UNDERWATER PHYSIOLOGY VII



THE SEVENTH SYMPOSIUM ON UNDERWATER
PHYSIOLOGY
GOVERNING BOARD

ARTHUR J. BACHRACH, Chairman
Naval Medical Research Institute (NMRI), USA

KENNETH N. ACKLES
Canadian Defence Liaison Staff,
USA

ALFRED A. BOVE
Temple University of Health
Science Center, USA

BERNARD BROUSSOLLE
Centre d'Etudes et de Recherches
Biophysiologiques Appliquees a la
Marine, France

JAMES M. CLARK

University of Pennsylvania Medical
Center, USA

DAVID H. ELLIOTT
Shell UK. Ltd., England

Affiliations as of July 1980.
*In Memoriam

CARL MAGNUS HESSER
Karolinska Institutet, Sweden

SUZANNE KRONHEIM*
Office of Naval Research, USA

LEONARD M. LIBBER
Office of Naval Research, USA

JAMES W. MILLER
National Oceanic and Atmospheric
Administration, USA

HERBERT A. SALTZMAN
Duke University Medical Center,
Usa



UNDERWATER PHYSIOLOGY VII

PROCEEDINGS OF THE SEVENTH SYMPOSIUM
ON UNDERWATER PHYSIOLOGY

Sponsored by

The University of Pennsylvania
The Undersea Medical Society, Inc.
The U.S. Office of Naval Research

The U.S. National Oceanic and Atmospheric Administration

Edited by Arthur J. Bachrach and Mary Margaret Matzen

Naval Medical Research Institute

Assistant Editors Doris N. Auer and Sally T. McAllister

Undersea Medical Society, Inc., Bethesda, Maryland, 1981



CoPYRIGHT © 1981, BY THE UNDERSEA MEDICAL SOCIETY, INC.
ALL RIGHTS RESERVED. THIS BOOK IS PROTECTED BY COPYRIGHT. N@
PART OF IT MAY BE REPRODUCED IN ANY MANNER WITHOUT WRITTEN
PERMISSION FROM THE PUBLISHER, EXCEPT FOR ANY PURPOSE OF THE
UNITED STATES GOVERNMENT AND FOR BOOK REVIEWS.

UNDERSEA MEDICAL SOCIETY, INC.
9650 Rockville Pike, Bethesda, Maryland 20014

LIBRARY OF CONGRESS CATALOG CARD NUMBER: 81-51676

PRINTED IN THE UNITED STATES OF AMERICA BY MCGREGOR & WERNER, INC.

COMPOSED IN TIMES ROMAN BY PHOTO DATA, INC.



CONTENTS

LIST OF AUTHORS AND CONTRIBUTORS .....ccuutuueiuneinnrenarnnesnesiarssssinerneenessorssoemesnessns XV
PREFACE  ..iiiiiiiiiii e xxvii
FOREWORD  ...ooiiiiiiit i e e et rta e aa s XXIX
ACKNOWLEDGMENTS  1.\etitninitetittnetnenn ettt et ettt e e eaa et et e eneta et st esetaeaeeaetraeenenns XXi
Part I

OXYGEN TOXICITY
Current Concepts of Oxygen Toxicity 3
J. M. Clark
Mechanism(s) of Central Oxygen Toxicity: A Re-Evaluation 25
M. D. Faiman, R. J. Nolan, D. E. Dodd, J. M. Waechter, R. C. Dirks,
K. Haya, and J. A. Zempel
The Central Role of Ammonia in OHP-Induced Convulsions 37
E. W. Banister and A. K. Singh
Changes in Cell Volume Following Hyperbaric Exposure: A Manifestation ‘
of Oxygen Toxicity 45
J. Pooley and D. N. Walder
Lung ATP Turnover During Oxidant Stress 55
A. B. Fisher and D. J. P. Bassett
Protection From Pulmonary Oxygen Toxicity by Treatment with Low
Doses of Bacterial Endotoxin 65

L. Frank, M-J. Chiang, and D. Massaro



vi CONTENTS

Development of Alterations in Pulmonary Diffusing Capacity After Deep
Saturation Dive with High Oxygen Level During Decompression 75

R. Hyacinthe, P. Giry, and B. Broussolle

Part 1. Discussion: Oxygen Toxicity 85
A. B. Fisher, RAPPORTEUR

Comparative Effects of Various Protective Agents Upon Acute Cerebral
Hyperbaric Oxygen Toxicity in Mice: Particular Interest of Some
Benzodiazepines 87

F. Brue, P. Joanny, A. Chaumont, J. Corriol, and B. Broussolle

Effect of Excessive Oxygen upon the Capability of the Lungs to Filter Gas
Emboli 95

B. D. Butler and B. A. Hills

SEM Observations of Oxygen Toxicity in Guinea Pigs Exposed to
Continuous 100, 85, and 75% O, at 1 Atm 103

A. E. McKee, M. E. Bradley, L. P. Watson, and J. I. Brady

The Influence of Inert Gas Concentration on Pulmonary Oxygen Toxicity 113
M. R. Powell and H. D. Fust

Brain GABA and Cyclic GMP as Indices of Metabolic Lesions in CNS

Oxygen Toxicity 121
M. W. Radomski and W. J. Watson

Pulmonary Prostaglandin Metabolism During Normobaric Hyperoxia 129
C. L. Schatte and M. M. Mathias

Part 11

CARDIORESPIRATORY RESPONSES TO EXERCISE
CARDIORESPIRATORY EFFECTS

Current Concepts of Dyspnea and Ventilatory Limitations to Exercise at
Depth 141

L. Fagraeus
Exercise Metabolism in Humans on Acute Exposure to 5.8 Bars Normoxic
Oxyhelium 151

R. de G. Hanson, R. M. Gray, M. M. Winsborough, R. S. McKenzie,
and K. G. M. M. Alberti

igwo.



CONTENTS

Comparison of Metabolic Responses and Growth Hormone Release During
Submaximal Exercise in Man Breathing Heliox or Air at Normal
Barometric Pressure

J. Raynaud, P. Varéne, and J. Durand

Effects of Exercise and Hyperbaric Air on Ventilation and Central
Inspiratory Activity

C. M. Hesser and F. Lind

Exercise at 47 and 66 ATA
J. V. Salzano, B. W. Stolp, R. E. Moon, and E. M. Camporesi

Carbon Dioxide Retention with Underwater Work in the Open Ocean
J. W. Macdonald and A. A. Pilmanis

Cardiopulmonary Functions and Maximal Aerobic Power During a 14-Day
Saturation Dive at 31 ATA (SEADRAGON IV)

Y. Ohta, H. Arita, H. Nakayama, S. Tamaya, C. E. G. Lundgren,
Y. C. Lin, R. M. Smith, R. Morin, L. E. Farhi, and M. Matsuda

PART IIL. Discussion: Cardiorespiratory Responses to Exercise
A. A. Bove, RAPPORTEUR

Inertance as a Factor in Uneven Ventilation in Diving
J. R. Clarke, M. A. Fisher, and M. J. Jaeger

The Arrhythmogenic Potency of Hydrostatic Pressure on Cardiac
Conduction

T.J. Doubt and P. M. Hogan

Effects of Alcohol on the Cardiovascular Adjustments of the Diving Reflex
in Man

L. E. Wittmers, Jr., L. Fairbanks, S. Burgstahler, and R. S. Pozos

Pulmonary Function in Divers
M. Cimsit and V. Flook

Frequency and Regulation of Heart Rate During Open-Sea Saturation
Diving
S. M. Gosovié and A. 1. Radovié

vii

163

173

181

197

209

223

225

235

241

249

257



viii CONTENTS

Influence of the Inspiratory Effort and Swallowing on the Cardiovascular
Response to Simulated Diving and Breath-Holding 267

T.F. Huang and C. T. Peng

Ventilation, Pattern of Breathing, and Activity of Respiratory Muscles in
Awake Cats During Oxygen-Helium Simulated Dives (1000 msw) 273

G. Imbert, Y. Jammes, N. Naraki, J. C. Duflot, and C. Grimaud

Physiological Responses to Immersion at 31 ATA (SEADRAGON 1V) 283

M. Matsuda, S. K. Hong, H. Nakayama, H. Arita, Y. C. Lin,
J. R. Claybaugh, R. M. Smith, and C. E. G. Lundgren

Effect of Water Temperature and Vital Capacity in Head-Out Immersion 297
D. I. Kurss, C. E. G. Lundgren, and A. J. Pdsche

ParT 11

HIGH PRESSURE NERVOUS SYNDROME
PSYCHOMOTOR PERFORMANCE AND HIGH PRESSURE NERVOUS

SYNDROME
A View of Some Fundaments of the High Pressure Nervous Syndrome 305
J. M. Hallenbeck
Effects of General Anesthetics on Postsynaptic Responses 317

H. J. Little, S. E. Austen, and W. D. M. Paton

Pharmacological Investigation of the High Pressure Neurological
Syndrome: Brain Monoamine Concentrations 329

S. Daniels, A. R. Green, D. D. Koblin, R. G. Lister, H. . Little,
W. D. M. Paton, F. Bowser Riley, S. G. Shaw, and E. B. Smith

Prevention of HPNS: The Possible Use of Structural Isomers of Anesthetics 337
B. Wardley-Smith and M. J. Halsey

Prevention of HPNS in Man by Rapid Compression with Trimix to 2132
Ft (650 m) 345

P. B. Bennett, R. Coggin, J. Roby, and J. N. Miller

The Effect of High Pressure on Cooperative Lipid-Protein Interactions 357
H-J. Galla and J. R. Trudell

o



CONTENTS

Currents in a Voltage Clamped Vertebrate Neuron at Hyperbaric Pressure
J. J. Kendig

Differential Effects of Pressure on the Mammalian Central Nervous
System

P. G. Kaufmann, P. B. Bennett, and J. C. Farmer, Jr.

Somatic Evoked Potentials and Reflexes in Monkey During Saturation
Dives in Dry Chamber

M. Hugon, L. Fagni, J. C. Rostain, and K. Seki

The HPNS as a Composite Entity—Consequences of an Analysis of the
Convulsion Stage

R. W. Brauer, W. M. Mansfield, Jr., R. W. Beaver, and H. W. Gillen

PART II1. Discussion: High Pressure Nervous Syndrome
D. B. Millar, RAPPORTEUR

A Theory of Inert Gas Narcosis Effects on Performance

B. Fowler and S. Granger

Assessment of the High Pressure Neurological Syndrome (HPNS): A New
Method of Measuring Tremor in an Animal Model

J. A. Baker, M. J. Halsey, B. Wardley-Smith, and R. T. Wioch

A Genetic Analysis of Susceptibility to the HPNS Type I Seizure in Mice
R. D. McCall and D. Frierson, Jr.

