et al.,
2001). The discovery of this class of anesthetic-sensitive K’ channels with
distinct patterns of expression, may provide a basis for how inhalational
anesthetics depress the central nervous system (Patel et al., 1999; Gray et al.,
2000; Lesage et al, 2000; Medhurst et al, 2001). These recent resuits
contribute to the understanding of the molecular and cellular mechanisms of
action of anesthetics.
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1. INTRODUCTION

Inositol 1,4, S-triphosphate (IP,) is generated from the hydrolysis of
phosphatidylinositol 4, S-triphosphate (PIP,) which is a component of plasma
membrane. IP; acts as a messenger to link with receptors IP;-Rs which are
located on intracellular Ca®" stores, such as the endoplasmic reticulum (ER)
(Belousov et al., 1995; Berridge, 1993). The ER also often shares the same
domain of the mitochondria which have a low affinity, high-capacity for Ca*
uptake mechanism, and Ca** concentrations influence mitochondrial
metabolism (Duchen, 2000). Thus, IP;-Rs are an ideal candidate for Ca*-
related cellular functions. Rizzuto et al. (1993) have shown that [Ca®'],
increases rapidly and transiently upon stimulation with agonists coupled to IP;-
R generation. This leads to high [Ca*]; close to IP;-R and sensed by
mitochondria. Conversely, metabolites generated by energy production may
influence IP,-mediated Ca?* dynamics. Depletion of cellular energy resources
leads to the accumulation of cytoplasmic reduced NADH (Veech et al., 1970).
Hypoxia decreases mitochondrial respiration by inhibiting the terminal step in
the electron transport chains, provoking a rapid rise in intracellular Ca®*
(Biscoe and Duchen, 1990; Kaplin et al., 1996; McCormack et al., 1990).
Hypoxia also increases cytoplasmic NADH levels as a result of enhanced
glycolysis (Yageretal., 1991). Also, NADH selectively stimulates the release
of Ca®" mediated by IP,-R (Ferris and Snyder, 1992).
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Therole of IP; has been looked into for carotid body chemoreception simply
because Ca®* is an important player in the scenario. Pokorski and Stroszander
(1997), using ATP as an agonist, showed that IP, played a role in the hypoxic
signal transduction in the carotid body." Gonzalez’s laboratory (Rigual et al.,
1999), on the other hand, showed that hypoxia inhibited synthesis of IP; in the
whole carotid body. These observations reached opposite conclusions. Our
strategy was to inhibit the IP;-Rs, and examine the effects on Ca** release and
subsequently the effects of hypoxia and hypercapnia, and also on the
chemosensory discharge. Inhibitors and blockers have been used successfully
as tools to explore the biological functions, as we will see later in this
symposium (Wyatt and Buckler, 2003; Ortega-Saenz et al., 2003). We used
cell permeant 2-APB (2-amino ethoxdiphenyl borate) to block Ca’* release
from the IP;-Rs pathway in the ER- mitochondria complex, and examine the
effects on global [Ca®"] in glomus cells, and sensory responses of the rat carotid
body.

2. HYPOTHESES

2.1 Hypothesis One

One scenario was that glomus cell membrane stimulation by hypoxia would
lower K* conductance, leading to membrane depolarization and opening of
voltage-gated Ca®* channels, followed by Ca** entry and [Ca®'}; rise, and
eventually the chemosensory discharge (Lopez-Barneo et al., 2001).

2.2 Hypothesis Two

Another scenario was that IP;-Rs which would mobilize Ca** from
intracellular stores and blockade of IP;-Rs would inhibit the Ca®* release.
Accordingly, blockade of IP,-Rs should leave the mechanism described under
2.1 intact, and either should not matter with respect to [Ca®"]; response to
hypoxia. In that case, Ca*" influx mediated by the mechanisms postulated
under 2.1 would continue to occur.

The hypercapnic [Ca**] response, however, would not be affected by
2-APB because it does not have any influence on the membrane which alone
determines the hypercapnic response.



C&’” responses to hypoxia are mediated by IP-R on Ca’* store depletion 27

Carotid Body Model

Hypoxia
Decreased K* channel current
Depolagmtion
Increased L—ty;ie Ca** current
Increased Ca®* influx

Increased cy%osolic Ca?*

1

Biological Response

Neurotransmtter release
(dopamine)

Neural response

Figure /. Hypothesis 1. Hypoxic Ca®" response: membrane model of carotid body glomus cell.

Figure 2. Hypothesis 2. Hypoxic Ca** response: ER-mitochondrial Ca?* -store depletion model.
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3. METHODS

3.1 Isolation of Cells

Rat glomus cells were isolated and kept in culture (up to 24 h.). The cells
were then incubated with Fura-2-AM (5uM) for measuring Ca® with
excitation at 340 nm and 380 nm and emission at 510 nm. Hypoxia (10-15
Torr) was used in the superfusate replacing normoxia (Po, * 120 Torr) and
hypercapnia (Pco, * 60 Torr) replacing the normocapnia (Pco, * 30 Torr).

3.2 Measurement of Chemosensory Discharges

Chemosensory discharges were measured with the usual technique (Roy et al.,
2000). The effects of hypoxia (Po,* 28-30 Torr) were measured by perfusing
the carotid body with CO,-HCO; buffer equilibrated at Pco, * 30 Torr (pH *
7.4). The hypercapnic responses (Pco, * 55-60 Torr) were measured at Po, of
* 120 Torr).

4. RESULTS

4.1 Identification of Glomus Cells

Carotid body glomus cells which were 12-24 h old were demonstrated by
tyrosine hydroxylase fluorescence. The [Ca’*), response was tested with
hypoxia. These tests established the identity of the glomus cells of rat carotid
body (not shown at the symposium and not here).

4.2 Responses of Ca**

[Ca™]; responses to hypoxia were inhibited (almost, except for 10%) by
2-APB (100 puM) but not to hypercapnia (Fig. 3). These responses were
summarized, which were shown at the symposium. The characteristics of the
responses were essentially similar to those exhibited by oligomycin (5 pg/mi)
(not shown here). Thus, the influx of Ca®* from the extracellular space was
inhibited by both 2-APB and oligomycin, and both blocked the reaction
initiated at ER-mitochondrial complex.
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4.3 Sensory Responses

The sensory responses almost duplicated the [Ca”]; responses (not shown).

S. DISCUSSION

5.1 Mitochondrial Inhibitors

Mitochondrial inhibitors inhibited the hypoxic calcium responses of glomus
cells. This is consistent with the observations that mitochondrial inhibitors
decreased the K-conductance of glomus cell membrane (Buckler & Vaughn-
Jones; 1998; Wyatt and Buckler, 2003).

The blockade of IP;-Rs at the ER-mitochondrial complex blocked the
hypoxic Ca® response of the glomus cells leaving the hypercapnic response
intact. The [ Ca’'] responses mimicked the sensory response of the carotid
body to metabolic inhibitors (Buckler and Vaughan-Jones, 1998; Daudu et al.,
2000; Mulligan and Lahiri, 1982).

5.2 Blockade of Responses

All these results are consistent with the idea that IP;-Rs blockers inhibited
the  mitochondrial [Ca®"] responses. Thus, mitochondria somehow
communicate with the plasma membrane. Here we show that blockade of IP,-
Rs blocked the hypoxic response. Thus, the blockade of hypoxic Ca*-
responses is common to both, suggesting that blockade of IP, R must block the
mitochondrial hypoxic response, regardless of the mechanism of effect of 2-
APB (Hajnoczky et al., 2000).

53 Stored Calcium

We measured [Ca?*], with normal extracellular [Ca*"], 0f 2.2 mM. With the
removal of extracellular [Ca®"] the stored calcium will probably be depleted
gradually and [Ca’'], response would be minimal. In any case, with
extracellular zero [Ca®], influx of Ca** will be zero, and would not serve the
purpose of testing the hypothesis. With Ca*’-channel blocker, influx of Ca*
will also be zero, and that should not serve the purpose either.



30 Suthamay Lahiri et al.

Figure 3. Calcium responses to hypoxia (Hx) and hypercapnia (Hc). 2APB inhibited the
hypoxic response leaving hypercapnic response intact.

Figure 4. Capacitative calcium entry during hypoxia is blocked by 2-APB and oligomycin at
ER-mitochondria complex; calcium store depletion is blocked by the inhibitors.
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5.4 Role of Ca**

With the available data, we present the model involving the role of the
calcium store and extracellular Ca®* in hypoxic responses. This message from
the internal cellular store is communicated to the membrane which increases
the Ca® influx (capacitative Ca®* entry) (Putney, 1997). With the blockade of
Ca”" store depletion, the message to the membrane is blocked. This blockade
of Ca™ influx also turns off the hypoxia-sensitive K* channels (Fig. 4).

The response to hypercapnia remains intact because hypercapnia does not
involve the Ca® store and also it affects different K* channels than hypoxic
sensitive K* channels.

6. CONCLUSION

We showed that blockade of ER-mitochondria Ca®" store depletion
practically inhibited the influx of extracellular Ca**. The implications of these
results were discussed in terms of Ca**-store depletion and Ca®" influx. This
could be considered as evidence for the capacitative Ca® entry theory of
Putney (1997).
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1. INTRODUCTION

Carotid body (CB) chemoreceptors are the major contributors to the
hyperventilatory responses to acute hypoxia. Low PO, inhibits K channel
activity of chemoreceptor cells, inducing a depolarization-mediated
neurotransmitter release that elicits the ventilatory response (Gonzalez et al.,
1994). Although O,-sensitive K’ currents were described in rabbit CB
chemoreceptor cells several years ago (LoOpez-Barneo et al., 1988), the
molecular identity of the underlying K channels remains unresolved.

K channels belong to a large and diverse protein family (Coetzee et al.,
1999). As O,-sensitive K" currents in rabbit CB chemoreceptor cells are voltage-
dependent, fast inactivating and Ca*’-independent (Ganfornina and Lépez
Barneo, 1992), we have searched for the presence in the CB of K channels
encoding currents with these electrophysiological properties. So far, six different
Kv subunits (Kv1.4, Kv3.3-4 and Kv4.1-3) have been reported to exhibit those
properties when expressed in heterologous expression systems (Coetzee et al.,
1999; Rudy and McBain, 2001). Combining molecular biology, histochemistry,
and electrophysiological techniques, we have determined the presence of those
subunits in rabbit chemoreceptor cells (Sanchez et al., 2002), and we have
explored their functional contribution to the O,-sensitive current.

2. METHODS

2.1 CB chemoreceptor cells isolation and culture

Rabbit CBs were obtained and enzymatically dispersed as previously described
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(Sanchez et al., 2002). Isolated cells were plated onto poly-L-lysine-coated
coverslips with DMEM/5% FBS medium, and maintained in culture at 37°C for
up to 72 h.

2.2. Kv channels mRNA and protein detection in chemoreceptor cells.
Conventional RT-PCR methods were used to test the presence of Kv transcripts
in CB cells. We have cloned and sequenced fragments of those subunits whose
rabbit sequences were not available (Sanchez et al., 2002). To analyze the
expression and the cellular distribution of channel subunits within the CB, we
have combined the use of immunocytochemistry with in situ hybridization
techniques (Sanchez et al., 2002).

2.3.  Electrophysiological methods. Ionic currents were recorded at room
temperature (20-25°C) using the whole-cell configuration of the patch-clamp
technique. Current recordings and data acquisition were made as previously
described (Pérez-Garcia et al., 2000). The composition of the bath solution was
(mM): 141 NaCl, 4.7 KCl, 1.2 MgCl,, 1.8 CaCl,, 10 glucose, 10 HEPES, (pH
7.4 with NaOH) and the pipette solution was (mM): 125 KCI, 4 MgCl,, 10
HEPES, 10 EGTA, 5 MgATP; pH 7.2 with KOH. Ionic currents were recorded
by 500 ms voltage steps to +40 mV from a holding potential of -80 mV applied
every 15s. Electrodes were dipped in an antibody-free pipette solution and then
back filled with the pipette solution containing the antibody of interest (0.2
pug/ml). In order to eliminate artefacts due to changes in the seal, a 10 ms
prepulse to -100 mV was applied prior to the step to +40 mV (see figure 1A).
The current response to the prepulse was used to calculate the access resistance
(Ra) and the membrane resistance (Rm) applying the membrane test algorithms
described elsewhere (pPCLAMP, Axon Instruments). Cells without stable values
of Ra were discarded for analysis. Data analysis were performed with ORIGIN
4.0 (Microcal Inc.). Pooled data are expressed as mean + standard error of the
mean (SEM). Statistical comparisons between groups of data were carried out
with the two-tailed Student t test for unpaired data, and values of p<0.05 were
considered statistically different.