Criteria Analysis of Selection for Deep Diving: EEG and Performance

J. C. Rostain, C. Lemaire, M. C. Gardette-Chauffour, J. Doucet, and R. Naquet

PART IV
OXYGEN SUFFICIENCY AND UTILIZATION WITHIN THE CELL

Current Concepts of Oxygen Sufficiency and Utilization Within the Cell
F. F. Jobsis

Applications of Aortic Body and Carotid Body Chemoreceptors as Internal
Probes to Monitor Tissue Oxygenation

S. Lahiri

ix

363

371

381

391

401

403

415

421

435

447

457



X CONTENTS

Heterogeneity of Capillary Distribution and Capillary Circulation in
Mammalian Skeletal Muscles

E. M. Renkin, S. D. Gray, L. R. Dodd, and B. D. Lia

Retinal Oximetry with Hypercapnia and Hyperbaric Oxygen

F. G. Hempel, S. R. Burns, and H. A. Saltzman

A Mechanism for the Beneficial Effect of Hyperbaric Oxygen on
Staphylococcal Osteomyelitis

J. T. Mader and G. L. Brown

PART 1V. Discussion: Oxygen Sufficiency and Utilization Within the Cell
F. G. Hempel and F. F. Jobsis, RAPPORTEURS

PArRT V
METABOLISM AND THERMAL PHYSIOLOGY

Current Concepts of Metabolism and Thermophysiology
P. Webb

An Analysis of Heat Stress Under Hyperbaric Conditions
K. R. Bondi

Contribution of Metabolic and Respiratory Heat to Core Temperature
Gain After Cold Water Immersion

M. L. Conn, P. A. Hayes, and J. B. Morrison

Metabolic and Thermal Status of Divers During Simulated Dives to 55
Bars

M. P. Garrard, P. A. Hayes, R. F. Carlyle, and M. J. Stock

PART V. Discussion: Metabolism and Thermal Physiology

G. Egstrom, RAPPORTEUR

Energy and Body Fluid Balance During a 14-Day Dry Saturation Dive to
31 ATA (SEADRAGON IV)

H. Nakayama, S. K. Hong, J. R. Claybaugh, N. Matsui, Y. S. Park,
Y. Ohta, K. Shiraki, and M. Matsuda

A Computer Model Designed to Make Rapid Predictions of Diver
Temperature Changes

S. Wilcock and V. Flook

465

475

483

489

493

503

509

517

539

541

555



CONTENTS

PART VI

Xi

MOLECULAR AND CELLULAR EFFECTS OF HYDROSTATIC PRESSURE

Molecular and Cellular Effects of Hydrostatic Pressure: A Physiologist’s
Veiw

A. G. Macdonald

Effects of Hyperbaric Conditions on the Multiplication of Echo 11 and
Herpes Simplex (Type 1 and Type 2) Viruses in Tissue Culture

C. Chastel, L. Barthélémy, and A. Belaud

Effect of Hydrostatic Pressure on Active Transport, Metabolism, and the
Donnan Equilibrium in Human Erythrocytes

J. M. Goldinger, B. S. Kang, R. A. Morin, C. V. Paganelli, and S. K. Hong

Effects of High Hydrostatic Pressures on Na+ Transports Across Isolated
Gill Epithelium of Sea Water-Acclimated Eels Anguilla anguilla

A.J. R. Péqueux

A Quantitative Description of Pressure-Induced Alterations in lonic
Channels of the Squid Giant Axon

B. B. Shrivastav, J. L. Parmentier, and P. B. Bennett

Transient Versus Steady-State Effects of High Hydrostatic Pressure
K. T. Wann, A. G. Macdonald, A. A. Harper, and M. L. J. Ashford

The Effects of High Pressures of Inert Gases on Cholinergic Receptor
Binding and Function

J. F. Sauter, L. Braswell, P. Wankowicz, and K. W. Miller

PART VI. Discussion: Molecular and Cellular Effects of Hydrostatic
Pressure

A. G. Macdonald, RAPPORTEUR

A Study of the Specific Action of ‘“‘Per Se’’ Hydrostatic Pressure on Fish
Considered as a Physiological Model

L. Barthélémy, A. Belaud, and A. Saliou

Osmotic Fragility of Erythrocytes: Effects of Hydrostatic Pressure and
Pentanol

A. C. Hall and A. G. Macdonald

567

577

589

601

611

621

629

639

641

651



Xii
A Mathematical Analysis of High Pressure and Anesthetic Effects
M. J. Halsey, A. F. Mots, C. C. Spicer, and B. Wardley-Smith

Contrasting Actions of Hydrostatic Pressure and Helium Pressure on
Growth of Saccharomyces cerevisiae

S. R. Thom and R. E. Marquis

Effects of Different Normoxic Hyperbaric Exposures on Glucose, Lactate,
and Glycogen Brain Concentrations

T. Obrénovitch and F. Brue

ParT VII
INERT GAS EXCHANGE AND DECOMPRESSION

Current Concepts of Inert Gas Exchange and Decompression
P. K. Weathersby and L. D. Homer

Species Independent Maximum No-Bubble Pressure Reduction from
Saturation Dive

Y. C. Lin

Determination of Safe Tissue Tension Values During the Surface Interval
in Surface Decompression Schedules for Helium-Oxygen Dives

P. O. Edel

Assessment of Decompression Profiles and Divers by Doppler Ultrasonic
Monitoring
R. Y. Nishi, K. E. Kisman, B. C. Eatock, 1. P. Buckingham, and G. Masurel

Monitoring Bubble Formation with an Integrating Pulse-Echo Ultrasonic
Method

S. Daniels, J. M. Davies, K. C. Eastaugh, W. D. M. Paton, and E. B. Smith

Migration of Lung Surfactant to Pulmonary Air Emboli
B. A. Hills and B. D. Butler

Amelioration of Decompression Sickness by Combined Amphetamine-
Cyproheptadine Treatment

C. Chryssanthou, L. Rodriguez, and P. Branden

CONTENTS

661

667

675

687

699

707

77

729

741

753



CONTENTS

PART VII. Discussion: Inert Gas Exchange and Decompression
K. D. Reimann, RAPPORTEUR

Study on Definition of Maximum Permissible Gas Flow in Lungs During
Decompression

J. Parc, M. Monti, and J. Le Chuiton

Evaluation of Decompression Tables by a Model Describing Bubble
Dynamics in Tissue

S. Meisel, Y. Talmon, and D. Kerem

Computer Simulation of Diffusive Gas Mixing in the Lung at 10 ATA
H.D. Van Liew

Some Recent Experiments on Bubble Formation in Supersaturated Gelatin
D. E. Yount, C. M. Yeung, and T. D. Kunkle

ParTt VIII
HEALTH HAZARDS

The first eight papers and the discussion thereof were
presented at the European Undersea Biomedical Society
Meetings in conjunction with the Seventh Symposium on
Underwater Physiology

Inner Ear Injuries in Diving—Differential Diagnosis of Inner Ear
Decompression Sickness and Inner Ear Barotranma

J. C. Farmer, Jr.

Mechanisms of Aural Barotrauma
J. M. Miller, A. Axelsson, D. McPherson, and W. Potter

Water-Borne Microbial Pathogens: Potential Human Health Hazards in
Marine Environments

O. P. Daily, S. W. Joseph, J. D. Gillmore, R. J. Seidler, D. A. Allen,
and R. R. Colwell

Management of Health Hazards Associated with the Salvage of Toxic
Chemicals Using a Saturation Diving Technique

A. Marroni, J. Gething, and D. Zannini

Xiii

765

767

775

785

793

805

811

817

825



Xiv
The Present Status of Bone Necrosis Research
D. N. Walder

Abnormal Bone and Cartilage Collagen Metabolism in Experimentally
Induced Dysbaric Osteonecrosis

D. Brickley-Parsons and M. E. Bradley

A Detailed Histological and Radiological Controlled Study of Selected
Bones from Divers

C. R, Weatherley, W. M. Park, M. Haddaway, and I. Calder

The Efficacy of Spinal Anesthesia at High Pressure
H. F. Nicodemus, H. McElroy, and R. Levy

PART VIII. Discussion: Health Hazards
.D. H. Elliott, RAPPORTEUR

Microbiological Studies on Acute Otitis Externa in Saturation Divers
S. R. Alcock

CONTENTS

833

837

847

853

857

859

An Epidemiological Study of Fatal Diving Accidents in Two Commercial

Diving Populations
M. E. Bradley

Decompression Sickness in a Commercial Diving Population
M. Cross and L. Booth

869

877

An Evaluation of Cardiopulmonary Resuscitation Techniques for Use in a

Diving Bell
R. Myers and M. E. Bradley

AUTHORINDEX .. .ottt et et ettt e e et eneaenans
SUBIECTINDEX ...ccuiniiiii et r e eaans

887



LIST OF AUTHORS AND CONTRIBUTORS*

K. G. M. M. Alberti, Royal Victoria Infirmary, Newcastle-upon-Tyne, England
S. R. Alcock, University of Aberdeen, Aberdeen, Scotland

D. A. Allen, University of Maryland, College Park, Maryland

H. Arita, Tokai University School of Medicine, Bohseidai, Isehara, Japan

M. L. J. Ashford, Marischal College, University of Aberdeen, Aberdeen,
Scotland

S. E. Austen, Oxford University, Oxford, England

A. Axelsson, University of Washington School of Medicine, Seattle, Washington
J. A. Baker, Clinical Research Centre, Harrow, Middlesex, England

E. W. Banister, Simon Fraser University, Burnaby, British Columbia, Canada

L. Barthélémy, Laboratoire de Physiologie, Faculte de Medecine de Brest, Brest,
France

D. J. P. Bassett, University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania

R. W. Beaver, Institute of Marine Biomedical Research, University of North
Carolina at Wilmington, Wilmington, North Carolina

A. Belaud, Laboratoire de Physiologie, Faculte de Medecine de Brest, Brest,
France

P. B. Bennett, F. G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina

K. R. Bondi, Naval Submarine Medical Research Laboratory, Groton, Connecticut
L. Booth, Houlder Diving Research Facility, London, England

*Affiliations as of July 1980.

XV



Xvi CONTRIBUTORS

A. A. Bove, Health Science Center, Temple University, Philadelphia, Pennsylvania
M. E. Bradley, Naval Medical Research Institute, Bethesda, Maryland
J. 1. Brady, Naval Medical Research Institute, Bethesda, Maryland

P. Branden, Beth Israel Medical Center and Mount Sinai School of Medicine
of the City University of New York, New York, New York

L. Braswell, Harvard Medical School, Massachusetts General Hospital, Bos-
ton, Massachusetts

R. W. Brauer, Institute of Marine Biomedical Research, University of North
Carolina at Wilmington, Wilmington, North Carolina

D. Brickley-Parsons, The George Washington University, Washington, D.C.

B. Broussolle, Centre d’Etudes et de Recherches Biophysiologiques Appli-
quees a la Marine, Toulon, France

G. L. Brown, Marine Biomedical Institute, Department of Internal Medicine
and Shriners Burn Center, The University of Texas Medical Branch, Gal-
veston, Texas

F. Brue, Centre d’Etudes et de Recherches Biophysiologiques Appliquees a la
Marine, Toulon, France

I. P. Buckingham, Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada

S. Burgstahler, School of Medicine, University of Minnesota-Duluth, Duluth,
Minnesota

S. R. Burns, F. G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina

B. D. Butler, University of Texas Medical Branch, Galveston, Texas, and
Medical School, University of Dundee, Dundee, Scotland

I. Calder, The London Hospital, London, England

E. M. Camporesi, F. G. Hall Environmental Laboratory, Duke University
Medical Center, Durham, North Carolina

R. F. Carlyle, Admiralty Marine Technology Establishment (Physiological
Laboratory), Alverstoke, Gosport, Hants, England

C. Chastel, Laboratoire de Virologie, Faculte de Medecine, Brest, France

A. Chaumont, Centre d’Etudes et de Recherches Biophysiologiques Appli-
quees a la Marine, Toulon, France

M-J. Chiang, Pulmonary Toxicology Laboratory, V.A. Hospital, and the Cal-
vin and Flavia Oak Asthma Research Center; University of Miami School
of Medicine, Miami, Florida

A .