3. RESULTS AND DISCUSSION

3.1. Expression and distribution of fast inactivating K channels in rabbit
carotid body. We have previously tested the presence of each Kv transcript in
rabbit CB using RT-PCR with unique primers designed from rabbit sequences
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Figure 1. Antibody blocking experiments. (A) The upper graph shows the time course of
the peak current amplitude in a cell perfused with antiKv4.3 in the pipette solution.
Representative traces at the beginning of the recording (1, thick line) and after 10 min of
dialysis (2, dotted line) are shown in the inset, as well as the seal-conditions control
recordings for each trace. The calculated membrane resistance (Rm) and access resistance
(Ra) in each pulse along the 30 min of recording are illustrated in the lower graph. (B)
Average inhibition of peak current with the indicated antibodies. Inhibition was calculated
as 100.(1-1/1,), where 1, is the initial amplitude of the current (t0) and I is the current
amplitude after 10 min of recording.*p<0.01; **p<0.001. Each bar is the average of 4-10
experiments.

(Sanchez et al., 2002). Those results showed the transcription of Kv1.4, 3.4, 4.1
and the long form of Kv4.3, but not Kv3.3 or 4.2. To demonstrate the presence
of particular Kv subunits in chemoreceptor cells, we analyzed their cellular
distribution with immunocytochemistry when antibodies were commercially
available, and in situ hybridization (in the case of Kv4.1, which antibody is not
available). We have concluded that rabbit CB chemoreceptor cells express
Kv3.4, 4.1 and 4.3. However, not all the TH positive cells showed Kv3.4
expression, suggesting that Kv3.4 is expressed only in a subpopulation of
chemoreceptor cells. A summary of our results is shown in table L
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Kv a mRNA Protein TH
subunit expression expression co-localization
Kvl.4 Yes Yes No
Kv3.3 No ND ND
Kv34 Yes Yes Yes
Kv4.1 Yes ND Yes
Kv4.2 No No No
Kv4.3 Yes Yes Yes

Table 1 RT-PCR, immunocytochemistry and in situ hybridization confirms the expression in
chemoreceptor cells of three fast inactivating Kv subunits: Kv3.4, Kv4.1, and Kv4.3. No
Kv3.3 or Kv4.2 transcription is detected in the CB, while the Kv1.4 subunit is present only
in nerve terminals. ND = not determined.

3.2.  Antibody blockade of K* currents in rabbit CB chemoreceptor cells.
To elucidate the contribution of Kv3.4 and Kv4.3 subunits to the K* currents of
chemoreceptor cells, we assayed the efficiency of antiKv antibodies to block
these currents. Whole-cell voltage-clamp experiments were performed including
antiKv1l.4, 3.4, 4.2, or 4.3 antibodies in the patch pipette. Control cells where
either recorded in the absence of antibody, in the presence of another unrelated
antibody such as anti-myosin, or in the presence of a goat anti-mouse serum, to
exclude non-specific effects. Figure 1A shows representative traces obtained in
one CB chemoreceptor cell in the presence of antiKv4.3. After 10 min of
dialysis, the current decreased irreversibly. Recordings for as long as 30 min did
not increase significantly the observed inhibition. Average effects of the
different antibodies applied are shown in figure 1B. AntiKv1.4 and antiKv4.2
did not change outward currents after several minutes of recording, while both
the antiKv3.4 and 4.3 produced a significant reduction in I/I;, indicating that
Kv3.4 and Kv4.3 subunits contribute to the fast inactivating K* current of
chemoreceptor cells.

3.3. Effect of hypoxia on K’ currents in the presence of antiKva antibodies.
We have also used the immunological blockade of K* currents as a tool for
assaying the role of the different Kv subunits on the hypoxic inhibition of the
whole K current. This approach has been used recently to demonstrate the O,-
sensitivity of Kv1.2 in PC12 cells (Conforti et al., 2000). Our results show that
hypoxia could still decrease the remaining K" current in a significant manner
after blocking Kv subunit-specific components by any antibody addition
(Figure2). However, when we express the effect of hypoxia as percentage of
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inhibition of the total current, hypoxic inhibition is significantly smaller in the
presence of antiKv4.3, suggesting that Kv4.3 channels contribute to the O,-
sensitive current.

In contrast, antiKv3.4 treatment tends to increase hypoxic inhibition, although
not significantly. The lack of an estimation of the affinity of the antibodies, and
the unavailability of antiKv4.1, does not allow us to infer clear-cut conclusions
about the quantitative contribution of the different Kv channel subunits to the
O,-sensitive K* current. Nevertheless, our data suggest a lack of effect of O, on
Kv3.4 channels. This conclusion could explain the observed trend to an increase
in the effect of hypoxia in the presence of antiKv3.4, because if some proportion
of the O,-insensitive current has been blocked by the antibody, the O,-sensitive
current would represent a larger proportion of the remaining current.

Figure 2 Antibody blockade and hypoxic inhibition of K* currents. Left panel shows
the time course of the peak current amplitude in 3 different cells in the presence of
the indicated antibody in the pipette solution. Hypoxia was applied when indicated.
The average data obtained in 3-7 cells in each condition are represented on the right
part of the figure as percentage of inhibition of the peak current amplitude. The effect
of hypoxia was calculated as the ratio Iiypoxia / Lcontrols DEINg Iconior the mean value of
the current amplitude before and after hypoxic stimulation. * p<0.05.

These experiments indicate that while both, Kv4.3 and Kv3.4 contribute to
the transient outward K" current of chemoreceptor cells, only Kv4.3 seems to be
modulated by low PO,. This observation is in agreement with previous data
from our group showing the ubiquitous expression of both Kv4.3 and Kv4.1 in
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chemoreceptor cells (Sanchez et al., 2002) and the functional consequences of
Kv4 knockout (Pérez-Garcia et al., 2000). Adenoviral infection of CB cells with
dominant-negative Kv4 constructs leads to a reduction of the transient K
currents, depolarises the cells and makes them unresponsive to hypoxia. We
present here further evidence implicating Kv4 channels as components of the
0,-sensitive K™ currents, specifically demonstrating the contribution of Kv4.3.
We can not estimate the quantitative contribution of Kv4.3 to the macroscopic
current, but we can be fairly confident regarding the specificity of the
immunological blockade. We have studied the effect of antiKv4.3 on the K
currents of HEK cells transfected with Kv4.3, and we found a decrease in the
peak current amplitude of 59+7% (n=5). Also, we show that antiKv4.2 does not
affect the amplitude of the K™ currents of chemoreceptor cells (figure 1B) or the
magnitude of its hypoxic inhibition (data not shown). Altogether, these data
suggest that intracellular perfusion with antiKv4 antibodies has a blocking effect
specific for the subfamily member.

Taken together, our data clearly prove a role for Kv3.4 and Kv4.3 channels
as molecular constituents of the transient outward K current of rabbit CB
chemoreceptor cells, and identify Kv4.3 as one of the putative components of
the O,-sensitve K* current. These conclusions also open interesting questions to
explore and understand the structural requirements of oxygen sensitivity. The
key issue is to elucidate if Kv4 subunits sense O, themselves, or if other
regulatory subunits are required to confer O,-sensitivity to the channels.In fact,
the increasing number of reports regarding O, modulation of very different
channels (Pérez-Garcia and Lopez-Lopez, 2000; Patel and Honore, 2001),
together with the expression of Kv4 channels in non chemoreceptor tissues,
makes more likely the hypothesis of an O,-sensor capable to interact with the
channel or with an accessory subunit.
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1. INTRODUCTION

Exposure of the carotid body to hypoxia elicits increased neural activity
in the carotid sinus nerve (CSN), and reflex cardio-pulmonary adjustments
which mitigate the adverse effects of hypoxemia. Increased carotid body
activity occurs at relatively moderate arterial PO,, in contrast to the severe
hypoxia required to elicit metabolic and functional adjustments in non-O,
sensing tissues (S.J.Fidone et al., 1997). Chemosensory type I cells derived
from neuroectoderm are responsible for this exquisite sensitivity, and
numerous laboratories have reported that low PO, inhibits the conductance
of a variety of voltage sensitive and voltage-insensitive K'-channels in these
cells. Yet the molecular mechanism underlying the PO, modulation of cell
currents remains uncertain and controversial (H.Acker et al., 1994,
A.M.Riesco-Fagundo et al,2001). Various heme proteins have been
proposed as primary O, sensors, and one set of data in particular suggests
the involvement of a multi-component cytochrome b-containing NADPH
oxidase which may be similar if not identical to the superoxide generating
enzyme commonly found in phagocytic cells (H.Acker et al, 1994).
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According to this hypothesis superoxide anion (O,e) is generated
intracellularly in proportion to available O,, and K*-channels are modulated
by H,O, formed from O,® by the action of cytosolic ZnCu superoxide
dismutase (ZnCuSOD).

For many years it has been known that large quantities of O,X are
produced by phagocytic cells as part of an extracellular killing mechanism
(i.e., the respiratory burst) activated in response to invading micro-
organisms. Phagocytic NADPH oxidase is a complex enzyme comprised of
two trans-membrane and four cytosolic subunits. The large 91 kD
glycoprotein (gp91°*™; phox: phagocytic oxidase) and a 22 kD protein
(p22P™™*) form a membrane bound cytochrome b558 (B.M Babior et al.,
1999, H.Sauer et al.,, 2001). Immunologic stimulation initiates a protein
kinase C (PKC)-dependent process in which cytosolic subunits, including
po7"™*, p40P™*, p47""™ and a small GTPase (Rac-1 or Rac-2), unite at the
membrane to form the active enzyme. An electron is then transferred from
NADPH to O,, thus forming O, X plus NADP'( B.M Babior ef al., 1999,
H.Sauer et al,2001). Despite recent advances in demonstrating the
importance of reactive oxygen species (ROS; i.e., O,’® and H,0,) in cell
signaling (H.Sauer et al., 2001, V.J. Thannickal et al., 2000), perplexing
conceptual issues have arisen in applying the phagocytic form of the
oxidase as a model Op-sensor. Toxic amounts of O, X are produced
primarily on the extracellular side of the plasma membrane (B.M Babior et
al.,1999, H.Sauer et al 2001), a location entirely inconsistent with the
action of an intracellular messenger. In addition, the phagocytic enzyme is
inactive in resting phagocytic cells, which does not support the notion that
ROS production can be up- or down-regulated by local PO,. However, in
non-phagocytic cells numerous recent studies have shown that NADPH
oxidase is constitutively active, and produces low levels of O, X (J.M Li et
al 2002, V.J. Thannickal et al., 2000). For example, vascular endothelial
cells contain an NADPH oxidase in which cytochrome b558 and the
cytosolic subunits are preassembled on cytoskeletal elements in the
perinuclear region, where they are engaged in constitutive production of
intracellular ROS (J.M Li et al,, 2002). Like other messenger molecules
(i.e., cyclic AMP, cyclic GMP, inositol phosphates and nitric oxide), ROS
have been shown to affect specific targets within local cellular
compartments (G. Pani er al., 2001), frequently involving cysteine and
methionine residues which are highly labile targets for oxidation/reduction
(V.J. Thannickal et al., 2000, D.Xu et al., 2002). Changes in the redox state
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at these sites has been demonstrated to critically alter important effector
molecules including K'-channels (T.Hoshi et al., 2001, X.D.Tang et al.,
2001). Moreover, recent studies have indicated the involvement of ROS
generated by NADPH oxidase in cell signaling in the lung. K'-channels in
O,-sensitive neuroepithelial body (NEB) cells (X.W. Fu et al 2000,
LLO’Kelly et al,2000, D.Wang et al., 1996) are activated by low
concentrations of H,0,, and hypoxia-evoked depression of channel activity
is occluded in the presence of oxidase inhibitors, suggesting that the oxidase
is a key enzyme which couples local PO, to cell activity (X.W. Fu et al
.,2000, D.Wang et al., 1996).