CONTRIBUTORS Xvii
C. Chryssanthou, Beth Israel Medical Center and Mount Sinai School of
Medicine of the City University of New York, New York, New York

M. Cimsit, Tibbi Ekologive Hidro-Klimatologi Kiirsiisii, Gapa Klinikleri,
Topkapi, Istanbul, Turkey

J. M. Clark, Institute for Environmental Medicine, University of Pennsylva-
nia Medical Center, Philadelphia, Pennsylvania

J. R. Clarke, Naval Medical Research Institute, Bethesda, Maryland
J. R. Claybaugh, University of Hawaii, Honolulu, Hawaii

R. Coggin, F.G. Hall Laboratory, Duke University Medical Center, Durham,
North Carolina

R. R. Colwell, University of Maryland, College Park, Maryland
M. L. Conn, Simon Fraser University, Burnaby, British Columbia, Canada

J. Corriol, Laboratorie de Physiologie, Faculte de Medecine, Marseille,
France

M. Cross, Houlder Diving Research Facility, London, England

0. P. Daily, Naval Medical Research Institute, Bethesda, Maryland

S. Daniels, Oxford University, Oxford, England

J. M. Davies, Oxford University, Oxford, England

R. C. Dirks, University of Kansas, Lawrence, Kansas

D. E. Dodd, University of Kansas, Lawrence, Kansas

L. R. Dodd, School of Medicine, University of California, Davis, California
T. J. Doubt, State University of New York at Buffalo, Buffalo, New York
J. Doucet, SDR, Direction de Recherches d’Etudes Techniques, Paris, France
J. C. Duflot, G.I.S. Physiologie Hyperbare-C.N.R.S., Marseille, France

J. Durand, Faculte de Medecine, Universite Paris XI, C.C.M.L., Le Plessis-
Robinson, France

K. C. Eastaugh, Oxford University, Oxford, England

B. C. Eatock, Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada

P. O. Edel, 515 Chalmette St., Harvey, Louisiana

G. Egstrom, Performance Physiology Laboratory, University of California at
Los Angeles, Los Angeles, California



XViii CONTRIBUTORS

D. H. Elliott, Shell U.K. Ltd., London, England

L. Fagni, Universite d’Aix-Marseille I, ERA CNRS 272, Marseille, France
L. Fagraeus, Duke University Medical Center, Durham, North Carolina
M. D. Faiman, University of Kansas, Lawrence, Kansas

L. Fairbanks, School of Medicine, University of Minnesota-Duluth, Duluth,
Minnesota

L. E. Farhi, School of Medicine and Dentistry, State University of New York
at Buffalo, Buffalo, New York

J. C. Farmer, Jr., F. G. Hall Environmental Laboratory, Duke University
Medical Center, Durham, North Carolina

A. B. Fisher, University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania

M. A. Fisher, School of Medicine, University of Florida, Gainesville, Florida
V. Flook, Marischal College, University of Aberdeen, Aberdeen, Scotland
B. Fowler, York University, Downsview, Ontario, Canada

L. Frank, Pulmonary Toxicology Laboratory, V.A. Hospital, and the Calvin
and Flavia Oak Asthma Research Center; Pulmonary Division, University
of Miami School of Medicine, Miami, Florida

D. Frierson, Jr., Institute for Marine Biomedical Research, University of
North Carolina at Wilmington, Wilmington, North Carolina

H. D. Fust, Institut fur Flugmedizin, Deutsche Forschungs-und Versuchsan-
stalt fur Luft-und Raumfahrtimedizin, Bonn-Bad Godesberg, West Germany

H-J. Galla, Stanford University, Stanford, California

M. C. Gardette-Chauffour, G.I.S. Physiologie Hyperbare-C.N.R.S., Mar-
seille, France

M. P. Garrard, Admiralty Marine Technology Establishment (Physiological
Laboratory), Alverstoke, Gosport, Hants, England

J. Gething, The Associated Octel Company Ltd., London, England

H. W. Gillen, Institute of Marine Biomedical Research, University of North
Carolina at Wilmington, Wilmington, North Carolina

J. D. Gillmore, Naval Medical Research Institute, Bethesda, Maryland

P. Giry, Centre d’Etudes et de Recherches Biophysiologiques Appliquees a la
Marine, Toulon, France

J. M. Goldinger, State University of New York at Buffalo, Buffalo, New
York



CONTRIBUTORS Xix

S. M. GoSovi¢, Naval Medical Institute, Split, Yugoslavia
S. Granger, York University, Downsview, Ontario, Canada

R. M. Gray, Institute of Naval Medicine, Alverstoke, Gosport, Hants,
England

S. D. Gray, School of Medicine, University of California, Davis, California
A. R. Green, Radcliffe Infirmary, Oxford, England

C. Grimaud, G.1.S. Physiologie Hyperbare-C.N.R.S., Marseille, France
M. Haddaway, The London Hospital, London, England

A. C. Hall, Marischal College, University of Aberdeen, Aberdeen, Scotland
J. M. Hallenbeck, Naval Medical Research Institute, Bethesda, Maryland
M. J. Halsey, Clinical Research Centre, Harrow, Middlesex, England

R. de G. Hanson, Institute of Naval Medicine, Alverstoke, Gosport, Hants,
England

A. A. Harper, Marischal College, University of Aberdeen, Aberdeen, Scotland
K. Haya, University of Kansas, Lawrence, Kansas

P. A. Hayes, Admiralty Marine Technology Establishment (Physiological
Laboratory), Alverstoke, Gosport, Hants, England

F. G. Hempel, F.G. Hall Environmental Laboratory, Duke University Medi-
cal Center, Durham, North Carolina

C. M. Hesser, Karolinska Institutet, Stockholm, Sweden

B. A. Hills, University of Texas Medical Branch, Galveston, Texas, and
Medical School, University of Dundee, Dundee, Scotland

. M. Hogan, State University of New York at Buffalo, Buffalo, New York

P

L. D. Homer, Naval Medical Research Institute, Bethesda, Maryland

S. K. Hong, State University of New York at Buffalo, Buffalo, New York
T

. F. Huang, College of Medicine, National Taiwan University, Taipei, Tai-
wan, Republic of China

M. Hugon, Universite d’Aix-Marseille I, ERS CNRS 272, Marseille, France

R. Hyacinthe, Centre d’Etudes et de Recherches Biophysiologiques Appli-
quees a la Marine, Toulon, France

G. Imbert, G.1.S. Physiologie Hyperbare-C.N.R.S., Marseille, France
M. J. Jaeger, School of Medicine, University of Florida, Gainesville, Florida



XX CONTRIBUTORS

Y. Jammes, G.I.S. Physiologie Hyperbare-C.N.R.S., Marseille, France

P. Joanny, Laboratorie de Physiologie, Faculte et Medecine, Marseille,
France

F. F. Jobsis, Duke University Medical Center, Durham, North Carolina
S. W. Joseph, Naval Medical Research Institute, Bethesda, Maryland
B. S. Kang, State University of New York at Buffalo, Buffalo, New York

P. G. Kaufmann, F.G. Hall Environmental Laboratory, Duke University
Medical Center, Durham, North Carolina

J. J. Kendig, Stanford University School of Medicine, Stanford, California

D. Kerem, Faculty of Medicine, Technion-Israel Institute of Technology,
Haifa, Israel

K. E. Kisman, Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada

D. D. Koblin, San Francisco Medical Center, San Francisco, California
T. D. Kunkle, University of Hawaii, Honolulu, Hawaii

D. 1. Kurss, Hyperbaric Research Laboratory, State University of New York
at Buffalo, Buffalo, New York

S. Lahiri, University of Pennsylvania, Philadelphia, Pennsylvania

J. Le Chuiton, Commission d’Etudes Pratiques d’Intervention Sous la Mer,
Toulon, France

C. Lemaire, Centre d’Etudes Hyperbare, COMEX, Marseille, France

R. Levy, Naval Medical Research Institute, Bethesda, Maryland

B. D. Lia, School of Medicine, University of California, Davis, California
Y. C. Lin, School of Medicine, University of Hawaii, Honolulu, Hawaii
F. Lind, Karolinska Institutet, Stockholm, Sweden

R. G. Lister, Oxford University, Oxford, England

H. J. Little, Oxford University, Oxford, England

C. E. G. Lundgren, State University of New York at Buffalo, Buffalo, New
York

A. G. Macdonald, Marischal College, Aberdeen University, Aberdeen, Scotland

J. W. Macdonald, Catalina Marine Science Center, University of Southern
California, Avalon, California

e
0o



CONTRIBUTORS XXi
J. T. Mader, Marine Biomedical Institute and Shriners Burn Center, The Uni-
versity of Texas Medical Branch, Galveston, Texas

W. M. Mansfield, Jr., Institute of Marine Biomedical Research, University
of North Carolina at Wilmington, Wilmington, North Carolina

R. E. Marquis, School of Medicine and Dentistry, University of Rochester,
Rochester, New York

A. Marroni, Industrial Medicine Department, Saipem, Milan, Italy

D. Massaro, Pulmonary Toxicology Laboratory, V.A. Hospital, and the Cal-
vin and Flavia Oak Asthma Research Center; University of Miami School
of Medicine, Miami, Florida

G. Masurel, Centre d’Etudes etde Recherches Techniques Sous-Marines, Tou-
lon, France

M. M. Mathias, Colorado State University, Fort Collins, Colorado
M. Matsuda, Japan Marine Science and Technology Center, Yokosuka, Japan
N. Matsui, Nagoya University, Nagoya, Japan

R. D. McCall, Institute for Marine Biomedical Research, University of North
Carolina at Wilmington, Wilmington, North Carolina

H. McElroy, Naval Medical Research Institute, Bethesda, Maryland
A. E. McKee, Naval Medical Research Institute, Bethesda, Maryland

R. S. McKenzie, Admiralty Marine Technology Establishment (Physiological
Laboratory), Alverstoke, Gosport, Hants, England

D. McPherson, University of.Washington School of Medicine, Seattle,
Washington

S. Meisel, Technion-Israel Institute of Technology, Haifa, Israel
D. B. Millar, Naval Medical Research Institute, Bethesda, Maryland
J. M. Miller, University of Washington School of Medicine, Seattle, Washington

J. N. Miller, F. G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina

K. W, Miller, Harvard Medical School, Massachusetts General Hospital, Bos-
ton, Massachusetts

M. Monti, Commission d’Etudes Pratiques d’Intervention Sous la Mer, Tou-
lon, France

R. E. Moon, F.G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina



XXii CONTRIBUTORS

R. A. Morin, State University of New York at Buffalo, Buffalo, New York
J. B. Morrison, Simon Fraser University, Burnaby, British Columbia, Canada

A. F. Mott, Clinical Research Centre, Harrow, Middlesex, England

R. Myers, Maryland Institute for Emergency Medical Services, University of
Maryland, Baltimore, Maryland

H. Nakayama, Japan Marine Science and Technology Center, Yokosuka,
Japan

R. Naquet, Laboratorie de Physiologie Nerveuse-C.N.R.S., Gif-Sur-Yvette,
France

N. Naraki, G.I.S. Physiologie Hyperbare-C.N.R.S., Marseille, France
H. F. Nicodemus, Naval Medical Research Institute, Bethesda, Maryland

R. Y. Nishi, Defence and Civil Institute of Environmental Medicine, Downs-
view, Ontario, Canada

R. J. Nolan, University of Kansas, Lawrence, Kansas

T. Obrénovitch, Centre d’Etudes et de Recherches Biophysiologiques Appli-
quees a la Marine, Toulon, France

Y. Ohta, Tokai University School of Medicine, Bohseidai, Isehara, Japan

C. V. Paganelli, State University of New York at Buffalo, Buffalo, New
York

J. Parc, Commission d’Etudes Pratiques d’Intervention Sous la Mer, (Presi-
dent Capt. Salmon Legagneur), Toulon, France

W. M. Park, The Robert Jones and Agnes Hunt Orthopaedic Hospital, Os-
westry, Salop, England

Y. S. Park, Yonsei University, Seoul, Korea

J. L. Parmentier, F.G. Hall Environmental Laboratory, Duke University
Medical Center, Durham, North Carolina

A. J. Pasche, Norwegian Underwater Institute, Bergen, Norway
W. D. M. Paton, Oxford University, Oxford, England

C. T. Peng, College of Medicine, National Taiwan University, Taipei, Tai-
wan, Republic of China

A. J. R. Péqueux, University of Liege, Laboratory of Animal Physiology,
Liege, Belgium

A. A. Pilmanis, Catalina Marine Science Center, University of Southern Cali-
fornia, Avalon, California



CONTRIBUTORS xxiii

J. Pooley, Royal Victoria Infirmary, Newcastle-upon-Tyne, England
W. Potter, University of Washington School of Medicine, Seattle, Washington

M. R. Powell, Institut fur Flugmedizin, Deutsche Forschungs-und Versuch-
sanstalt fur Luft-und Raumfahrtimedizin, Bonn-Bad Godesberg, West
Germany

R. S. Pozos, School of Medicine, University of Minnesota-Duluth, Duluth,
Minnesota

M. W. Radomski, Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada

A. L. Radovié, Institute of Aviation Medicine, Zemun, Yugoslavia

J. Raynaud, Faculte de Medecine, Universite Paris XI C.C.M.L., Le Plessis-
Robinson, France

K. D. Reimann, Sandberg 3, 2203 Gettorf, West Germany
E. M. Renkin, School of Medicine, University of California, Davis, California
F. Bowser Riley, Oxford University, Oxford, England

J. Roby, F.G. Hall Environmental Laboratory, Duke University Medical Cen-
ter, Durham, North Carolina

L. Rodriguez, Beth Israel Medical Center and Mount Sinai School of Medi-
cine of the City University of New York, New York, New York

J. C. Rostain, G.I.S. Physiologie Hyperbare-C.N.R.S., Marseille, France

A. Saliou, Laboratoire de Physiologie, Faculte de Medecine de Brest, Brest,
France

H. A. Saltzman, F.G. Hall Environmental Laboratory, Duke University Med-
ical Center, Durham, North Carolina

J. V. Salzano, F.G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina

J. F. Sauter, Harvard Medical School, Massachusetts General Hospital, Bos-
ton, Massachusetts

C. L. Schatte, Colorado State University, Fort Collins, Colorado

R. J. Seidler, Oregon State University, Corvallis, Oregon

K. Seki, Japan Marine Science and Technology Center, Yokosuka, Japan
S. G. Shaw, Oxford University, Oxford, England

K. Shiraki, University of Occupational and Environmental Health, Kitakyu-
shu, Japan



XXiv CONTRIBUTORS

B. B. Shrivastav, F.G. Hall Environmental Laboratory, Duke University
Medical Center, Durham, North Carolina

A. K. Singh, Simon Fraser University, Burnaby, British Columbia, Canada

E. B. Smith, Oxford University, Oxford, England

R. M. Smith, University of Hawaii at Manoa, Honolulu, Hawaii

C. C. Spicer, Clinical Research Centre, Harrow, Middlesex, England

M. J. Stock, St. George’s Hospital Medical School, London, England

B. W. Stolp, F.G. Hall Environmental Laboratory, Duke University Medical
Center, Durham, North Carolina

Y. Talmon, Technion-Israel Institute of Technology, Haifa, Israel
S. Tamaya, Tokai University School of Medicine, Bosheidai, Isehara, Japan

S. R. Thom, School of Medicine and Dentistry, University of Rochester,
Rochester, New York

J. R. Trudell, Stanford University, Stanford, California

H. D. Van Liew, State University of New York at Buffalo, Buffalo, New
York

P. Varéne, U.E.R. de Biologie et de Physiopathologie des Facteurs d’ Ambiance,
Universite de Bordeaux 11, Bordeaux, France

J. M. Waechter, University of Kansas, Lawrence, Kansas
D. N. Walder, Royal Victoria Infirmary, Newcastle-upon-Tyne, England

P. Wankowicz, Harvard Medical School, Massachusetts General Hospital,
Boston, Massachusetts

K. T. Wann, Marischal College, University of Aberdeen, Aberdeen, Scotland
B. Wardley-Smith, Clinical Research Centre, Harrow, Middlesex, England
L. P. Watson, Naval Medical Research Institute, Bethesda, Maryland

W. J. Watson, Defence and Civil Institute of Environmental Medicine,
Downsview, Ontario, Canada

C. R. Weatherley, The Robert Jones and Agnes Hunt Orthopaedic Hospital,
Oswestry, Salop, England

P. K. Weathersby, Naval Medical Research Institute, Bethesda, Maryland
P. Webb, Webb Associates, Yellow Springs, Ohio
S. Wilcock, University of Aberdeen, Aberdeen, Scotland



CONTRIBUTORS XXV
M. M. Winsborough, Admiralty Marine Technology Establishment (Physio-
logical Laboratory), Alverstoke, Gosport, Hants, England

L. E. Wittmers, Jr., School of Medicine, University of Minnesota-Duluth,
Duluth, Minnesota

R. T. Wloch, Clinical Research Centre, Harrow, Middlesex, England
C. M. Yeung, University of Hawaii, Honolulu, Hawaii
D. E. Yount, University of Hawaii, Honolulu, Hawaii

D. Zannini, Institute of Occupational Medicine, University of Genoa, Genoa,
Italy

J. A. Zempel, University of Kansas, Lawrence, Kansas



PREFACE

Underwater Physiology VII represents the seventh in a continuing series
of Symposia initiated 27 years ago by the University of Pennsylvania and the
Office of Naval Research. This volume was sponsored by the University of
Pennsylvania, the Undersea Medical Society, Inc., the U.S. Office of Naval
Research, and the U.S. National Oceanic and Atmospheric Administration. At
the request of the sponsors, the Undersea Medical Society assumed the respon-
sibility for planning and publication of the Seventh Symposium, with the as-
sistance of the Underwater Symposium Governing Board.

Previously published symposia in this series include (sponsored by the University of Pennsylvania and
the Office of Naval Research): Proceedings of the Underwater Physiology Symposium, National Academy of
Sciences—National Research Council, Washington, D.C., 1955; Proceedings of the Second Symposium on
Underwater Physiology, National Academy of Sciences—National Research Council, Washington, D.C.,
1963; Underwater Physiology: Proceedings of the Third Symposium on Underwater Physiology, Williams &
Wilkins, Baltimore, Maryland, 1966; Underwater Physiology: Proceedings of the Fourth Symposium on Un-
derwater Physiology, Academic Press, New York, 1971. Sponsorship of the Fourth Symposium was joined
by the National Oceanic and Atmospheric Administration and the Undersea Medical Society. Underwater
Physiology V: Proceedings of the Fifth Symposium on Underwater Physiology, Federation of American So-
cieties for Experimental Biology, Bethesda, Maryland, 1976, and Underwater Physiology VI, Proceedings of
the Sixth Symposium on Underwater Physiology, Federation of American Societies for Experimental Biol-
ogy, Bethesda, Maryland, 1978, were sponsored by the University of Pennsylvania, the Office of Naval
Research, the Undersea Medical Society, and the National Oceanic and Atmospheric Administration. The
publication of the Proceedings of the Sixth Symposium represented the transfer of direct responsibility for
the series from the University of Pennsylvania to the Undersea Medical Society.
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FOREWORD

The current volume in the series of Underwater Physiology Symposia
over the years since the first in 1955 represents a microcosm not only of the
development of underwater physiology over the past 25 years but the develop-
ment of a science as well. As any science develops, the beginnings are in pre-
cise observation in which determining the presence and magnitude of an event
form an early stage, followed by hypothesis testing and theory development in
which various explanations of causes and correlations of events are explored.
As the science matures it is inevitable that the event carefully described needs
further analysis in terms of basic mechanisms. This, indeed, has happened in
underwater physiology.

To take as an example a field in which I have a personal interest—the
high pressure nervous syndrome (HPNS)—I believe we see a representation of
such a progression, going from reports in the 1960’s of observed tremor in
chamber dives, through quantification of HPNS symptoms such as tremor, to a
growing emphasis on molecular and cellular effects of high pressure and mem-
brane activity—basic mechanism approaches strongly represented in the cur-
rent Symposium. The development is reflected in many areas and represents, I
believe, a trend in maturing that will provide invaluable information in the
near future for fuller comprehension of the niceties of underwater physiology
and for support of diving operations. The papers on health hazards incorpo-
rated into this volume from the section of the Symposium sponsored by the
European Undersea Biomedical Society represent an important orchestration of
the talents of the basic science of physiology and the application of these tal-
ents to an operation world.

For the Governing Board, I would like to express sincere gratitude to the
participants in the Symposium, to C. J. Lambertsen for his direction of the
excellent symposia that led to the current one, to Dr. C. W. Shilling for his
warm support and preparation of the excellent Subject Index for this volume,
to Barbara Nichols and John Rice for their fine management of the meetings,
and to members of the government of Greece and the Greek scientific commu-
nity for their superb hospitality.

Arthur J. Bachrach
Chairman, Seventh Symposium on
Underwater Physiology

XXiX



ACKNOWLEDGMENTS

The editors of this seventh volume in the underwater physiology series
thank all who graciously shared their expertise in the preparation of this vol-
ume, in particular CAPT M. E. Bradley, MC, USN; CAPT E. T. Flynn, MC,
USN; CAPT J. Vorosmarti, Jr., MC, USN; LCDR P. K. Weathersby, MSC,
USN; Drs. L. D. Homer, E. H. Matzen, D. B. Millar, and T. Obrénovitch.
Others who contributed valued assistance were Dr. J. J. Ryan, LCDR L. J.
Yaffe, MC, USN, LT R. N. Hawkins, MSC, USN, and HMC B. R. Bender, USN.