2. O,-SENSING IN NADPH OXIDASE DEFICIENT
MICE

Gene-deleted mice deficient in gp91P"™ (J.D Pollock et al.,1995) or
p477"* (S.H Jackson et al., 1995) subunits of NADPH oxidase were
originally generated to establish animal models of granulomatous disease,
an inherited disorder characterized by the absence of the respiratory burst in
neutrophils. In recent studies we used these strains to examine the NADPH
oxidase hypothesis of O,-sensing in carotid body. Our initial findings using
the gp91”"*_deleted animals demonstrated that resting and hypoxia-evoked
carotid sinus nerve (CSN) activity was identical in normal versus gene-
deleted preparations. Likewise, nerve activity evoked by the classical
chemoreceptor stimulant, nicotine, did not differ between the two strains of
mice (L.He et al,2002). We also demonstrated that low-O,-mediated
depression of whole-cell K'-currents, and hypoxia-evoked Ca2+-responses
were indistinguishable in normal and gene-deleted type I cells (L.He et al.,
2002). These results agreed with earlier studies which demonstrated normal
hypoxia-evoked responses in pulmonary artery smooth muscle (S.L.Archer
et al.,1999), but they conflicted with the elimination of K*-current O,-
sensitivity in NEB cells following deletion of the gp91P"™-gene (X.W. Fu
et al.,2000).

Although results from the carotid body refuted the participation of gp917™
in the chemoreceptor response, they did not rule out the possibility that ROS
production in type I cells was mediated by a gene homolog (G.Cheng et al.,
2001). Consistent with this notion were the results of experiments
evaluating chemoreceptor activity in mice lacking expression of the
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cytosolic p47"" subunit which demonstrated increased chemoreceptor
activity (figure 1). Compared with wild-type mice, resting CSN act1v1ty was
marginally (but significantly, p<0.05) increased in the p47P"*-deleted
preparations, but markedly increased by hypoxia (K.A Sanders et al., 2002).
These findings supported studies of the hypoxic ventilatory response (HVR)
in unanesthetized unrestrained mice in which breathing 10% O; elicited a
20% increase in wild-type mice, but a doubling of ventilation in the
p47""*_deleted animals (K.A Sanders ef al., 2002 ). Supporting data from
preliminary experiments 1nd1cate that low-O; elicits enhanced depress1on of
K'-currents and elevated Ca"-responses in type I cells from p47P"** gene-
deleted animals.

Figure 1. Carotid sinus nerve (CSN)
activity in wild-type and p47P"**-null
mutant mice. Upper panel shows
slightly elevated resting neural
activity and markedly enhanced
hypoxia-evoked discharge in a
preparation from an oxidase-deficient
mouse (p47 KO) vs. a normal mouse.
Superimposed trace indicates bath
PO,. Summary data for resting and
evoked activity in lower panel. (Data
re-plotted from K.A Sanders er al/
2002, with permission.)

3. THE ROLE OF ROS IN CAROTID BODY O,-SENSING

The differing effects of gp91”"™- versus p47""*-gene deletion on carotid
body function suggest that a homolog of the NADPH oxidase of phagocytes
participates in chemotransduction. However, the data presently available do
not clarify the precise role of the enzyme in the transduction cascade. The
original hypothesis of NADPH oxidase involvement in O,-sensing
postulates that hypoxia would decrease ROS production in type I cells
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(H.Acker et al., 1994), but the relationship between PO, and ROS levels in
type I cells has not been firmly established. In other cells and tissues
hypoxia can increase or decrease ROS production in either mitochondria or
via NADPH oxidase (1.0’Kelly et al., 2000, G.B Waypa et al., 2001). In
addition, the target of ROS in type I cells is an unknown and critical factor
in determining the effect of NADPH oxidase on cell activity. Recent
studies have indicated that voltage-sensitive K'-channels in type I cells are
modulated by hypoxia via a mechanism independent of soluble factors such
as ROS (A.M. Riesco-Fagundo et al., 2001). Thus ROS do not appear to be
necessary for cell activation. On the other hand, if hypoxia enhances
NADPH oxidase activity, elevated ROS levels may increase the open
probability of K'-channels thus facilitating cell repolarization. Such a
scheme is consistent with elevated CSN activity in p47°"™-gene deleted
animals. Clarification of these issues must await future measurements of the
effect of hypoxia on NADPH oxidase activity, and evaluation of the
interaction of ROS with the chemotransduction machinery in type I cells.
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1. INTRODUCTION

As neurons utilize almost exclusively glucose as energy source, brain function
depends critically on a steady glucose supply (Martin et al., 1994; Auer et al.,
1998). Acute hypoglycemia is counterbalanced by sympathetic activation to
increase glucose delivery to blood (Cryer et al., 1981; Cane et al., 1986; Gerich
and Campbell, 1988). This homeostatic response is essential for life and
particularly important for insulin-treated diabetics, however the underlying
mechanisms and site(s) of peripheral blood glucose control remain unknown
(Cane et al., 1986; Amiel et al., 1987; Hoffman et al., 1999). Although the
existence of glucose-sensitive neurons in the hypothalamus and other areas of
the brain is well documented (Biggers et al.,, 1989; Routh, 2002), there is
considerable evidence supporting the existence of peripheral glucose sensors,
which are necessary for the proper counterregulatory responses to
hypoglycemia. Systemic glucoreceptors have been proposed to exist at the liver,
pancreas, portal vein, and carotid bodies (Alvarez-Buylla and Alvarez Buylla,
1988; Donovan et al., 1991; Hevener et al., 2000; Koyama et al., 2000, 2001),
nevertheless the physiological role of these glucose sensitive regions is
controversial and the glucose sensing cells have not been identified. The carotid
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bodies are strategically located chemosensory organs, connected to the brain
centers involved in glucose homeostasis, whose stimulation produces
sympathetic activation and the output of hepatic glucose (Alvarez-Buylla and
Alvarez-Buylla, 1988; 1994; Zinker et al., 1994). In addition, surgical resection
of the carotid bodies and surrounding tissues impairs the counterregulatory
neuroendocrine responses to insulin-induced mild hypoglycemia (Koyama et al.,
2000) and to exercise (Koyama et al., 2001). Based on these precedents we have
studied whether glomus cells, the O,-responsive elements in the carotid body
(see for a review Lopez-Barneo et al., 2001), are glucose sensors. Herein, we
briefly summarize our recent work on the characterization of glucose-sensitive
cells in the carotid body. We propose that carotid body glomus cells are
multimodal receptors, which serve to integrate information about blood chemical
variables (O, CO,, glucose and others) to activate counterregulatory responses.

2. ACTIVATION OF GLOMUS CELLS BY LOW GLUCOSE

The carotid body is composed of innervated clusters of glomus cells that when
activated release dopamine and other transmitters to stimulate afferent sensory
fibers (see Lopez-Barneo et al., 2001). We have used for these experiments a thin
slice preparation that retains the carotid body structure and preserves the
characteristic response of glomus cells to hypoxia (Pardal et al., 2000). Carotid
body sections of ~150 um thick were maintained in culture medium (DMEM) at
37°C in a 5% CO; incubator and placed on a recording chamber, mounted on the
stage of an upright microscope, where it was continuously perfused by gravity
(flow 1 to 2 ml/min) with a solution containing (in mM) 117 NaCl, 4.5 KCl, 23
NaHCOz3, 1 MgCly, 2.5 CaCl3, 5 Glucose and 5 Sucrose. Exposure of glomus cells
in these slices to a glucose-free solution (replacing 5 mM glucose for sucrose)
induced a secretory activity that was monitored by amperometry (Pardal et al.,
2000; Pardal and Loépez-Barneo, 2002) (Fig. 1A, top). Single exocytotic events
appeared as spike-like signals, indicating the release of catecholamines from
individual vesicles. The magnitude of the secretory response was estimated from
the sum of the time integral of the secretory events (cumulative secretion in Fig. 1A
bottom), which represents a value of electric charge proportional to the number of
catecholamine molecules oxidized (Ureiia et al., 1994). The average rate of
secretion during the last minute of exposure to low glucose (1870386 fC/min,
n=14 cells) was over 20 times that of the control condition (88+45 fC/min, n=14)
(Fig. 1B). The effect of low glucose on glomus cells was concentration-dependent.
At an O7 tension (PO2) of 150 mmHg, a condition used in most experiments to
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suppress the O)-sensitive activation pathway (see below), the cells were almost

silent in 5 mM glucose. When glucose was lowered to 2 mM catecholamine release
became appreciable and increased in proportion with the degree of glucopenia
(Figures 1C&D).

Catecholamine secretion induced by glucose-free solutions was totally
suppressed by the addition of 0.2 mM Cd* to the extracellular solution (Fig. 1E).
Therefore, these results indicate that low glucose-induced transmitter secretion in
glomus cells depends on extracellular Ca®" influx through voltage-dependent
channels of the plasma membrane.

Figure 1. Secretory response of glomus cells to low glucose. A. Top. Amperometric signal
illustrating the increase of secretory activity in a glomus cell exposed to a glucose-free solution.
Each spike corresponds to the release of a catecholaminergic vesicle. Bottom. Cumulative
secretion signal (in femtocoulombs) resulting from the time integral of the amperometric
recording. B. Average secretion rate (mean + s.d., in fC/min) in cells exposed to 5 (control) and 0
(glucose-free) mM glucose. C. Secretory response of a single glomus cell to various levels of low
glucose. D. Secretory activity (expressed in the ordinate as percentage of maximal secretion rate in
each experiment) as a function of extracellular glucose concentration. PO in the experiments was
150 mmHg. Each data point is the meantstandard deviation of measurements in three cells
subjected to the complete experimental protocol. Solid line was drawn by eye. E. Reversible

suppression of low glucose-evoked secretory activity by application of 0.2 mM Cd%" to the
extracellular solution.
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3. GLOMUS CELLS ARE MULTIMODAL CHEMORECEPTORS

Exposure of glomus cells to low glucose is a stimulus that, as does hypoxia,
increases cell excitability. Thus, we expected an enhancement in sensitivity to
low glucose for cells exposed to reduced PO2 as well as augmentation of the

secretory response when the two conditions were present simultaneously. Fig.
2A shows that the typical response of glomus cells to hypoxia (switching from
an external solution bubbled with air, PO2 ~150 mmHg, to another bubbled with
nitrogen, PO2 ~20 mmHg) was markedly potentiated in 0 mM glucose. The
mean secretory rate measured in cells exposed to low PO (~20 mmHg) or to

glucose-free solutions (1789+439 fC/min, n=8 and 1870+£386 fC/min, n=14,
respectively) increased to 44001300 fC/min (n=8) when the two stimuli were
applied together (Fig. 4B). Owing to the additive effects of hypoxia and
glucopenia, the dependence of glomus cell secretion on glucose concentration,
studied initially at PO2 of 15 mmHg (see above), was displaced toward higher

glucose levels when PO2 was maintained at 90 mmHg, an O2 tension

comparable to that in the arterial blood irrigating the rat carotid body in vivo
(Fig. 2C). Thus, at physiological low PO7 glomus cell secretory activity is

significantly modulated by extracellular glucose in the concentration range (2 to
5 mM) that includes the values observed in common hypoglycemic situations
(Dunn-Meynell et al., 2002; Routh et al., 2002).

Our findings strongly suggest that carotid body glomus cells are physiological
low-glucose detectors that transduce glucose levels into variable rates of
transmitter release. Although the existence of peripheral glucosensors
presumably located in the liver or portal vein has been proposed (Donovan et al.,
1991, 1994), the strategically located carotid bodies may be of special
importance for brain homeostasis as neurons are particularly vulnerable to the
simultaneous lack of glucose and oxygen (Martin et al., 1994; Auer, 1998). The
function of glomus cells as combined O2 and glucose sensors, in which the two

stimuli potentiate each other, is surely advantageous to facilitate activation of the
counterregulatory measures in response to small reductions of any of the
regulated variables. Impairment of low-glucose sensing by carotid body glomus
cells might contribute to the susceptibility of insulin-dependent diabetic patients
to hypoglycemia (Heverner et al., 1997; Koyama et al., 2000). In conclusion,
glomus cells are integrated metabolic sensors with a novel role as low-glucose
detectors thus helping prevent neuronal damage by acute hypoglycemia. These
cells, known to be activated by hypoxia and hypercapnia, (see Fig. 3), represent
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a typical example of multimodal chemoreceptors in which several stimuli
converge to activate secretion.

Figure 2. Increased sensitivity to low glucose by exposure to low POj. A. Potentiation of the
secretory response to 0 mM glucose in a cell exposed to hypoxia (PO ~20 mmHg). Secretion rates
during the three successive responses to hypoxia are 1837, 5816 and 1729 fC/min, respectively.

Resetting of the integrator used to calculate the cumulative secretion signal is indicated by dotted
lines. B. Average secretion rates (in fC/min) in cells exposed to low PO (~20 mmHg; 1780+439,

n=8), 0 glucose (1870+386, n=14) and the two conditions simultaneously (4400+1300, n=8). C.
Logarithm of maximal secretion rate (ordinate) as a function of glucose concentration at two different
POj values. Straight lines are fitted by eye. Each data point is the meantstandard deviation of 3 to 5

measurements in three cells. Solid line was drawn by eye.
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Figure 3. Carotid body chemoreceptors glomus cells are multimodal. Representation of responses in a
glomus cell to various stimuli, which converge to evoke secretion. Hypoxia (PO7 ~20 mm Hg);

Hypercapnia (10% CO3), and glucopenia (0 mM glucose).
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Effect of Mitochondrial Inhibitors on Type I Cells

CHRISTOPHER N. WYATT and KEITH J. BUCKLER
University Laboratory of Physiology, Parks Road, Oxford. OX1 3PT.

1. INTRODUCTION

Inhibitors of mitochondrial function have been known to be stimulants of
the carotid body for many decades. Recent experiments have demonstrated
that in isolated neonatal rat type I cells both hypoxia and mitochondrial
uncouplers inhibit background K currents. This leads to membrane
depolarisation and voltage gated Ca>* entry (Buckler, 1997; Buckler and
Vaughan-Jones, 1998). Since these data are consistent with a role for
mitochondria in oxygen sensing, we have determined whether other
mitochondrial inhibitors mimic the effects of hypoxia on the type I cells.

2. METHODS

Rats aged 10-15 days were anaesthetised with 4% halothane; carotid
bodies were removed and the rats decapitated. Type I cells were isolated
enzymically as described before (Buckler, 1997). Electrophysiological
experiments were conducted using the perforated patch clamp technique at
35°C. Currents were evoked by holding cells at -70 mV then stepping to -100
mV and ramping to -40 mV over a 300 ms period at 0.5 Hz.

For experiments recording intracellular Ca®*, cells were loaded with the
calcium fluorophore Indo-1AM, 2.5 uM for 30 min at room temperature.

All solutions were made up in bicarbonate buffered tyrode gassed with 95%
air / 5% CO,. Hypoxia (approximately 6 Torr) was induced by gassing
solutions with 95% N, / 5% CO,.
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3. RESULTS

The effects of 4 inhibitors of electron transport and one inhibitor of ATP
synthase on intracellular calcium [Ca®*]; levels was investigated. Hypoxia is
known to cause a rapid and reversible rise in [Ca®"]; in type I cells. All five
compounds tested; rotenone, myxathiazol, antimycin A, cyanide and
oligomycin evoked a rapid rise in [Ca’*]; and this rise was greatly attenuated
by the removal of extracellular Ca®* in a manner similar to that observed
with hypoxia. See Fig 1 for an example recording.
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Figure 1. The effect of 500nM antimycin A on intracellular calcium in the presence and
absence of extracellular calcium

All inhibitors tested significantly reduced membrane conductance: NaCN
(2mM) from 359 + 57 to 136 £ 34 pS (n = 7, mean + SEM, P< 0.005, paired
Student’s t test); rotenone (1 pM) from 285 + 31 to 108 £ 49 pS (n = §, P<
0.002); myxathiazol (100nM) from 312 + 43 to 30 £ 62 pS (n = 6, P<0.01)
and oligomycin (2.5 pug ml") from 324 + 28 to 105 + 24 pS (n = 8, P<
0.0001).
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Figure 2. The effect of rotenone on membrane currents

Inhibitor sensitive currents were shifted in a positive direction by
increasing extracellular [K'] from 4.5 to 20 mM indicating that they were
due, in part to inhibition of a background current.

Under current clamp conditions, both rotenone (1 puM) and cyanide
(2mM) depolarised cells from —49.4 £ 2.9 to -26.4 £ 2.6 mV (n =9, P<
0.0001) and from -59.8 + 1.8 to —41.7 = 1.1 mV (n = 10, P< 0.0001)
respectively. This resulted in significant rises in [Ca’"]); which could be
significantly attenuated if the cells were voltage clamped at -70 mV.

Interestingly, hypoxia caused no further inhibition to currents exposed to
NaCN, rotenone and FCCP at concentrations that completely prevent
oxidative phosphorylation.

4. CONCLUSION

These data suggest either a common or convergent transduction
mechanism for the effects of both hypoxia and mitochondrial inhibitors.

In addition they indicate that mitochondria play a vital role in the oxygen-
dependent regulation of background K* channels in type-1 cells. Whether the
mitochondria form a crucial part of the oxygen sensing mechanism or simply
act to supply ATP to the sensing mechanism remains to be determined.
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Ascorbate in the Carotid Body
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1. INTRODUCTION

In previous work, we found that ascorbic acid (AA) or ascorbate is present in
the carotid body of the cat (Pokorski and Gonet, 1997), the anmimal that, as
opposed to man and other primates, is capable of synthesizing ascorbate
(Chatterjee, 1973). The content of ascorbate is decreased in the hypoxic carotid
body, which implies the compound might be involved in the chemosensing
process, although the determinants of such an involvement remain unraveled.

A drawback of AA is that, as a hydrophilic compound, it cannot penetrate the
phospholipid cellular membranes, where signaling pathways reside. A
lipid-soluble form of ascorbate, such as ascorbyl-6-palmitate (AP), should
overcome this problem, which also could give a better perspective on the role of
ascorbate in chemoreception, if only such a form carried ascorbate over into the
carotid body. Therefore, in the present study we set out to compare the
accumulation of ascorbate in the carotid body tissue, following chronic ingestion
of AP or AA by cats. The results presented herein are an expanded version of the
carotid body fragment of a study published by us elsewhere (Pokorski et al,
2003).

2. MATERIALS AND METHODS

The carotid bodies were obtained from adult cats of either sex. The animals
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were housed at a local animal house and were on a commercial, ascorbate-free
diet (Pet Specialties, Inc., Dana Point, CA) before the commencement of the
study. AP - 600 mg/kg daily - as a suspension in milk or AA in the equimolar
dose, dissolved in milk, each in a 15 ml volume was given by gavage for 6
consecutive days. The carotid bodies were dissected the day after the
supplementation had ended from a surgical approach in the neck under
a-chloralose and urethane (35 and 800 mg/kg, respectively). Control carotid
bodies were dissected from untreated cats. The study was approved by a local
Ethics Committee.

The carotid body tissue was subjected to the extraction procedure consisting
of homogenization in chloroform:MeOH (2:1, v/v) under ice cooling and
protection from light. Tissue samples were analyzed by an HPLC method
(Shimadzu assembly, Kyoto, Japan). The mobile phase eluent: MeOH and 0.02
mol/l phosphate buffer (6:5 v/v) was pumped at 1| ml/min through a Supelcosil
LC-NH2 25 x 4.6 mm column. The injection volume was 20 pl and the UV
detection of peaks was at 255 nm. Calibration peaks produced from AA
standards, 10 ug AA/l ml chloroform:MeOH, were used to calculate the
concentration of ascorbate in biological samples.

3. RESULTS

Fig. 1 shows an example of the HPLC trace from a carotid body sample,
prepared from a control, untreated cat. The ascorbate peak eluted at 6 min and
was clearly separable from other peaks, whose exact nature was beyond the
scope of this study. The identity of the ascorbate peak was confirmed by
coelution of the peaks with the known standard added to the carotid body sample,
which enhanced the peak, and by the elution of the standard alone at the same
time point (see Fig. 2 for details). From the standard peak (ST), the ascorbate
content in the carotid body sample (SA) was quantified. Fig. 2 displays a
comparison of this content in the samples obtained from AP-treated (Panel A)
and untreated (Panel B) cats. After AP, the ascorbate content amounted to 465
pg/g wet weight of carotid body tissue (peak SA in Panel A), which was a
considerable increase over 15 pg/g noted in the untreated cat (peak SA in Panel
B).
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Figure 1. HPLC elution profiles in cat carotid body homogenate. The inset shows a 3-fold
magnification of the region containing ascorbate, identified and confirmed by applying the
relevant standards. Measurement conditions: injection vol. 20 pl, mobile phase; MeOH+(0.02
mol/1 PB (6:5), column 25x4.6 mm, flow rate 1 ml/min, UV detection at 255 nm.

The latter amount represents the endogenous level of ascorbate in the carotid
body. On average, ascorbate content amounted to 63 (SE) pg/g in untreated,
58+10pg/g in AA-treated, and 636146 ug/g in AP-treated carotid body tissues.
The ascorbate content was significantly higher in the AP than in the AA group
(unpaired t-test) and in either was higher than in the untreated group (one-way
Anova) (P<0.05).
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Figure 2. Chromatograms of ascorbate in carotid bodies of the ascorbyl palmitate-treated (A)
and untreated (B) cats. SA, biological sample; ST, standard; SA+ST, coelution of the peaks with
the standard added individually to the carotid body samples. Measurement conditions as in Fig. 1.

4. DISCUSSION

This study demonstrates two main points: (i) ascorbate was recovered from the
carotid body after ingestion of AP, a lipophilic derivative of ascorbate and (ii)
AP boosts the accumulation of ascorbate in the carotid body. AP seems thus the
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superior form of ascorbate delivery. The results of this study corroborate our
previous findings on ascorbate in the cat carotid body (Pokorski and Gonet,
1997). In that study, the presence of ascorbate in the carotid body was inferred
from the electron spin resonance signal that had the characteristics of an in vitro
ascorbyl radical. The radical must have originated from ascorbate in vivo. In the
present study we quantified, from the chromatographic profiles, the endogenous
ascorbate content in the normoxic carotid body. This content was in a range of
0.5-15 pg/g of tissue, not an insubstantial amount compared with other tissues
(Horning, 1975).

The role of ascorbate in the carotid body is unclear. Ascorbate delivered by AP
is liable to become more efficiently available for the processes taking place in
the membrane portions of the cell. This notion is supported by the findings of
Ross et al. (1999) who showed that AP binds to erythrocyte membranes, where it
retains its reducing and antioxidant properties as an intact molecule.
Accumulation of ascorbate in the carotid body implies a role, which could go
beyond its possible action to protect the plasma membrane integrity, jeopardized
by hypoxia. Ascorbate, especially its reducing power, could be operative in the
hypoxia-sensing process. Ascorbate has the capability to interact with virtually
all putative mechanisms of carotid chemoreception, such as the redox signaling
pathway, fatty acid transport across mitochondrial membranes, neurotransmitter
synthesis and release, or the expression of HIV-1 factor. The possibility of a
functional role is strengthened by the elaboration of ascorbate found in the
hypoxic carotid body (Pokorski and Gonet, 1997). The exact nature of the
ascorbate role could not be discerned in the present study, as it would require
another study design.

We conclude that the uptake ability for ascorbate is greater in the carotid body
when it is delivered by the lipophilic AP. Accumulation of ascorbate in the
carotid body gives a fuller view of the organ. How exactly ascorbate coalesces
into the makings of a hypoxic response remains to be established.
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1. INTRODUCTION

Oxygen sensing is a fundamental biological process present in almost all life
forms (for reviews see Bunn and Poyton, 1996; Lopez-Barneo et al., 2001). In
mammals, the survival in acute hypoxia requires fast respiratory and
cardiocirculatory adjustments to ensure sufficient O7 supply to the most critical
organs such as the brain or the heart. The main O7 sensor mediating the acute

responses to hypoxia is the carotid body (CB), a minute bilateral organ at the
bifurcation of the carotid artery innervated by afferent chemosensory fibers. In
conditions of hypoxemia, the CBs stimulate the brainstem respiratory centers to
evoke hyperventilation. Glomus, or type I, cells are electrically excitable
(Duchen et al., 1988, Lopez-Barneo et al., 1988) and constitute the major O2-

sensitive elements of the CB (Lopez-Bameo et al., 1988, Delpiano and
Hescheler, 1989; Peers 1990; Stea and Nurse, 1991, Buckler, 1997). It is broadly
accepted that hypoxia signaling in these cells requires the inhibition of O2-
sensitive potassium channels of the plasma membrane, which leads to
depolarization, external Ca®" influx, and release of the transmitters that activate
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the afferent sensory fibers (Lopez- Barneo et al., 1993; Urefia et al., 1994;
Buckler and Vaughan-Jones, 1994; Carpenter et al., 2000; Pardal et al., 2000).
This basic scheme of chemotransduction has also been proposed to operate in
other O2-sensitive neurosecretory systems, such as cells in the lung
neuroepithelial bodies (Youngson et al., 1993), chromaffin cells of the adrenal
medulla (Thompson and Nurse, 1998), or PC-12 cells (Zhu et al., 1996).