XXXi



Part I

OXYGEN TOXICITY



CURRENT CONCEPTS OF OXYGEN TOXICITY

J. M. Clark

Soon after Priestley isolated oxygen, he suspected its toxic potential (1).
Near the end of the nineteenth century, the universal nature of oxygen poison-
ing was firmly established by the imaginative and comprehensive studies of
Paul Bert (2). J. Lorrain Smith (3) described the gross pathological manifesta-
tions of pulmonary oxygen poisoning. Early reviews by Bean (4) and Stadie,
Riggs, and Haugaard (5) summarized the results obtained over the next 50
years. Concurrent series of experiments by Dickens (6) at the National Insti-
tute for Medical Research in London and Stadie, Riggs, and Haugaard (7,8) at
the University of Pennsylvania demonstrated multiple biochemical manifesta-
tions of oxygen poisoning. At about the same time, stimulated by operational
requirements arising from underwater use of oxygen for military purposes in
World War II, Donald (9) in the Royal Navy and Behnke et al. (10) in the
United States Navy studied the signs and symptoms of central nervous system
oxygen poisoning in man. Soon after World War II, Lambertsen, at the Insti-
tute for Environmental Medicine, initiated a broad program of basic and ap-
plied studies of hyperoxic effects that has continued without interruption until
the present (11,12). As interest in the problems of oxygen toxicity has ex-
panded over the past several years, these early workers have been joined by
many additional investigators in laboratories throughout the United States and
in other countries.

Although this review emphasizes recent contributions to the understanding
of hyperoxia, awareness of the foundations of this research area is required to
place the newer findings into proper perspective. In many cases recent experi-
mental evidence has confirmed the insights of previous investigators. Much re-
mains to be learned, and progress will occur most rapidly if interrelationships
between the early foundations and recent work in several different laboratories
are fully appreciated.

3



4 J. M. Clark

At the outset it is important to restate (12,13) that oxygen is a universal
poison: at sufficient pressure and exposure duration, hyperoxia will ultimately
have toxic effects on every organ, tissue, and individual cell throughout the
body. Despite its toxic properties, hyperoxia has many operational and thera-
peutic applications which make exploitation and expansion of its usefulness
both desirable and practical. Achieving this goal requires understanding and
extension of cellular antioxidant defense mechanisms that have evolved over
centuries of adaptation to the earth’s atmospheric oxygen tension (14). Be-
cause these mechanisms are universal and vital, their functional roles are
among the most basic of all biological processes.

BIOCHEMICAL MANIFESTATIONS OF NEUROLOGIC OXYGEN
POISONING

Numerous biochemical effects of hyperoxia have been demonstrated in
vitro and proposed as mechanisms for the development of neurologic oxygen
poisoning in intact animals and man. The proposed mechanisms include: inac-
tivation of critical enzymes by oxidation of essential sulfhydryl groups (15);
formation of active free radicals (16); inhibition of pyridine nucleotide reduc-
tion (17); and lipid peroxide formation (18).

Some of these effects, such as sulfhydryl oxidation (19) and inhibition of
pyridine nucleotide reduction (17), have also been shown in vivo, yet the pre-
cise biochemical events that lead first to convulsions and ultimately to neural
damage and death have not been explained. A major problem with most of the
previous in vitro work is that known effects of oxygen toxicity occurred only
after longer exposures to higher levels of hyperoxia than those required to
cause convulsions in intact animals (20). However, the development of new
experimental methods affords hope that former discrepancies between in vivo
and in vitro results can be reduced, if not eliminated, and promises to provide

.new data for critical reappraisal of current proposed mechanisms of neurologic
oxygen poisoning.

Metabolic Effects on Susceptibility to Oxygen Poisoning

In recent work with rat brain slices, Kovachich (21) found that an in-
creased rate of glucose metabolism in brain tissue is accompanied by a parallel
increase in susceptibility to oxygen poisoning (Fig. 1). These concurrrent ef-
fects are produced by a variety of conditions including an increased potassium
concentration in the incubation medium, addition of the depolarizing agent ver-
atridine to the medium, uncoupling oxidative phosphorylation by addition of
dinitrophenol (DNP), and omission of calcium ions from the medium. Each of
these conditions increases the respiratory rate of brain tissues, thereby making
it more sensitive to oxygen toxicity. The fact that all four conditions do not act
by the same mechanism lends support to the conclusion that metabolic stimula-
tion is the common link that augments susceptibility to oxygen poisoning (21).
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Fig. 1. Effects of increased glucose metabolism on susceptibility of rat brain cortical slices to oxygen
poisoning in vitro. Each point represents the mean of 5 to 7 experiments. All slices were incubated for 1h at
37°C in Krebs-Ringer phosphate medium with the indicated changes, except for one group maintained at 32°C.
The data show that an increased rate of “CO, production at 1 ATA of O, is correlated with enhanced susceptibility
to oxygen poisoning. [From Kovachich (21)]

Two possible mechanisms have been suggested for the effect of increased
metabolic rate on sensitivity to oxygen toxicity (22). One is that enhanced free
radical formation generated by increased electron transport may, in the pres-
ence of hyperoxia, promote the formation of highly reactive molecular species.
Another more speculative possibility is that increased metabolic activity may
alter the configurations of cellular membranes to make them more vulnerable
to oxidizing free radicals.

A similar link between susceptibility to oxygen poisoning and metabolic
rate was established in intact animals many years ago. Poikilotherms, which
are normally relatively resistant to oxygen toxicity, become less resistant when
they are warmed (23). Alterations in metabolic rate produced by hibernation
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and hypothermia (24), anesthesia (25), and changes in thyroid activity (26) are
accompanied by parallel shifts in sensitivity to hyperoxic exposure. It is also
possible that the enhanced susceptibility to oxygen convulsions observed in ex-
ercising men (27) may be attributed to increased neural activity.

Comparison of Oxygen Pressure-Exposure Duration Relationships In Vivo
and In Vitro

The relationship between oxygen pressure and exposure duration for many
toxic manifestations of oxygen poisoning is a rectangular hyperbola (28). Pool-
ing data from several laboratories, Dickens (20) was one of the first investiga-
tors to show this relationship for neurological symptoms in intact animals and
man. Using in vitro measurements from three different laboratories, Dickens
showed a similar pressure-duration relationship for 50% depression of oxygen
uptake in rat brain slices. However, comparison of the linear forms of these
relationships on log-log coordinates revealed that they had different slopes and
that more severe oxygen pressure-exposure duration combinations were re-
quired for in vitro depression of glucose metabolism than for neurologic symp-
toms in vivo (Fig. 2).

Dickens’ early in vitro work was obtained with brain slices incubated in
normal Krebs-Ringer phosphate medium. It is now known that such media
maintains brain tissue in a resting state with an oxygen uptake about half that
measured in the intact brain (22). When the metabolic rate of brain slices in
vitro is stimulated to approach or equal that found in vivo, the pressure-dura-
tion relationship for hyperoxic inhibition of tissue respiration approximates the
in vivo relationship more closely, both with respect to susceptibility and the
slope of the curve (Fig. 2). Although differences in experimental conditions
and methods invalidate direct comparisons of these curves, it appears that dis-
crepancies between in vivo and in vitro results can be reduced or eliminated by
more accurate in vitro simulations of in vivo states.

Biochemical Effects of Oxygen Poisoning in Vivo

Chance et al. (17) were the first to measure in vivo biochemical effects of
hyperoxic exposure before the onset of convulsions. Using a fluorometric tech-
nique, these investigators observed the oxidation of pyridine nucleotides in the
brain, liver, and kidney of anesthetized rats breathing oxygen at high pressure.
Mayevsky et al. (29) later used a similar method in conjunction with chroni-
cally implanted light guides (30) to perform surface fluorometry of the brain
cortex in awake rats exposed to oxygen with simultaneous electroencephalo-
graphic recording. Compared to the time course of events observed at 6 ATA
with oxygen alone, the occurrence of pyridine nucleotide oxidation was has-
tened by addition of 1.5% CO, to the gas mixture and delayed by pretreatment
with succinate. In all three conditions, pyridine nucleotide oxidation was corre-
lated with and preceded seizure activity.
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Fig. 2. Oxygen pressure-exposure duration relationships for in vivo and in vitro manifestations of oxygen
poisoning. The dashed line on the left (log T = 3-2.6 log P) represents the oxygen pressure-exposure duration
relationships for neurologic symptoms in intact animals and man. The dashed line on the right (log T = 2.56-
0.77 log P) represents the cotresponding relationship for 50% depression of oxygen uptake in rat brain slices
incubated in normal Krebs-Ringer phosphate medium. The solid lines represent pressure-duration relationships
for 25% decrements in “CO, production in rat brain slices incubated in media with increased potassium
concentration (K,,) or with added veratridine (V). As metabolic activity of the brain slices is progressively
stimulated, the in vitro sensitivity to oxygen poisoning approaches that found in vivo. Dashed lines are from
data summaries by Dickens (20). Solid lines are from data of Kovachich and Haugaard (22). Adapted by
Kovachich and Haugaard (22) from a concept first used by Dickens (20).
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Current Status of the Gamma-Aminobutyric Acid Hypothesis

Prominent alterations in the metabolism of gamma-aminobutyric acid
(GABA) during exposure to hyperoxia have been established beyond reasona-
ble doubt. Supporting evidence has been summarized by Wood (31):

1) In animals exposed to convulsive oxygen pressures, the decrement in
brain GABA concentration starts before the onset of convulsions, is correlated
with severity of convulsion, and is reversible upon return to normoxia (32).

2) Rate of decrease in GABA level is correlated with susceptibility to ox-
ygen seizures in different animal species (33), with exposures of the same spe-
cies to different oxygen pressures (34), and with exposures to different in-
spired CO, concentrations at the same oxygen pressure (34).

3) The oxygen pressure threshold for decreasing brain GABA level is
about 3 ATA, which is also near the lower limit for induction of oxygen sei-
zures (34).

4) Intraperitoneal administration of GABA before hyperoxic exposure de-
lays or prevents convulsions (35).

Nevertheless, a direct cause and effect relationship between decrement in
brain GABA concentration and induction of oxygen seizures has not been es-
tablished. Changes in GABA levels are not always correlated with appropriate
changes in convulsion times. Disulfiram delays the onset of seizures while al-
lowing the decrease in GABA content to occur (36,37). Although either
amino-oxyacetic or hydrazino-propionic acid interfere with GABA metabolism
and elevate brain GABA levels, these agents hasten the onset of convulsions
and increase their frequency and severity (36).

It is possible that hyperoxic effects on brain GABA metabolism may par-
allel the development of oxygen seizures without a direct causal relationship
(22). Radomski and Watson (38) have suggested that these effects may be re-
lated to hyperoxic alterations in ionic gradients. There is evidence that oxygen
toxicity inactivates membrane transport systems in the brain cortical slices of
guinea pigs (39) and in the isolated toad bladder (40). Similar membrane ef-
fects in fat cell and red blood cell suspensions are described elsewhere in this
volume (41). Membrane transport inactivation in brain cells could lead to ex-
tracellular accumulations of potassium and glutamate, a GABA precursor (22).
Both effects could increase neuronal excitability because potassium is a depo-
larizing agent and glutamate is thought to be an excitatory neurotransmitter
(22). Banister and Singh (42) have proposed central roles for ammonia and
glutamate in a complex chain of events that ultimately precipitates convul-
sions. Although none of these potential mechanisms precludes brain GABA re-
duction as a contributing factor, it now appears unlikely that it is the dominant
mechanism for the production of hyperoxic seizures.