Besides the recent developments in glomus cell physiology, whether the O2
sensitive membrane electrical events are directly involved in the chemosensing
process is still debated (for example, see Lahiri et al.,, 1998). In addition, the
molecular nature of the O2 sensor in the CB is unknown. A major challenge to
the understanding of CB O2 sensing is the reproducibility of results, as we have
repeatedly observed that the O2-sensitivity is a labile characteristic easily
disrupted by the enzymatic treatment and/or mechanical dispersion of the cells.
We have developed a slice preparation of these organs to study the O2-
sensitivity of glomus cells. We have shown that CB slices are amenable for
patch-clamp experiments and allow to perform physiological and
pharmacological studies at the cellular level in almost optimal conditions.
Herein we describe the basic responses of glomus cells in the slices to hypoxia.
We also summarize experiments designed to test whether O2-sensitivity of CB
cells is altered by inhibition of nitric oxide (NO) synthesis or protein
hydroxylation.

2. GLOMUS CELL O2-SENSING IN CAROTID BODY SLICES

Carotid body sections of ~150 pum thick were maintained in culture
medium at 37°C in a 5% CO2 incubator. For the experiments a slice was
transferred to the recording chamber mounted on the stage of an upright
microscope, where it was continuously perfused by gravity (flow 1 to 2 ml/min)
with a solution containing (in mM) 117 NaCl, 4.5 KCl, 23 NaHCO3, 1 MgCly, 2.5
CaCly, 5 Glucose and 5 Sucrose. The entire recording set-up was maintained at a
temperature between 34 and 37°C. The control (normoxic) solution was bubbled
with a gas mixture of 5% CO2, 20% O2, and 75% N2 (PO2 ~150 mmHg), and the
hypoxic solution with 5% CO2, and 95% N2 (PO2 in the chamber ~20 mmHg).
After switching from normoxia to hypoxia, complete equilibration of the new
solution in the chamber required between 1 and 2 minutes (for details, see Pardal et
al., 2000).
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As described in dispersed rat cells (Peers, 1990; Wyatt and Peers, 1995; Lopez-
Lépez et al., 1997) the amplitude of macroscopic voltage-dependent K" currents
recorded in glomus cells in the slices was reversibly reduced when exposed to low
POp. Typical recordings of O2-sensitive currents as well as the peak
current/voltage relationship in the normoxic and hypoxic conditions are shown in
Fig. 1A. Note that the effect of hypoxia is preferentially seen with depolarizations
between -10 and +30 mV, voltages at which Ca2+-dependent K" channels are
maximally activated due to transmembrane Ca®" influx.
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Figure 1. Responses of carotid body glomus cells to hypoxia. A. Left. Superimposed macroscopic
K" currents from a glomus cell elicited by depolarizing pulses from —80 mV to the indicated
voltage in the three experimental conditions (control, low PO2 and recovery). Note the reversible

reduction of the current by hypoxia (PO ~20 mmHg). Right. Peak current amplitude-voltage

relationship measured in the same cell. The pipette solution contained (in mM): 125 KCl, 4
MgCl,, 4 MgATP, 10 Hepes, 10 EGTA, pH 7.2. B & C. Secretory responses of intact glomus cells
to hypoxia and to the K channel blockers tetraethylammonium (TEA) and iberiotoxin (IbTX).

We also have characterized the neurosecretory responses to hypoxia and K’
channel blockers of glomus cells in the slices using the amperometric detection
of catecholamines (Pardal et al., 2000). Single secretory events were recorded by
the application of a polarized 10-um carbon-fiber electrode near the surface of a
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glomus cell. Representative examples of exocytotic responses of glomus cells in
the slice to hypoxia are shown in Fig. 1 B and C. Spike-like signals, that resulted
from the fusion of single vesicles, were reversibly evoked upon exposure to low
PO3. On the average the frequency of secretory events elicited by hypoxia was
49+19 spikes/min (n=24 cells) and the secretory rate 1710+270 femtocoulombs
(fC)Ymin (n=17 cells). Note that blockers of the maxi-K channels, as
tetracthylammonium (TEA) and iberiotoxin (IbTX), evoked secretory responses
qualitatively similar to those elicited by low PO3.

3. INHIBITION OF NO SYNTHESIS AND SENSITIVITY
TO HYPOXIA OF GLOMUS CELLS

Nitric oxide (NO) is known to participate in the chemosensory response of
the CB to hypoxia (for review, see Prabhakar, 1999). The hypoxic response of
the chemoreceptors is modulated by NO presumably produced either by the
vascular endothelium or by microganglial neurons located within the CB or
along neighboring glossopharyngeal and carotid sinus nerves. NO is produced in
the CB during hypoxia and depresses the afferent chemosensory activity (Fung
et al., 2001). Conversely, inhibition of NO synthase (NOS) increases the
response to hypoxia (Chugh et al., 1994; Wang et al., 1994; Trzebski et al.,
1995). Besides its modulatory effect on CB activity, NO has been suggested to
play a more general role in O2 sensing since it binds at the heme group of
cytochrome C and reduces the affinity of the enzyme for O (Brown and
Cooper, 1994; Cleeter et al., 1994; Schweitzer and Richter, 1994). It has been
proposed that NO produced during hypoxia might act on cytochrome C at
mitochondrial complex IV to reduce O consumption, thus cells could adjust
their metabolic rate (and possibly other functions) to the availability of O2
(Clementi et al., 1999).

Based on these precedents we tested to see whether inhibition of NO synthesis
in CB slices alters the sensitivity to hypoxia of glomus cells. These experiments
were done on slices incubated with L-N" -nitroarginine-methylester (L-NAME)
a potent inhibitor of NOS that at 500 M completely abolishes NO production in
the CB (Fung et al, 2001) and other tissues (Clementi et al., 1999). An
experiment was also done with the NOS inhibitor N®-nitro-L-arginine (L-NNA)
(500 pM) with similar results. Fig. 2A illustrates the secretory response to
hypoxia of a cell that had been incubated with L-NAME for 40 min prior the
experiment. Cells treated with L-NAME responded normally to depolarization
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with high external K’ and generated a secretory burst in response to hypoxia
(13324688 fC/min, n=4) similar to that observed in normal cells (see above).
Fig. 2B illustrates with another experiment the response of glomus cells to the
acute (10 min) exposure to L-NAME. In most cases, the NOS antagonist
induced by itself some secretory activity but it did not prevent a further increase
in secretion during exposure to hypoxia. These results indicate that inhibition of
NO synthesis does not alter the sensitivity to hypoxia of glomus cells. Therefore,
the interaction of NO and cytochrome C, proposed to be a form of O2 sensing in
some cells (Clementi et al.,, 1999), does not seem to be a fundamental O2-

sensitive mechanism involved in CB chemotransduction. Our observations are,
however, in fair agreement with the potentiation of the response to hypoxia by
L-NAME described in whole CB preparations and therefore compatible with a
modulatory role of NO on the chemosensory response of CB cells to hypoxia
(Chugh et al., 1994; Wang et al., 1994; Trzebski et al., 1995; Prabhakar, 1999).

Figure 2. Effect of inhibition of NO synthesis on the sensitivity of glomus cells to low PO3. A.
The secretion of catecholamines is monitored by amperometry in a slice exposed to L-NAME for
40 min before the experiment. B. Acute effect of incubation with L-NAME, which did not prevent
the response to hypoxia of the cell. Secretion rate in L NAME (605 fC/min) increased to 2268
fC/min on exposure to low PO9.
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4. INHIBITION OF PROTEIN HYDROXYLATION AND
SENSITIVITY TO HYPOXIA OF GLOMUS CELLS

Besides the acute cardiocirculatory reflexes to hypoxia mediated by the CB
and other organs, there are chronic responses to hypoxia which depend on the
expression of a wide repertoire of oxygen-sensitive genes with roles in diverse
cellular functions such as angiogenesis, red blood cell production, glucose and
energy metabolism, apoptosis and cell proliferation (Bunn and Poyton, 1996;
Lopez-Bameo et al., 2001; Semenza, 2001). The chronic cellular responses to
hypoxia, studied in great detail in the past few years, are mediated by
ubiquitously expressed hypoxia-inducible transcription factors (HIFa)
(Semenza, 2001). Stabilization and transcriptional activity of HIFa depend on
oxygen-dependent prolyl and asparaginyl hydroxylases. In the absence of O2,
the lack of critical OH groups in specific amino acids of the HIFa molecule
facilitates its transcriptional activity and prevents its degradation by the
proteasome (Jaakola et al., 2001; Ivan et al., 2001; Lando et al., 2002).
Heterozygous HIF1-a knock out mice have alterations in the acute responses of
CB to hypoxia (Kline et al., 2002), thus we designed experiments to test whether
inhibition of HIF hydroxylation alters the sensitivity of glomus cells to low PO2.
We used for the experiments the drug dimethyloxalylglycine (DMOG), a
membrane permeant competitive inhibitor of oxoglutarate, the substrate of the
hydroxylases, that completely inhibits protein hydroxylation and induces gene
expression in normoxia (Jaakola et al., 2001). Fig. 3 illustrates a representative
experiment performed on slices exposed to 1 mM DMOG for 90 min (60 min in
the culture medium at 37 °C and 30 additional min in the recording chamber).
DMOG elicited by itself a small secretory activity but did not prevent the
exocytotic response of the cell to hypoxia. In cells treated with DMOG, low PO?
induced secretion rates between 1500 and 2500 fC/min, values within the same
range of those measured in the absence of DMOG (see above). These data
suggest that protein hydroxylation does not participate in the acute response to
hypoxia of glomus cells.



Glomus Cell Sensitivity to Hypoxia in Carotid Body Slices 71

Figure 3. Inhibition of protein hydroxylation and sensitivity of glomus cells to hypoxia. A.
Secretory response to hypoxia of a cell bathed in a solution with 1 mM dimethyloxalylglycine
(DMOG). Prior the experiment, the slice had been incubated for 90 min in a solution with 1 mM
DMOG. B. Average secretion rate (in femtocoulombs/min, measured during the last minute before
switching to the new solution) of the two exposures to hypoxia shown in the figure.
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1. INTRODUCTION

The carotid body (CB) located at the carotid artery bifurcation informs
the central nervous system about arterial pO, changes. The CB response to
hypoxic stimuli includes augmented transmitter release and increased
generation of action potentials in the carotid sinus nerve (CSN). Until now
the molecular and cellular mechanisms of the oxygen sensing signal cascade
are not clear. Cellular oxygen sensing processes are believed to be initiated
by specialised cytochromes (Bunn and Poyton, 1996; Lopez-Barneo et al.,
2001). In recent studies (Lahiri and Acker, 1999; Lahiri et al, 1999)
simultaneous recordings of rat CB light absorption spectra and
chemoreceptor discharge were used to characterize heme proteins as primary
oxygen sensor. Redox spectra were deconvoluted by means of redox
differential spectra of isolated non mitochondrial cytochrome bssg and
mitochondrial cytochromes csso, bss3 and the cytochrome ¢ oxydase (CCO)
peaking at 603 nm. Mathematically deconvolution fitted very closely to
experimental spectra in the wavelength range between 520 and 570 nm
confirming the contribution of cytochromes bssg, Csso and bsg; in the carotid
body tissue. However, the wavelength range between 570 and 620 nm
normally dominated by cytochrome aa3 of the CCO (absorbance peak at 603
nm) was fitted only partly indicating an additional component.
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The aim of the present study was to characterize this additional
cytochrome contributing to the hypoxia induced absorption spectra of the rat
carotid body. By experimental and mathematical deconvolution of light
absorption spectra we could identify a cytochrome a peaking at 592 nm
suggesting the CB CCO to be very specialized concerning the electron
pathway within complex IV.

2. METHODS AND RESULTS

2.1 In vitro Carotid Body

Carotid bodies including the carotid sinus nerve were removed, dissected
free of connecting tissue and rinsed with saline in order to free the organ of
red cells as described previously (Lahiri et al., 1999). CB were placed in a
superfusion chamber on an opaque bench containing small holes of
diameters similar to that of the organs. It was superfused with isotonic salt
solution (in mM: NaCl 128, KCL 5.6 glucose 27.5, Hepes 7, NaHCO; 10,
CaCl, 2.1) equilibrated with different O,/N,/CO, mixtures to adjust oxygen
tensions to various levels, or with CO or with different cyanide (CN’)
concentrations at pH about 7.4. Saline flowed through the chamber at 60
ml/min. Temperature was maintained at 36°C. In some cases, the right and
left cervical and nodose ganglia were also removed from the animals,
serving as control tissue.