Correlation of Convulsion Incidence and Inactivation of Cerebral Cortical
NaK-ATPase in Rats Exposed to O, at 4 ATA

Kovachich et al. (43) recently found that the activity of membrane-bound
NaK-ATPase in the cerebral cortex of rats exposed to O, at 4 ATA is signifi-
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cantly depressed at least 90 min before the onset of seizures. As stated above,
inactivation of membrane transport systems could increase neuronal excitability
and, ultimately, precipitate convulsions. Furthermore, there is preliminary evi-
dence that modification of susceptibility to hyperoxic seizures is accompanied
by parallel shifts in rate of inactivation of cortical NaK-ATPase (Fig. 3). Ele-
vation of the inspired Pco, to 60 Torr in rats exposed to O, at 4 ATA greatly
hastens the onset of convulsions and is accompanied by an earlier onset and
increased magnitude of NaK-ATPase inactivation. Prior adaptation to the same
Pico, level for 5 days delays the onset of convulsions in rats exposed to hyper-
oxia with superimposed hypercapnia and also ameliorates the associated
depression of NaK-ATPase activity (Fig. 3). These results can be largely or
completely explained by cerebral vasodilation with gross increase of brain oxy-
gen pressure in acute hypercapnia (44) and by partial reversal of this response
following an adaptation to chronic hypercapnia (45).

CELLULAR MANIFESTATIONS OF PULMONARY OXYGEN
POISONING

Early studies of pulmonary oxygen poisoning emphasized description of
the pathologic changes found in the lungs of animals fatally exposed to hyper-
oxia (4). Later it became clear that these changes could be grouped into acute
exudative and subacute proliferative categories on the basis of their nature and
sequence of appearance (13). It is now known that many of the anatomical
alterations associated with oxygen poisoning, particularly those in the prolifer-
ative category, are adaptive responses that delay or compensate for the pro-
gressive deterioration of pulmonary function caused by oxygen toxicity.

The anatomical adaptations are accompanied by biochemical defense
mechanisms that appear to play an even greater role in the prevention or amel-
joration of oxidant damage to the lung. Identification of these biochemical ad-
aptations and their association with increased oxygen tolerance have been areas
of significant recent progress (46). In fact, it now appears that more is known
about antioxidant defenses than about the specific forms of oxidant damage by
which they are activated.

Hyperoxic Effects on Specific Lung Cell Types

Anatomical effects. Stereologic and morphologic studies of pulmonary ox-
ygen poisoning in rats (47) and monkeys (48) have demonstrated a characteris-
tic progression of toxic effects in different cell types. In the rat, the first indi-
cation of cellular damage is occasional early destruction of capillary endothelia
cells after 48 h of exposure to oxygen at 1 ATA. At 72 h, endothelial cells are
extensively destroyed and completely absent in some places. At the same time
alveolar epithelial cells show hyperplasia, but are little changed morphologically.

A similar sequence of cellular morphologic changes occurs in the monkey
over a much longer time course (Fig. 4) (48). At 2 days of exposure capillary
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(P'oo, 60 Torr). Symbols for each of the four groups are shown on the graph. Each data point on the upper half
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on the lower half are averages of NaK-ATPase activity in cortical slices removed from 4 to 6 rats after exposure
to the conditions indicated by the symbol for durations shown on the graph. The brackets represent one standard
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rats on the same day. The control point on the graph is an overall average of the individual controls. The curve
was drawn by eye through the data for rats exposed to 100% O,. The three points shown on the lower half for
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incidence curves shown above. Data shown in the bottom of the figure are after Kovachich et al. (43) and
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Fig. 4. Effect of pulmonary oxygen poisoning on the alveolar-capillary tissue barrier in the monkey. Points
on the graph represent average morphometric measurements obtained in monkeys exposed to 0.98-0.99 ATA
of O, for 2, 4, 7, and 12 days. The stippled areas indicate the relative proportions of Types I and II alveolar
epithelial cells (membranous and granular pneumocytes, respectively). N indicates the number of monkeys
included in each average. Estimated resistance to diffusion was roughly proportional to the total thickness of
the alveolar-capillary tissue barrier. [After Kapanci et al. (48)]

endothelial cells are slightly swollen and show cytoplasmic changes. At 4 days
of exposure the most striking effect is almost total destruction of alveolar epi-
thelial Type I cells. At 7 and 12 days of exposure-there is massive hyperplasia
of epithelial Type II cells to more than 20 times the control volume. Concur-
rent progressive endothelial damage is manifested initially by increased swell-
ing and later by destruction of endothelial cells with loss of endothelial
volume.

Biochemical effects. Recent biochemical studies are consistent with an
early effect of oxygen toxicity on pulmonary capillary endothelial cells. It is
known that mammalian lungs remove serotonin from the pulmonary circula-
tion, and the capillary endothelial cell has been identified as the site of uptake
(49). It is also likely that endothelial cell uptake of serotonin is a carrier-me-
diated, active-transport process (49). In view of these observations, it is inter-
esting that serotonin clearance in lungs removed from rats exposed to 1 ATA
O, for 4, 12, 18, and 48 h is depressed by 5, 12, 20, and 35%, respectively
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(50). Serotonin clearance is decreased by 30% in lungs from rats exposed to 4
ATA O, for 1 h, and the reversibility of this change is shown by the finding of

only a 10% decrement following a 3-h recovery period in room air (51).
Mechanisms of Pulmonary Oxygen Poisoning

During exposure to convulsive oxygen pressures, toxic effects on lung en-
zymes and metabolism are accompanied by additional pathological changes in-
duced by indirect mechanisms acting through hypophyseal-adrenocortical and
sympatho-adrenomedullary pathways (13). However, this should not be inter-
preted as an indication that direct toxic effects of oxygen do not play a pri-
mary and prominent role. After differential catheterization of the two main
bronchi, much more severe pathology is produced in the hyperoxic lung (13)
by prolonged exposure of one lung to hyperoxia while the other remains nor-
moxic. Extrapulmonary manifestations of oxygen poisoning in dogs exposed to
oxygen at 2.0 to 2.5 ATA can be essentially eliminated by surgical production
of a sufficiently large intrapulmonary shunt (52). Although such animals have
a prolonged survival time, they ultimately die of pulmonary oxygen poisoning.

Mechanisms of direct oxidant damage. With general acceptance that hy-
peroxia has direct toxic effects on the lung, increased attention has been di-
rected in recent years to determination of how these effects occur. Generation
of toxic free radicals as an initial event was first proposed by Gerschman (16).
It is now known that superoxide anions are produced normally during cellular
metabolism, and their rate of generation in at least some reactions appears to
be augmented by increased Po, (53). Other toxic species that may also be pro-
duced include hydogen peroxide, hydroperoxy and hydroxyl radicals, and sin-
glet oxygen (53). Damage to cellular membranes may occur by lipid peroxida-
tion (18), and enzymes may be inactivated by oxidation of essential sulthydryl
groups (15). Progressive lipid peroxidation and enzyme inactivation can be
propagated by chain reactions that involve alternate formation of lipid perox-
ides and lipid free radicals.

Antioxidant Defense Mechanisms in the Lung

Superoxide dismutase. Discovery of the enzyme superoxide dismutase
(54) and partial definition during the past decade of its biological role in re-
moval of superoxide radicals made a major contribution to understanding cel-
lular mechanisms of antioxidant defense. Recently, Fridovich (55) summarized
multiple lines of evidence that indicate superoxide dismutase is an important
cellular defense against oxygen toxicity. Increased lung concentrations of su-
peroxide dismutase also have been associated with several conditions that aug-
ment pulmonary oxygen tolerance, to be described in the next paragraph.

Enhanced pulmonary oxygen tolerance by prior hyperoxic exposure. Sur-
vival time of rats exposed to oxygen at 1 ATA can be increased from 3 to 4
days to several weeks by prior adaptation to slightly lower levels of hyperoxia
(13). This increased tolerance is associated with a significant increase in total
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superoxide dismutase activity (56). Furthermore, both the rate of increase in
oxygen tolerance during adaptation and its rate of decrement following the
adaptive period are correlated with parallel changes in pulmonary superoxide
dismutase activity (56). Adaptation of the rat lung to hyperoxia is accompanied
by mitochondrial changes in alveolar Type II cells (57) with no ultrastructural
alterations in alveolar Type I or endothelial cells (58). Although proliferation
and hypertrophy of alveolar Type II cells occurred in rats exposed to 0.85
ATA O, for 5 days, their total change in mass did not appear sufficient to
account for associated increments in lung contents of superoxide dismutase,
glucose-6-phosphate dehydrogenase, and catalase without intracellular induc-
tion of enzyme activity (59,60). This discrepancy has been partly explained by
the demonstration that alveolar Type II cells isolated from hyperoxia-adapted
rats have a significant increment in mitochondrial superoxide dismutase activity
per unit mass (61). Activities of cytosolic superoxide dismutase, glucose-6-
phosphate dehydrogenase, and catalase were not significantly changed.

Age differences in antioxidant defenses. The well established resistance of
immature animals to pulmonary oxygen poisoning (13) is also associated with
differences in antioxidant defenses between neonatal and adult animals (62).
During exposure to 0.95-1.0 ATA O,, survival times of adult rats, mice, and
rabbits ranged from about 3 to 5 days, while almost all the neonates of the
same species were still alive when the exposure was ended at 7 days. In ani-
mals exposed to hyperoxia for only 1 day, whole lung enzyme activities of
superoxide dismutase, catalase, and glutathione peroxidase were significantly
increased in the neonates, but not in adults. Neonatal guinea pigs and hamsters
did not show a lung antioxidant enzyme response to hyperoxia, and their sus-
ceptibility to pulmonary oxygen poisoning was also identical to that of adults.

Effects of bacterial endotoxin on antioxidant defenses. Inadvertent admini-
stration of bacterial endotoxin to adult rats before hyperoxic exposure led to
the interesting observation that pulmonary oxygen tolerance is greatly in-
creased in these animals (63). The protection afforded by small doses of endo-
toxin was later linked to marked stimulation of activities of lung antioxidant
enzymes such as superoxide dismutase, catalase, and glutathione peroxidase
(63,64). Pleural fluid accumulation and histological changes associated with
pulmonary oxygen poisoning were greatly decreased in endotoxin-treated rats
(64). A more detailed description of endotoxin effects on oxygen tolerance and
antioxidant defense systems is given elsewhere in this volume (65).

Activation of the pentose shunt. The pentose pathway for glucose oxida-
tion is an important antioxidant defense system because it provides reduced
nicotinamide adenine dinucleotide phosphate that in turn replenishes the supply
of reduced glutathione and may also be used in the synthesis and repair of
damaged cell components (66). Total lung content of glucose-6-phosphate-de-
hydrogenase, the rate-limiting enzyme of the pentose pathway, is increased in
rats adapted to hyperoxia (59,67). A significant increase in pentose cycle ac-
tivity has also been demonstrated in isolated perfused rat lungs ventilated with
O, at 5 ATA (68).

Oxidant-antioxidant interactions in the lung. As stated, it is likely that
superoxide anions and other toxic species are produced in the lung even at a
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normal inspired Po, and that their rates of formation are increased during ex-
posure to hyperoxia. Thus, the interaction between rate of generation of toxic
species and the overall capacity of lung antioxidant defenses to remove them
or to repair the damage caused by them determines the rate of development of
overt manifestations of oxygen poisoning. Some of the probable oxidant-an-
tioxidant interactions are shown in Fig. 5. The number and complexity of
these interactions provide many potential sites and mechanisms for influencing
both the nature and the severity of toxic effects.