2.2 Light absorption spectra

Superfusion chamber was mounted on the stage of a light microscope
(Olympus). White light from a halogen bulb (12 V, 100 W) passing through
an objective (40x) transilluminated the CB for 10 s every minute. Absorption
changes at different wavelength occurring when light is passing CB tissue
were recorded by a photodiode-array spectrometer (MCS 210, Zeiss, Koln,
FRG) connected to the third ocular of a trinocular head of the microscope via
a light guide. Difference spectra were obtained by subtracting the first
recorded so-called reference spectrum in the superfusion medium
equilibrated with 28.8 % O,, 4 % CO, and 67.2 % N, (aerobic steady state)
from those obtained under reducing conditions, produced by equilibrating
saline with different concentrations of N,, O,, CO or cyanide (CN) at
constant CO, (4 %). The recorded difference spectra could be described
mathematically within a wavelength range of 510 — 630 nm by means of the
redox spectra of isolated mitochondrial cytochromes cssp, bsez and CCO



Cytochrome and Oxygen Sensing 71

cytochrome a3¢0; as well as non mitochondrial cytochrome bssg (Lahiri et al.,
1999). For deconvolution of CB spectra a fifth component was required.
This component was detected in CB tissue by forming the difference
spectrum hypoxia (PO, = 60 mmHg) minus CN" (100 uM) versus aerobic
steady state (PO, = 200 mmHg) as described to isolate photometrically
cytochrome a of CCO with an absorption peak at 605 nm (Liao and Palmer,
1996) and called cytochrome asg, concerning its absorbance peak at 592 nm.
The difference spectra of the 5 cytochromes were normalized (peak
maximum = 1.0) and than varied in size until their sum resulted in a
superposition curve that fits as good as possible to the experimental curve.
Their sizes reflect the contribution of each cytochrome to the whole
spectrum. These contributions, when given as percent of their sum (so called
relative spectral weights), allow to compare different spectra concerning the
reduction state of cytochromes.

CB were exposed to a 5 min period of PO, = 100 mmHg (n = 5), 80
mmHg (n = 7), 60 mmHg (n = 8), respectively or to anoxia (n = 4) produced
by adding sodium dithionite (100 mM) to the saline (PO, = 0 mmHg).
Spectral analysis was performed on spectra recorded after three min hypoxia.
Within the wavelength range of 530 — 630 nm, spectra are composed of two
broad absorption peaks. Spectral deconvolution between 510 and 570 nm
revealed high contribution of cytochrome csso and bse;, and a lower but
significant contribution of cytochrome bsss. Between 570 and 630 nm a high
contribution of cytochrome a34y; and a lower but significant contribution of
cytochrome asq; was detectable. However, unlike the other cytochromes
which relative spectral weights behaved rather independent on hypoxic level,
the relative spectral weight of cytochrome asy; decreased significantly from
15.4 % at the lowest hypoxic level of PO, = 100 mmHg to 9.7 % at 80
mmHg and 7.6 % at 60 mmHg (Fig. 1). Under anoxia the contribution of
cytochrome asg, was nearly undetectable.

CB were exposed for 3 min to saline superfusion with different cyanide
concentrations of 10 - 100 uM. Spectral analysis was performed on the
second and third recorded spectrum. Similar to hypoxia cytochrome asq, was
necessary for an optimal deconvolution of spectra recorded at lower CN”
concentrations. The relative spectral weight of cytochrome asg, decreased
significantly from 7.8 % at 10 pM CN to 0.4 % at 100 uM. The relative
spectral weights of the other 4 cytochromes did not show any significant
dependence on CN’ levels.

Comparative light absorption measurements were carried out on cervical
and nodose ganglia (n = 8). Similar to CB tissue light absorption spectra of
ganglion tissue showed two distinct peaks during exposure to 3 min hypoxia
(PO, = 80 mmHg). One peak in the wavelength range between 520 and 570
nm could be fitted by cytochromes csso, bssg and bsgs, the other peak in the
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wavelength range between 570 and 620 nm was found to be identical with
cytochrome a3¢;. Exposure to CN™ (100 pM) evoked stable absorption
spectra mainly composed of cytochromes a3¢g; and csso (Table 1)
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Figure I., Relationship between different PO, values in the superfusion medium and spectral
weight factors (%) of the different cytochromes to fit experimental light absorption spectra.
Cytochrome asg, only (thick solid lines) shows a nonlinear dependence with increasing
reducing conditions while the spectral weight factor of the other cytochromes is constant with
increasing reduction: csso (dashed lines), bssg (thin solid lines), bss; (dotted lines) and agg3
(dashed-dotted lines).

Table I. Relative spectral weights of the cytochromes during several stimulation types of
carotid body (CB) and ganglion (cervical or nodose) tissue (GG). n.d.= not detectable.

Stimulation Cytochromes (rel. spectral weight + standard dev. in % )

Csso bSSS b563 as02 a3603

CB hypoxia (80 mm Hg) |33.8+2.5{7.2+3.0{24.0+33 {9.8+29 |25.1%6.5

CB CN (100 pM) 550+54{47+29|74+16 (0409 |323+38

GG hypoxia (80 mm Hg) |354+52[66+33 [19.4£37| nd. |36.7+3.1

GG CN (100 pM) 523+29 [1.1£09}57+2.5 nd. 39.6+£25
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2.3 Chemoreceptor nervous discharge

Simultaneously to spectral recordings of CB tissue chemoreceptor
afferent discharge from the whole carotid sinus nerve was recorded with a
suction glass microelectrode (Lahiri et al., 1999). The recorded signal was
amplified and passed by a band filter (10 Hz — 3 kHz). Subsequently
discharge peaks were extracted using a window discriminator (WP, Berlin,
FRG) and counted every second providing time series of counting rates
during a stimulation period considered as afferent chemoreceptor discharge
signal. Stimulation of CB tissue by hypoxia, CO or CN induced an increase
in afferent chemoreceptor discharge signal which time course was
characterized by a first transient phasic component changing into a rather
stable and constant tonic component. Therefore, afferent signals were
median filtered and mathematically deconvoluted into a phasic (rapidly
adapting) and a tonic (slowly adapting) weight (Streller et al., 2002). The
tonic weight of the reaction was quantified as the relative contribution of the
tonic component to the whole signal, resulting in a tonic weight of 100 % for
exclusive tonic afferent signal and 0 % for exclusive phasic ones.

The time course of CSN afferent signal was analysed for 5 min periods of
PO, = 100 mmHg (n = 8), 80 mmHg (n = 7), 60 mmHg (n = 6) and for
anoxia (n = 4). The phasic component of nerve reaction dominated the more
the stronger the level of hypoxia was, whereas the contribution of the tonic
component to chemoreceptor discharge decreased significantly (p < 0.01)
from 77.0 % at 100 mmHg via 48.8 % at 80 mmHg to 34.6 % at 60 mmHg.
Under anoxia (PO, = 0 mmHg) CSN activity showed a transient phasic
component with subsequent complete suppression resulting in a tonic
component of 0 %. Figure 2 represents the relation of tonic weight of the
afferent nerve discharge signal to spectral weight of the cytochrome asq, in
dependence on PO, level correlating with high significance (p < 0.01).
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Figure 2. Tonic weight of chemoreceptor discharge signal versus spectral weight of
cytochrome asy, at different levels of hypoxia in the medium superfusing CB.

The time course of CSN afferent signal was analysed for increasing
cyanide concentrations of 10 - 100 uM. The reaction was dominated by the
tonic component at lower CN concentrations and by the phasic component
at higher concentrations being expressed in significant decrease in tonic
weight (p < 0.01) with increasing CN concentrations from 88.3 % at 10 uM
to 7.0 % at 100 uM CN".

Stimulation of CB by CO (PCO = 500 mmHg) under normoxia (PO, =
200 mmHg) evoked tonic chemoreceptor discharge that is inhibited while
CB tissue was transilluminated (Fig. 3) due to light induced photolytic
release of CO from cytochrome a3 binding. Furthermore, figure 3 shows that
the photolytic effect on CO stimulated CSN discharge is inhibited or even
reversed at a PO, of 60 mmHg (n = 6) as well as at 30 uM CN" (n = 4) in the
superfusion medium and time course is more phasic.
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Figure 3. Photolysis of chemoreceptor discharge during CB exposure to CO (PCO = 500
mmHg) under normoxia (black curve) and inhibited photolysis during additional exposure (A)
to hypoxia (PO2 = 60 mm Hg, grey curve). The black bars on top depict phases of CB
transillumination with bright light.

3. DISCUSSION

This study describes the relationship between cytochrome redox state as
measured by light absorption spectra and carotid body chemoreceptor
discharge under different levels of O,, CN" and CO. The spectra achieved
were composed of mitochondrial cytochromes csso, bsg3, as9, a3603 and non
mitochondrial cytochrome bssg. The change in optical density of difference
spectra is mainly related to the changed redox state of cytochromes as
compared to the control state. Consequently, spectral weights of
cytochromes with low control reduction state increase approximately
proportional to increasing reducing conditions leading to constant spectral
weight values. Spectral weight of a cytochrome being already reduced at
control will diminish in proportion to the other cytochromes at increasing
reducing conditions. Among the five cytochrome components which are
necessary for deconvolution of CB spectra only the cytochrome aso,
correlates with decreasing PO, and increasing CN™ concentrations by
diminishing its spectral weight. Furthermore, there is correlation between
cytochrome asq; and tonic afferent discharge in response to binding of CCO
ligands O,, CN" and CO. The results suggest cytochrome asq, as particular
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sensitive to changes at higher PO, range and lower CN" concentrations and
as a part of CCO.

When assuming cytochrome aso, as the cyanide insensitive cytochrome a
component of CB CCO the absorption maximum is shifted from normally
605 nm (Liao and Palmer, 1996) to 592 nm. A similar shift for cytochrome a
is described in Paracoccus denitrificans as a result of a single amino acid
mutation (Kannt et al.,, 1999) causing a drastically lowered mid point
potential. This unusual low mid point potential suggests that cytochrome aso,
does not participate in the main electron transfer within CCO (Fig. 4). At the
basis of the results obtained by chemosensor stimulations with the
cytochrome a3¢g; ligands CO and CN/, it seems conceivable that there is a
parallel electron pathway from cytochrome asg, which is changed already at
mild hypoxia, leading to changes in mitochondrial membrane potential
(MTP), calcium release and subsequent afferent discharge.

Figure 4. CCO cytochrome model of CB oxygen sensing: In parallel to the main pathway of
electrons from cytochrome ¢ via CuA to the binuclear center a3-CuB, there is a secondary

pathway via a592. This pathway is, in contrast to the main pathway, sensitive to weak
hypoxia, and coupled to transmembrane proton pumping and in generation of the transfer
potential (MTP). Due to electron bypassing cytochrome asg; dominating with an apparent low
PO, and CN" affinity triggers MTP changes and hence intracellular calcium levels in a
nonlinear fashion.
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4. CONCLUSION

Dominance of direct electron transfer from Cu, to cytochrome a3-Cug
bypassing cytochrome a might suggest cytochrome aso; as a cytochrome with
an apparent low PO, affinity. The results support the hypothesis of a
cytochrome asgy, which is unique in the carotid body and, as part of the
mitochondrial CCO, is involved in triggering the afferent chemosensor
discharge.
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1. INTRODUCTION

Dinitrophenol (2,4 dinitrophenol; DNP) was early identified as a potent
stimulant of the carotid body (CB; Shen and Hauss, 1939). DNP acts directly
upon chemoreceptor cells promoting an increase in the intracellular calcium
concentration and the release of catecholamine (CA); both responses are
strongly dependent on the presence of Ca”* and Na' in the extracellular media
(Obeso et al., 1989; Rocher et al., 1991; Buckler and Vaughan-Jones, 1998).
The uncoupling effects of DNP have also been studied in chemoreceptor cells:
DNP produces an activation of glucose consumption and a decrease in the
mitochondrial membrane potential (Obeso et al., 1989; Buckler and Vaughan-
Jones, 1998). Mitochondrial uncouplers such as DNP, carbonyl cyanide m-
chlorophenylhydrazone (CCCP) or carbonylcyanide p-(trifluoromethoxy)-
phenylhydrazone (FCCP), are protonophores that produce intracellular
acidification in several cell types including chemoreceptor cells (Grinstein and
Rothstein, 1986; Tretter ef al., 1998; Buckler and Vaughan-Jones, 1998; Park et
al., 2002). An intracellular acidification followed by consecutive activation of
Na'/H" and Na'/Ca>" exchanger was proposed by our group as the mechanism
that triggers exocitosis during DNP stimulation in the adult rabbit CB (Rocher et
al., 1991; Gonzalez et al., 1994). In rat neonatal chemoreceptor cells, however,
it was found that DNP induces membrane depolarization by inhibiting a
background, voltage-insensitive, K" current (Buckler and Vaughan-Jones, 1998).
In addition to suppress this current, DNP also activates a yet uncharacterized
inward current. In this model, an “unknown link” between DNP-induced
mitochondrial depolarization and plasmalemmal K'-channels inhibition was put
forward. In this paper, we have restudied the effects of DNP on rabbit
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chemoreceptor cells looking for the presence in this preparation of membrane
depolarization. Results show that the secretion of CA induced by DNP in the
rabbit CB is mostly the result of the entry of calcium to the cell via
depolarization-activated calcium channels. In the discussion we reevaluate our
previous data and hypothesis on the mechanism of DNP stimulation of the CB at
the light of our new data. Though the nature of the membrane current targeted
by DNP in rabbit CB has not been investigated, our results indicate that in aduit
rabbit CB chemoreceptor cells operate trough similar mechanisms than in
neonatal rat CB chemoreceptor cells.

2. MATERIAL AND METHODS

21 Surgery. Adult New Zealand rabbits were used in these experiments.
The animals were anesthetized with sodium pentobarbitone (30-40 mg/Kg, i.v.),
the carotid bifurcations excised and the carotid bodies cleaned of surrounded
tissue under dissecting microscope. The protocols were approved by the
Institutional Animal Care and Use Committee of the Universities of Valladolid
and Elche.

2.2 H-catecholamine release experiments. The endogenous deposits of
CA of the CBs were isotopically labeled with *H by incubating the organs in a
medium containing 20 uM-[3,5-’H]tyrosine, 1 mM ascorbic acid, and 100 pM-
DL-6-methyl-5,6,7,8-tetrahydropterine (see Rocher et al., 1991, for details).
After labeling, individual CBs were placed in vials containing 1 ml of solution
(in mM: NaCl, 116; NaHCO,, 24: KCl, 5; CaCl,, 2; MgCl,, 1; Hepes, 10;
glucose, 5; pH 7.4) equilibrated with 20% 0,/5% CO,, rest N,. The solutions
were renewed every 10 minutes and analyzed for their content in H-CA by
adsortion in alumina and posterior counting of the eluates in a scintillation
spectrometer. As shown in Figure 1, each CB was stimulated by incubating it in
the presence of DNP during two 10 min periods (S1 and S2). In the experimental
CB, the calcium antagonists were present in the media 10 min prior and during
the presentation of the second stimulus. The evoked release of *H-CA (cpm
above basal release) obtained in the second stimulation period (S2) was divided
by that obtained in the first one (S1) and the mean S2/S1 ratio obtained in
control CB was compared with that obtained in the experimental (drug-treated)
organ. Data are expressed as mean + SE. Statistical significance of the. observed
differences was assessed using Student’s ¢ test for unpaired data.
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2.3 Electrophysiological recordings. Chemoreceptor cells from rabbit CB
were enzymatically dispersed and plated on poly-L-lysine-coated coverslips as
previously described (Rocher et al., 1999). Coverslips were placed on a
thermostatized recording chamber (Warners Instrument) and superfused by
gravity at a rate of 1.5-2 ml/min. Extracellular solution (in mM: NaCl, 116;
NaHCOs;, 24; KCl, 5; CaCl,, 2; MgCl,, 1; HEPES, 10; glucose, 5; pH 7.4
equilibrated with 5% CO, /95% O,) was preheated at 36°C and maintained
between 33-35°C in the recording chamber. Borosilicate glass electrodes were
filled with a solution containing (in mM): potassium gluconate, 95; KCl, 40;
HEPES, 10; MgCl,, 2; EGTA S, pH 7.3 containing 100-150 pg/ml of nystatin.
The liquid junction potential, refered to a Ag-AgCl pellet, was 7-9 mV and data
are not corrected for it. Electrophysiological recordings were conducted using a
RK 300 amplifier (Bio-Logic). The data were filtered at 2 KHz. Pulse
generation, acquisition and data analysis were performed with the pClamp
software (version 8.1).

3. RESULTS

31 The release of *H-catecholamine evoked by DNP is mediated by
activation of voltage-dependent calcium channels. Chemoreceptor cells of the
rabbit CB lack low voltage-activated calcium channels but express L-, N-, P/Q-
and resistant or R-type calcium channels (Overholt ez al., 1997). To investigate
the possible participation of these channels in the release of *H-CA induced by
DNP, we studied the effect of cadmium (200 uM), a non-specific blocker of the
high voltage-activated calcium channels, nisoldipine and w-conotoxin MVIIC on
this secretory response. Nisoldipine, a specific blocker of L-type calcium
channels, was used at 2 uM, and ®-conotoxin MVIIC at 3 uM, a concentration
high enough to block N- and P/Q-type channels (Olivera et al., 1994). Figure 1
shows the time course of the release of *H-CA from four representatives CB
incubated during two 10 min periods (S1 and S2) in the presence of 100 pM
DNP. Part A shows the release from a control CB: it can be seen the typical
decay of the evoked response to a second application of the stimulus. In twelve
control CB the evoked release in S2/S1 ratio was 0.63 + 0.04. Part B, C and D
show the time course of the release of *H-CA from three CB incubated in the
presence of different blockers of calcium channels during the second stimulation
with DNP. The presence of 200 uM CdCl, (Figure 1B) dramatically reduced the
release response to 20% of its control value (S2/S1 ratio was 0.61 + 0.03 in
control CB and 0.12 + 0.06 in Cd**-treated CB; p<0.001; n=4). Nisoldipine
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alone reduced the release response by 62% (Figure 1C) and when added in
combination with w-conotoxin MVIIC (Figure 1D), the secretory response
further declined to a value only 18% of that obtained in control CB (S2/S1 ratios
were: 0.66 + 0.09 in control vs 0.25 + 0.03 in nisoldipine-treated CB, and 0.61+
0.07 in control vs 0.11% 0.02 in nisoldipine plus w-conotoxin MVIIC-treated
CB; p< 0.05 and 0.001 respectively; n=4 in every experimental group). These
results show that more than 80% of the release of *H-CA induced by DNP is
mediated by calcium entering the cell through voltage-activated calcium
channels and therefore indicate that chemoreceptor cells should be depolarized
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Figure 1. Effect of different blockers of voltage-activated calcium channels on the release
of H-CA induced by DNP in the rabbit carotid body (CB). Time course of the release of
3H-CA from four different CB. The CBs were incubated in control bicabonate-buffered
solution in the absence (o) and in the presence (m) of 100 uM DNP. Antagonists of
calcium channels were present in the incubation media at the times indicated by
horizontal lines. Cd**: 200 utM CdCl,; Nis: Nisoldipine 2uM and MVIIC: o-conotoxin
MVIIC 3 uM.

3.2 DNP depolarizes rabbit CB chemoreceptor cells and decreases
membrane conductance. Figure 2A shows the membrane potential recorded in
a representative chemoreceptor cell by the perforated-patch technique under
current-clamp conditions (Im=0). The cell displayed a stable membrane potential
of -52 mV during superfusion with a bicarbonate-buffered media and the
addition of DNP (200 uM) produced a rapid depolarization to -37 mV. Upon
returning to control conditions, membrane potential recovered with a time
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course similar to that displayed during DNP-induced activation. In some cells, a
transitory hyperpolarization was observed after the elimination of DNP from the
superfusion media. In five cells, mean resting membrane potential was —54 + 3
mV (range —47 to —62 mV) and DNP decreased this value to —37 + 2 mV (range
—45 to -32 mV). Average depolarization obtained in these cells during DNP
superfusion was 17 + 3 mV.

Figure 2B shows current flowing through the membrane of a chemoreceptor
cell under voltage-clamp conditions. The cell shown in the figure was voltage-
clamped at —50 mV (the same voltage that displayed under current-clamp
conditions) and 50 ms voltage pulses to —70 mV were applied to the cell at a
frequency of 2 Hz. In concordance with the depolarization produced by DNP,
during membrane voltage-clamping the venom induced an inward current with a
time course similar to that obtained in the current-clamp experiments. Average
inward current induced by DNP in three voltage-clamped cells at -50 mV was —
18 + 4 pA (range —12 to —26 pA). Figure 2B also shows that DNP reduces
membrane conductance in chemoreceptor cells measured from the response to

Figure 2. Effect of DNP on membrane potential and membrane current of isolated
chemoreceptor cells. A. Recording of membrane potential in a single cell in current-clamp
mode (Im=0). B. Recording of membrane current in a single cell voltage-clamped at —-50 mV
and subjected to 50 ms voltage pulses to —70 mV. In both cases recordings were performed by
the perforated-patch technique. DNP (200 uM) was present in the media at the time indicated
by the horizontal lines.
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depolarizing pulses to —70 mV. In the three cells studied, average membrane
conductance (measured between —50 to —70 mV) in control bicarbonate-buffered
solution was 1083 * 274 pS and decreased to 410 + 51 pS during DNP
superfusion. These results indicate that DNP depolarizes chemoreceptor cells of
the rabbit CB by closing some type(s) of ionic channels.

4. DISCUSSION

The present work shows that DNP depolarizes rabbit chemoreceptor cells and
that the bulk of the secretion of CA induced by the venom results from the entry
of calcium to the cell through high-voltage activated calcium channels.

Previous work has shown that both, the release of CA and the increase in
intracellular calcium induced by DNP are highly dependent on the presence of
Ca’" in the extracellular media (Rocher et al., 1991; Buckler and Vaughan-
Jones, 1998). However, the pathway for the calcium entry into the ceil during
this type of stimulation has not been clearly established. Activation of voltage-
dependent calcium channels during DNP stimulation is strongly suggested by
our data showing that the release of CA induced by DNP is reduced by 80% in
the presence of 200 pM Cd** and by data in rat chemoreceptor cells showing a
similar reduction in DNP-induced Ca’"; increase in the presence of 2 mM Ni**
(Buckler and Vaughan-Jones, 1998). However, although these divalent cations
are well known blockers of voltage-activated calcium channnels, it should not be
forgotten that, at the above concentrations, they display a significant inhibitory
effect on the Na/Ca’* exchanger (Iwamoto and Shigekawa, 1998), a mechanism
proposed as putative calcium entry pathway during DNP stimulation (Rocher et
al., 1991). To discard this possibility, we tested the effect of specific organic
calcium channels antagonists on the secretory response. The participation of L-
type calcium channel is supported by the 62% inhibition of the observed
secretion in the presence of 2 uM nisoldipine. These data are not in accordance
with previous data from our laboratory showing that the release of CA induced
by DNP was insensitive to dihydropyridines. This discrepancy is probably due to
the fact that in the first study we used nisoldipine at 625 nM, a concentration
probably too low to saturate L-type channels (Overholt et al., 1997). Our present
data also indicate that the remaining calcium-sensitive response observed after
L-type channels blockade should be mediated by activation of P/Q-type and/or
N-type channels because it was blocked when 3 pM @-conotoxin MVIIC was
applied in combination with nisoldipine. We tend to think that P/Q-type are the
involved channels in the response because w-conotoxin GVIA, a specific
antagonist of N-type channels, did not modify the secretion of CA induced by
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either hypoxia or high K. (Rocher, Almaraz and Gonzalez, unpublished
observations) suggesting that N-type channels are not linked to exocitosis of CA
in the rabbit CB. In rat there is an important fraction of DNP-induced Ca®;
increase resistant to L-tzype channel blockade (Buckler and Vaughan-Jones,
1998), but the type of Ca’" channels responsible for it has not been studied.

The data on secretion presented here evidence that DNP is activating high-
voltage activated calcium channels in rabbit chemoreceptor cells and also
indicate that the venom depolarizes these cells. According to the data on
secretion, we consistently found a reversible membrane depolarization during
superfusion of chemoreceptor cells with DNP. In addition, in voltage-clamp
experiments we observed that the venom induced an inward current associated
with a decrease in membrane conductance. We have not investigated the nature
of the ionic current affected by DNP but the inhibition of a K* channel is
compatible with the data. Since membrane conductance was measured at
membrane potential between —50 and —70 mV from holding potentials of —50
mV, the hypothetical K*-current inhibited by DNP should be active at these
potential values. Therefore, it is possible that a background K" conductance is
the target of DNP in rabbit CB as it has been found in rat chemoreceptor cells
(Buckler and Vaughan-Jones, 1998).