OXYGEN TOLERANCE IN MAN
Over the range of oxygen pressures that are now used most extensively in

diving operations, decompression, and in many therapeutic applications, pul-
monary oxygen poisoning is the most limiting effect of oxygen toxicity.
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Fig. 5. Oxidant-antioxidant interactions in the lung. Represented are possible metabolic events induced by
elevation of inspired Po,. The sequence is initiated by enhanced generation of superoxide anion, H,0,, and
possibly other active species such as singlet oxygen and hydroxyl radicals to form a pool of tissue oxidants.
These oxidants may damage cell membranes and intracellular enyzmes by oxidizing tissue proteins and lipids.
The tissue oxidant pool is diminished and free-radical chain reactions are stopped by interactions of quenchers
with active species and oxidized tissue components. Superoxide anions can be removed specifically by superoxide
dismutase (SOD). Damaged tissues may also be repaired by reduction of oxidized components by glutathione
(GSH) to form oxidized glutathione (GSSG). Regeneration of GSH from GSSG may be accomplished by
interaction with reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is, in turn, restored
by action of the pentose shunt pathway of glucose metabolism. Extent of lung damage may be determined by
the net result of opposing radical-producing and radical-quenching actions with concurrent interactions between
tissue-damaging and tissue-repairing processes. [After Fisher et al. (53)]
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Awareness of this fact more than 10 years ago stimulated the initial develop-
ment of pulmonary oxygen tolerance curves for man (13,69) and the related
derivation of a system for calculating the pulmonary toxic dose for any expo-
sure to hyperoxia (70,71). Although the unit pulmonary toxic dose (UPTD)
concept is now used widely to provide guidelines for safe hyperoxic exposure
in commercial and military diving operations, calculated UPTD totals do not
always correlate with observed changes in vital capacity (72,73). Therefore, it
is appropriate to review here the current status of the UPTD system, its uses,
and its limitations.

Vital Capacity Decrement as an Index of Pulmonary Oxygen Poisoning

During the series of exposures that provided the experimental basis for
pulmonary oxygen tolerance curves (74-76), many pulmonary function meas-
ures were evaluated as indices of oxygen poisoning in normal men who
breathed oxygen continuously at 2 ATA (Table I). At a time when there were
obvious subjective and objective manifestations of pulmonary oxygen poison-
ing, the measures in Table IA were significantly altered, while those in Table
IB were not. Decrease in vital capacity was selected as the best available
means to monitor the development of pulmonary oxygen poisoning in groups
of men. Vital capacity could be measured quickly and reprodumbly in trained
subjects and it decreased progressively throughout the oXygen exposure in as-
sociation with increasing severlty of symptoms (Fig. 6). Furthermore, the fact
that it had been measured in several previous studies of oxygen poisoning at
lower pressures provided valuable data for description of pulmonary oxygen
tolerance in man over a wide range of oxygen pressures. Although other meas-
ures of pulmonary function were also changed significantly (Table IA), none
fulfilled all of the above criteria as well as decrease in vital capacity.

TABLE 1

Indices of Pulmonary Oxygen Poisoning In Man

Vital Capacity A
Inspiratory Capacity

Expiratory Reserve Volume

Functional Residual Capacity

Inspiratory Flow Rate

Lung Compliance

Carbon Monoxide Diffusing Capacity

Respiratory Rate

Residual Volume B
Expiratory Flow Rate

Airway Resistance

Alveolar-Arterial Oxygen Difference

A. Statistically significant change. B. Not significantly changed.
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Applications and Limitations of the UPTD System

The UPTD system is a method devised at the Institute for Environmental
Medicine for expressing any pulmonary toxic dose of oxygen in terms of an
equivalent duration of exposure to 1 ATA O, (70,71). The system incorporates
the known acceleration of oxygen poisoning as inspired oxygen pressure is
raised above 0.5 ATA. It was developed to incorporate all available data into a
best possible estimate of the rate of development of pulmonary oxygen poison-
ing over a wide range of oxygen pressures. Although the cause of the oxygen-
induced decrement in vital capacity is not known, the pattern of change is
mathematically precise and empirically useful for predictive purposes (Fig. 6).

In its present stage of development the UPTD system still has limitations
recognized by its originators (70,71). Since it is based on vital capacity
changes in 50% of the subjects, measurements in any individual may show
smaller or larger decrements (Fig. 7). Even more critical in practical applica-
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Fig. 7. Individual variation in rates of development of, and recovery from, pulmonary oxygen poisoning.
The solid horizontal line indicates the control value of vital capacity for each subject, and the dashed lines are
95% confidence limits for the subject with the widest limits. The start of oxygen breathing is adjusted on t.he
graph to allow all three exposures to end at the same time. Note that rate of recovery is not necessarily
proportional to magnitude of decrement in vital capacity. [From Clark and Lambertsen (74)]
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tions of the UPTD concept is the lack of adequate information describing rate
of recovery from various degrees of pulmonary intoxication. Awareness of this
information gap and recognition of the fact that some individuals recover more
slowly than others (Fig. 7) prompted an intentionally conservative approach in
which it is assumed that the pulmonary toxic dose is cumulative with no re-
covery between hyperoxic exposures (70,71). Although this certainly leads to
overestimation of toxic dose, it is preferable to dangerous overexposure of an
individual on the basis of a UPTD calculation that incorporates an unrealisti-
cally rapid recovery rate. This is especially true in the absence of information
concerning long-term effects of repeated, low-grade toxicity.

Oxygen Tolerance in Other Organs

Although pulmonary oxygen tolerance must be defined more completely
for optimal use of hyperoxia without harmful sequelae, even less is known
about rates of development of oxygen poisoning in other organs. Onset times
for neurologic symptoms have been studied in man at oxygen pressures up to
7 ATA (77), but little is known about hyperoxic effects on auditory, vestibu-
lar, psychomotor, and cognitive functions (12). Measurements of subtle visual
responses are needed to complement previous observations of gross decrement
in visual acuity during prolonged hyperoxic exposure (10,78). Manifestations
of oxygen poisoning should be sought after in organs that are exposed to
nearly arterial levels of hyperoxia, such as the carotid body, choroid plexus,
and renal glomerulus (12). Other organ sites, such as the retina, renal tubules,
and hepatic parenchyma should prove to be relatively susceptible to oxygen
toxicity by virtue of their metabolic constitution and rich supply of active
transport systems (12).

EXTENSION OF OXYGEN TOLERANCE

Extension of oxygen tolerance by any effective means would provide a
more practical and safer alternative to remaining just within inherent tolerance
limitations for maximal application of hyperoxygenation. There have been
many attempts to delay the progression of oxygen poisoning by pharmacologic
agents (13). All of these agents have toxic side effects or other characteristics
that restrict their usefulness in man. A major limitation is the universal scope
of oxygen toxicity that requires an agent to be effective in each body organ
and tissue (12).

Tetraethylthiuram disulfide (disulfiram) is an excellent example of a drug
whose administration delays the progression of some manifestations of oxygen
poisoning while apparently enhancing that of others. Early studies showed that
pretreatment with disulfiram greatly delays the onset of convulsions and lung
damage in animals exposed to hyperbaric oxygenation (79,80). Because large
doses of the drug could be tolerated with virtually no side effects, it appeared
to be particularly promising for use in man. However, in rats breathing oxygen
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at 1 ATA (81) or 2 ATA (82), administration of disulfiram decreased survival
time significantly. The finding that a metabolite of disulfiram inhibits superox-
ide dismutase provides a possible mechanisms for this effect (82).

Programmed Intermittency of Hyperoxic Exposure

In contrast to the current lack of effective drug therapy for extension of
oxygen tolerance, periodic brief interruption of hyperoxic exposure is a proven
means of delaying progression of intoxication at oxygen pressures ranging
from 1.0 to 5.5 ATA (13). The theoretical basis for the gain in oxygen toler-
ance afforded by intermittent hyperoxia and the operational significance of this
principle were both described in the First Underwater Physiology Symposium
(27). The only attempt so far to optimize schedules for intermittent exposure
to a single oxygen pressure was carried out by Hall (83) at the Institute for
Environmental Medicine. As an example of the optimization procedures, mor-
tality curves for guinea pigs exposed to oxygen at 3 ATA continuously and
with various intermittency programs are shown in Fig. 8. Brief periods of hy-
peroxia (3 ATA Po, for 10 min) were alternated with brief periods of nor-
moxia (0.21 ATA Po, for 5, 10, or 20 min). Results show progressive exten-
sion of oxygen tolerance with increasing duration of the normoxic interval
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Fig. 8. Survival time in guinea pigs during continuous and intermittent oxygen breathing at 3 ATA.
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while holding the hyperoxic interval constant. The concept of intermittent hy-
peroxic exposure was quickly incorporated into the oxygen treatment tables
that are now widely used by the U.S. Navy (84) as well as in support of other
military and commercial diving operations throughout the world (85).

Recent experimental evidence shows conclusively that pulmonary oxygen
tolerance in man can also be extended by programmed intermittency (Fig. 9).
At an ambient pressure of 2 ATA, insertion of a 5-min normoxic interval after
every 20 min of oxygen breathing greatly delays the occurrence of symptoms
and progressive decrement in vital capacity relative to that found during con-
tinuous oxygen breathing (86). Once vital capacity begins to fall, however, its
rate of decrease is similar to that for continuous exposure (Fig. 9).

Extension of oxygen tolerance by intermittent exposure has been evalu-
ated in man only for the lung at a single oxygen pressure. Even at this pres-
sure, it is unlikely that an optimal sequence of hyperoxic and normoxic inter-
vals has been determined. Since both the rates of progression and resolution of

(5)
- 10F

-20
-30
-40

(5)

(4)
INTERMITTENT

4 -60
2 -70
-80

-90

-100 \ ( ) NUMBER OF
' \ SUBJECTS

-0} \
~120b—t 1 1 | L1 N1 a1
O 1 2 3 4 5 6 7 8 9 10il 1213 14

HOURS OF O, BREATHING AT 2.0 ATM

Fig. 9. Extension of pulmonary oxygen tolerance at 2 ATA in man. The curve showing rate of decrease
in vital capacity during continuous oxygen breathing is the same curve shown in Fig. 6 (74). The curve for
intermittent oxygen exposure is from the data of Hendricks et al. (86), and the indicated duration of oxygen
breathing represents a summation of all of the intermittent, 20-min oxygen intervals.
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toxic effects can be expected to vary in different organs, optimal application of
programmed intermittency over a range of useful oxygen pressures will require
studies in many organs and at many levels of hyperoxia (12). This task could
be accomplished most efficiently by the performance of related experiments in
several different laboratories. It can be anticipated that programmed intermit-
tency will prove to be the most effective and practical means of extending ox-
ygen tolerance in many, if not all, of the numerous applications of hyperoxic
exposure.

References

1. Priestley J. The discovery of oxygen (1775). Alembic Club Reprints No. 7. Chicago: Univ Chicago
Press, 1906.

2. Bert P. Barometric pressure; researches in experimental physiology, translated by M.A. Hitchcock and
F.A. Hitchcock. Columbus: College Book Co, 1943.

3. Smith JL. The pathological effects due to increased oxygen tension in the air breathed. J Physiol (Lon-
don) 1899;24:19-35.