In the model that we published in 1991 (Rocher et al., 1991), we proposed
that DNP acting as a protonophore would acidify the cell promoting the entry of
Na' to the cell in exchange by H'. The release of CA will then be triggered by
the entry of Ca’* through the Na'/Ca®" exchanger working in the reversal mode.
The data supporting this hypothesis could be now reevaluated at the light of the
results presented in this work, particularly regarding to three points: i) the
insensitivity of the secretory response to dihydropyridines and the lack of
knowledge, at that time, of the existence of P/Q-type calcium channels led as to
postulate that DNP did not depolarize chemoreceptor cells; the data presented in
this paper clearly show that this is not the case; ii) the involvement of Na'/H"
exchanger in the DNP-induced secretory response was proposed on the basis of
the blocking effect of ethylisopropylamiloride (EIPA) on this evoked release of
CA,; with our new data, this effect can now be assigned to the inhibitory effect of
this drug on L-type calcium channels (Garcia er al., 1990) and, iii) the
involvement of the Na'/H" exchanger was also supported by the intense Na'-
dependence of the DNP-induced release of CA; however, other mechanisms
may explain these data. For example, the membrane current sensitive to DNP
may carry Na* as it has been found for the inward current induced by FCCP in
vascular endothelial cells (Park et al., 2002) or may be Na'-dependent as it is the
case for some type of background K'-channels (Lesage and Lazdunski, 2000).
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Alternatively, the removal of Na® from the extracellular medium could
hyperpolarize chemoreceptor cells (Buckler and Vaughan-Jones, 1994;
Carpenter et al., 2000; Carpenter and Peers, 2001) bringing membrane potential
to values closer to the equilibrium potential of a hypothetical DNP-sensitive K"
current; this effect will make smaller the effect of the venom on membrane
potential and therefore on CA secretion. Finally, it should be recalled that the
percentage of the secretory response blocked by calcium antagonists is similar to
that blocked by extracellular calcium removal (Rocher et al., 1991). These
results do not support the possibility that other calcium entry pathways, as the
Na'/Ca®* exchanger, contribute in a significant manner to elevate Ca’"; and
secretion during DNP stimulation. While the DNP-induced depolarization will
be favourable for Ca’* influx through the exchanger, the entry of calcium by the
membrane calcium channels will have the opposite effect.
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1. INTRODUCTION

Glucose homeostasis, a fundamental process for life, is controlled at multiple
levels. Glucose sensitive receptors in the brain, portal vein, liver, pancreas and
carotid bodies (Alvarez-Buylla and Roces de Alvarez-Buylla, 1994) provide
afferent information to central nervous system (CNS) about the glucose
concentration in different regions of the body. In the CNS, this input is
integrated by the hypothalamus and the nucleus of the tractus solitarius (NTS)
(Adachi et al., 1995). Additionally, there is evidence that carotid body receptors
(CBR) are also sensitive to changes in blood glucose concentration (Alvarez-
Buylla and Roces de Alvarez-Buylla, 1994; Lépez-Barneo et al., 2001) and
afferent impulses from these receptors induce a reflex response on glucose
levels: 1) by enhancing glucose production by the liver, and 2 by promoting
glucose retention by the brain. Carotid bodies play an important role in the
insulin-induced counterregulatory response to mild hypoglycemia (Koyama et
al.,, 2000). The efferent pathway for these reflexes is not fully understood, but
previous experiments identify the neurohypophysis and adrenal glands as
necessary for the hyperglycemic reflex initiated by NaCN stimulation, and
suggest that the effects of these two glands on CBR hyperglycemic reflex are
humoral (Alvarez-Buylla ef al., 1997). This is supported by the finding that the
neurohypophyseal hormone arginine-vasopressin (AVP) has a modulatory role
on glucose metabolism during stress, and that an increase of vasopressin plasma
levels is observed after perfusion of the carotid sinus with deoxygenated blood, a
method similar to NaCN stimulation (Share and Levy, 1966). In addition,
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hypophysectomy leads to adrenal cortical atrophy and hypoglycemia (Wurtman
et al., 1968). We have previously hypothesized that pituitary AVP may be
involved in the hyperglycemic reflex initiated by CBR stimulation. In this paper
we extend the study to the role of glucose in regulating AVP at the level of NTS
(Yarkov et al., 2001), and suggest that this peptide may facilitate hyperglycemic
reflexes elicited by CBR stimulation. We show that AVP can directly trigger a
hyperglycemic reflex similar to that obtained after CBR stimulation. We
suggest that AVP may interact with vasopressin receptors located in the NTS,
liver, adrenal cells and pancreas to stimulate the secretion of epinephrine (E) and
glucagon.

2. METHODS

2.1  Animals and Surgical Procedures

Experiments were performed on adult male Wistar rats (280-300 g weight)
fasted for 12 h. Anesthesia was induced by intraperitoneal administration of
sodium pentobarbital (3 mg/100 g) which was supplemented by a continuous
intraperitoneal infusion of 2 drops/min of the anesthetic at a concentration of 63
mg/100 ml in 0.9 % NaCl, so that no pain responses to paw pinching were
observed, but the eye palpebral reflex was present. Respiration and body
temperature were artificially maintained. All procedures performed on animals
were in accordance with the National Research Council Guide for the Care and
Use of Laboratory Animals (NCR Pub., 1996). Bilateral adrenalectomies
(ADX) were performed by a dorsal access 3 days before the experiment. To
obtain blood samples catheters were inserted into the femoral artery and jugular
sinus (via the right external jugular vein) (Fig. 1A). In some experiments the
catheter in jugular sinus was also used to inject drugs. The correct placement of
the catheters was verified at the end of each experiment during autopsy. In
normal rats the coeliac trunk was chosen to reach the hepatic territory, a
catheter was introduced into the thoracic aorta, via the abdominal aorta, above
the coeliac trunk (Guarner and Alvarez-Buylla, 1991) (Fig. 1A), and it was
attached to a the syringe pump for infusions (Baby Bee, BAS, Indiana, USA).
The time of experimental injections was considered as t=0 (indicated as an
arrow in the figures). At blood collection time 0.15 mL of arterial blood and
0.15 mL of venous blood were collected, at two basal values and 6 experimental
values after the injections in the first series of experiments or 3 experimental



Vasopressin and hyperglycemic response to carotid body stimulation 97

values in the second series (Fig. 1). Brain glucose retention (BGR) was
determined between glucose concentration in the abdominal aorta and glucose
concentration in the jugular sinus.

2.1.1 CBR Stimulation

The circulation in the carotid sinus (CS) was isolated from general circulation
during injections of NaCN (5 pg/100 g in 0.1 ml saline) as a bolus through a 27
gauge needle and a catheter (Clay Adams PE-10) placed in the common carotid
artery below the isolated carotid sinus to avoid baroreceptors stimulation
(Fig.1A). Both the left external carotid artery (beyond the lingual branch) and
the internal carotid near the jugular foramen were temporarily occluded (15-20
sec) to prevent NaCN solution from entering the brain. (Alvarez-Buylla and
Alvarez-Buylla, 1988).

Figure 1. Diagram illustrating: (A) the placement of catheters and ligatures to locally perfuse the
carotid body receptors (CBR) for stimulation (by injecting NaCN), the placement of catheters to
obtain blood samples, and the stereotaxic cannula for central injections; (B and C) experimental
protocols. aa, abdominal aorta; CSF, artificial cerebrospinal fluid; AVP, arginine vasopressin;
CB, carotid body; cca, common carotid artery; cs, carotid sinus; csn, carotid sinus nerve; ct,
coeliac trunk; eca, external carotid artery; fa, femoral artery; ica, internal carotid artery; js,
jugular sinus; la, lingual artery; VP1-A, vasopressin antagonist.
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2.1.2 Microinjections into the NTS

After making an occipital craniotomy, the head was fixed in a stereotaxic
apparatus (David Kopf Instruments,Stoelting, Illinois, USA), a glass
micropipette with a tip diameter of 50-60 um was inserted into the left NTS
(P=12.7 mm, L=1.45 mm, V=7.7 mm) (Paxinos and Watson, 1986). All the
substances were injected by a micropump at a rate of 100 nL/30 sec (Yarkov et
al., 2001). At the end of each experiment the micropipette tip was identified by
injecting methylene blue (1 %, same volume) (Fig.1A). The rats were killed
with an intravenous dose of sodium pentobarbital (50 mg/kg) the brain was
removed and immediately frozen for further histological verification at 40 um
thick sections in a cryostat (Fig. 2).

Figure 2. Representative frontal section of brain stem of rats that received the injections of AVP,
VP1-A or aCSF into the nucleus of the tractus solitarius (NTS) (arrow). Sections were stained
with Cresyl —violet.
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2.2 Drugs

The drugs used in this study were: Sodium cyanide (NaCN) (see CBR
stimulation). [Arg8]-vasopressin (AVP, Sigma Chemical Co., St. Louis MO,
USA) and [B-mercapto-B,B-cyclopentamethylene-propeonyl’, O-Met-Tyr?,
Arg®]-Vasopressin (VP1-A; AVP-antagonist, Sigma, Chemical Co., St. Louis
MO, USA). Compounds were dissolved in artificial cerebrospinal fluid (aCSF;
147 mM NaCl, 4mM KCl, 1.2 mM CaCl, and 1 mM MgCl,) immediately before
application. In control experiments the same volume of artificial cerebrospinal
fluid (aCSF) or saline alone were injected (Fig. 1 B and C).

2.3 Analytical Methods

Glucose concentration in blood samples was measured by the glucose-
oxidase method (Beckman Autoanalyzer, Fullerton CA, USA) in pmol/mL
units. Epinephrine in plasma (E) was measured by HPLC in pg/mL units.
Glucagon concentration in plasma was measured by RIA in pg/mL units. The
data are expressed as means = SE , the statistical comparisons were performed
using Student’s t-test and analysis of variance (ANOVA) for repeated
measurements, comparisons in all cases were done between experimental values
and controls.

24 Experimental Protocol

Animals were subjected to one of the following procedures: (a) aCSF
injections into NTS 9 min before CBR stimulation, control experiments (n=10);
(b) AVP (10 pmol/100 nL) injections into the NTS 9 min before CBR
stimulation (n=6); (c) VP1-A (100 pmol/100 nL) injections into the NTS 9 min
before CBR stimulation (n=5); (d) CBR stimulation during a VP1-A (2.5
nmol/100g/min) or saline (as control) infusions (21 min) into the coeliac trunk
(n=10); (e) AVP (15 pmol/100g) injections into the jugular sinus in normal rats
(n=5) and ADX rats (n=5); f) AVP (5 pmol/100g/min) infusion (16 min) into the
coeliac trunk in normal rats (n=5) and ADX rats (n=5).



100 Sergio A. Montero et al

3. RESULTS
3.1 CBR Stimulation after AVP in NTS

Direct administration of AVP (10 pmol) into the NTS 9 min before CBR
stimulation with NaCN (5 pg/100 g), resulted in a significantly higher
concentration of blood glucose when compared to their respective controls
(aCSF injection). Arterial blood glucose rapidly increased, reaching a maximum
value at 20 min (P<0.01) and the hyperglycemia was maintained for the duration
of the experiment. Significantly higher arterial concentration was only observed
until 30 min (P<0.5) (n=6) (Fig. 3A). When brain glucose retention (BGR) was
calculated, significant increases (compared to controls) were observed at 10 and
20 min after AVP (P<0.01 and P <0.05) (Fig. 3B). The effect on glucagon
concentration in blood was not significant (n=6, Table 1). In contrast to the
results seen with AVP, injection of the VPI-A (100 pmol) had no significant
effects on blood glucose concentration (n=5, Fig. 4A), but glucagon
concentration decreased significantly (P<0.05) (Table 1). When BGR was
calculated significant decreases were obtained after VPI1-A at 30, 40 and 50 min
postinjection (P<0.01) (Fig. 4B).

Figure 3. Changes in arterial glucose concentration (A) and brain glucose retention (B) after
carotid body receptor stimulation with cyanide (NaCN) injected into the vascularly isolated carotid
sinus, pretreatment with AVP (10 pmol) (n=6) or aCSF (n=10) in normal rats as indicated. The
values are means £ SEM. *Significantly different from control-aCSF data (*P<0.05,**P<0.01
ANOVA for repeated measures).
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Figure 4. Changes in arterial glucose concentration (A) and brain glucose retention (B) after
carotid body receptor stimulation with cyanide (NaCN) into the vascularly isolated carotid sinus,
pretreatment with VP1-A (100 pmol) (n=5) or aCSF (n=10) in normal rats as indicated. The values
are means = SEM. *Significantly different from control-aCSF data (**P<0.01 ANOVA for
repeated measures)

When AVP and VPI1-A effects were compared, a significant diminution was
observed on arterial glucose concentration and on BGR after CBR stimulation
preceded by VP1-A (P<0.01) (Fig. 5). These experiments confirmed the
receptor nature of AVP effect observed above

Figure 5. Changes in arterial glucose concentration (A) and brain glucose retention (B) after
carotid body receptor stimulation wi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>