4. Bean JW. Effects of oxygen at high pressure. Physiol Rev 1945;25:1-147.

5. Stadie WC, Riggs BC, Haugaard N. Oxygen poisoning. Amer J Med Sci 1944,207:84-114.

6. Dickens F. The toxic effects of oxygen on brain metabolism and on tissue enzymes. Biochem J
1946;40:145-186.

7. Stadie WC, Riggs BC, Haugaard N. Oxygen poisoning. III. The effect of high oxygen pressures upon
the metabolism of brain. J Biol Chem 1945;160:191-208.

8. Stadie WC, Riggs BC, Haugaard N. Oxygen poisoning, IV. The effect of high oxygen pressures upon
the metabolism of liver, kidney, lung and muscle tissue. J Biol Chem 1945;160:209-216.

9. Donald KW. Oxygen poisoning in man. I and II. Brit Med J 1947;1:667-672, 712-717.

10. Behnke AR, Forbes HS, Motley EP. Circulatory and visual effects of oxygen at 3 atmospheres pres-
sure. Amer J Physiol 1935;114:436-442.

11. Lambertsen CJ, Kough RH, Cooper, DY, Emmel GL, Loeschcke HH, Schmidt CF. Oxygen toxicity.
Effects in man of oxygen inhalation at 1 and 3.5 atmospheres upon blood gas transport, cerebral circu-
lation and cerebral metabolism. J Appl Physiol 1953;5:471-486.

12. Lambertsen CJ. Effects of hyperoxia on organs and their tissues. In: Robin ED, ed. Extrapulmonary
manifestations of respiratory disease. Vol. 8 of Lenfant C, ed. Lung biology in health and disease. New
York: Marcel Dekker, 1978: 239-303.

13. Clark JM, Lambertsen CJ. Pulmonary oxygen toxicity. A review. Pharmacol Rev 1971;23:37-133.

14. Gilbert DL. Atmosphere and evolution. In: Dickens F, Neil E, eds. Oxygen in the animal organism.
New York: Macmillan, 1964:641-654.

15. Haugaard N. Cellular mechanisms of oxygen toxicity. Physiol Rev 1968;48:31 1-373.

16. Gerschman R. Biological effects of oxygen. In: Dickens F, Neil E, eds. Oxygen in the animal orga-
nism. New York: Macmillan, 1964: 475-494.

17. Chance B, Jamieson D, Williamson JR. Control of the oxidation reduction state of reduced pyridine
nucleotides in vivo. In: Brown IW Jr, Cox BG, eds. Hyperbaric medicine. Proceedings of the third
international conference on hyperbaric medicine. Washington: NAS-NRC Publ. 1404, [966:15-41.

18. Kovachich GB, Mishra OP. Lipid peroxidation in rat brain cortical slices. J Neurochem (in press).

19. Jamieson D, Ladner K, van den Brenk, HAS. Pulmonary damage due to high pressure oxygen breath-
ing in rats. 4. Quantitative analysis of sulfhydryl and disulphide groups in rat lungs. Aust J Exp Biol
Med Sci 1963;41:491-497.

20. Dickens F. The toxic effect of oxygen on nervous tissue. In: Elliott KAC, Page IH, Quastel JH, eds.
Neurochemistry. Springfield: Thomas, 1962:851-869.

21. Kovachich GB. Depression of “CO, production from [U~"C] glucose in brain slices under high-pres-
sure oxygen: relationship between metabolic rate and tissue sensitivity to oxygen. J Neurochem
1980;34:459-462.



22 J. M. Clark

22. Kovachich GB, Haugaard N. Biochemical aspects of oxygen toxicity in the metazoa. In: Gilbert DL,
ed. Oxygen and living processes: an interdisciplinary approach. New York: Springer-Verlag (in press).

23. Faulkner JM, Binger CAL. Oxygen poisoning in cold blooded animals. J Exp Med 1927:45:865-871.

24. Popovic V, Gerschman R, Gilbert DL. Effects of high oxygen pressure on ground squirrels in hypother-
mia and hibernation. Am J Physiol 1964,206:49-50.

25. Bean JW, Zee D. Metabolism and the protection by anesthesia against toxicity of O, at high pressure. J
Appl Physiol 1965;20:525-530.

26. Grossman MS, Penrod KE. The thyroid and high oxygen poisoning in rats. Am J Physiol 1949;156:182-
184.

27. Lambertsen CJ. Respiratory and circulatory actions of high oxygen pressure. In: Goff LG, ed. Proceed-
ings of the underwater physiology symposium. Washington: NAS-NRC Publ. 377;1955:25-38.

28. Clark, JM. The toxicity of oxygen. Am Rev Resp Dis 1974;10:40-50.

29. Mayevsky A, Jamieson D, Chance B. Oxygen poisoning in the unaesthetized brain: correlation of the
oxidation-reduction state of pyridine nucleotide with electrical activity. Brain Res 1974;76:481-491.

30. Mayevsky A, Chance B. A new long-term method for the measurement of NADH fluorescence in intact
rat brain with chronically implanted cannula. In: Bicher HI, Bruley DF, eds. Oxygen transport to tissue.
New York: Plenum, 1973:239-244,

31. Wood JD. Oxygen toxicity in neuronal elements. In: Lambertsen CJ, ed. Underwater physiology. Pro-
ceedings of the fourth symposium on underwater physiology. New York: Academic Press, 1971:9-17.

32. Wood JD, Watson WJ. Gamma-aminobutyric acid levels in the brain of rats exposed to oxygen at high
pressures. Can J Biochem Physiol 1963;41:1907-1913.

33. Wood JD, Watson WJ, Ducker AJ. Oxygen poisoning in various mammalian species and the possible
role of gamma-aminobutyric acid metabolism. J. Neurochem 1967;14:1067-1074.

34. Wood JD, Watson WJ, Murray GW. Correlation between decreases in brain gamma-aminobutyric acid
levels and susceptibility to convulsions induced by hyperbaric oxygen. J Neurochem 1969;16:281-287.

35. Wood JD, Watson WJ, Clydesdale FM. Gamma-aminobutyric acid and oxygen poisoning. J Neurochem
1963;10:625-633.

36. Alderman J, Culwer BW, Shellenberger MK. An examination of the role of gamma-aminobutyric acid in
hyperbaric oxygen induced convulsions in the rat. I. Effects of increased gamma-aminobutyric acid and
protective agents. J Pharmacol Exp Ther 1974;190:334-340.

37. Faiman MD, Nolan RJ, Baxter CF, Dodd DE. Brain gamma-aminobutyric acid, glutamic acid decarbox-
ylase, glutamate, and ammonia in mice during hyperbaric oxygenation. J Neurochem 1977;28:861-865.

38. Radomski MW, Watson WJ. Effect of lithium on acute oxygen toxicity and associated changes in brain
gamma-aminobutyric acid. Aerosp Med 1973;44:387-392.

39. Kaplan SA, Stein SN. Effects of oxygen at high pressure on the transport of potassium, sodium and
glutamate in guinea pig brain cortex. Am J Physiol 1957;190:157-162.

40. Allen JE, Goodman DEP, Besarab A, Rasmussen H. Studies on biochemical basis of oxygen toxicity.
Biochim Biophys Acta 1973;320:708-728.

41. Pooley J, Walder DN. Changes in cell volume following hyperbaric exposure: a manifestation of oxygen
toxicity. In: Bachrach AJ, Matzen MM, eds. Underwater physiology VII. Proceedings of the seventh
symposium on underwater physiology. Bethesda, MD: Undersea Medical Society, 1981:45-53.

42. Banister EW, Singh AK. The central role of ammonia in OHP induced convulsions. In: Bachrach AJ,
Matzen MM, eds. Underwater physiology VII. Proceedings of the seventh symposium on underwater
physiology. Bethesda, MD: Undersea Medical Society, 1981:37—44.

43. Kovachich GB, Mishra OP, Clark JM. Depression of cortical NaK-ATPase activity in rats exposed to
hyperbaric oxygen. Brain Res (in press).

44. Lambertsen, CJ, Ewing JH, Kough RH, Gould R, Stroud MW III. Oxygen toxicity. Arterial and internal
jugular blood gas composition in man during inhalation of air, 100% 0, and 2% CO, in O, at 3.5 atmospheres
ambient pressure. J Appl Physiol 1955;8:255-263.

45. Clark JM. Effects of acute and chronic hypercapnia on oxygen tolerance in rats. J Appl Physiol: Respirat
Environ Exercise Physiol (in press).

46. Forman HJ, Fisher AB. Anti-oxidant defenses. In: Gilbert DL, ed. Oxygen and living processes: an
interdisciplinary approach. New York: Springer-Verlag (in press).

47. Kistler'GS, Caldwell PRB, Weibel ER. Development of fine structural damage to alveolar and capillary
lining cells in oxygen-poisoned rat lungs. J Cell Biol 1967;32:605-628.



Current Concepts of Oxygen Toxicity 23

48.
49.
50.
Si.
52.
53.
54.

55.
56.

57.
58.

59.

61.
62.

63.

65.

67.

68.

69.

70

71.

72.

73.

Kapanci Y, Weibel ER, Kaplan HP, Robinson FR. Pathogenesis and reversibility of the pulmonary lesions
of oxygen toxicity in monkeys. II. Ultrastructural and morphometric studies. Lab Invest 1969;20:101-118.
Fisher AB, Block EJ, Pietra GG. Environmental influences on uptake of serotonin and other amines.
Environ Health Perspect 1980;35:191-198.

Block ER, Fisher AB. Depression of serotonin clearance by rat lungs during oxygen exposure. J Appl
Physiol: Respirat Environ Exercise Physiol 1977,42:33-38.

Block ER, Fisher AB. Effect of hyperbaric oxygen exposure on pulmonary clearance of 5-hydroxytrypt-
amine. J Appl Physiol: Respirat Environ Exercise Physiol 1977;43:254-257.

Winter PM, Gupta RK, Michalsky AH, Lanphier EH. Modification of hyperbaric oxygen toxicity by
experimental venous admixture. J Appl Physiol 1967;23:954-963.

Fisher AB, Bassett DJP, Forman HJ. Oxygen toxicity of the lung: biochemical aspects. In: Fishman AP,
Renkin EM, eds. Pulmonary edema. Bethesda, MD: y American Physiological Society, 1979:207-216.
McCord JM, Fridovich 1. Superoxide dismutase, an enzymic function for erythrocuprein. J Biol Chem
1969;244:6049-6055.

Fridovich I. The biology of oxygen radicals. Science 1978;201:875-880.

Crapo JD, Tierney DF. Superoxide dismutase and pulmonary oxygen toxicity. Am J Physiol 1974;226:1401-
1407.

Rosenbaum RM, Wittner M, Lenger M. Mitochondrial and other ultrastructural changes in great alveolar
cells of oxygen-adapted and poisoned rats. Lab Invest 1969;20:516-528.

Yamamoto E, Wittner M, Rosenbaum RM. Resistance and susceptibility to oxygen toxicity by cell types
of the gas-blood barrier of the rat lung. Am J Pathol 1970;59:409-436.

Crapo ID, Sjostrom K, Drew RT. Tolerance and cross-tolerance using No, and O,. I. Toxicology and
biochemistry. J Appl Physiol: Respirat Environ Exercise Physiol 1978;44:364-369.

. Crapo JD, Marsh-Salin J, Ingram P, Pratt PC. Tolerance and cross-tolerance using No, and O,. II.

Pulmonary morphology and morphometry. J Appl Physiol: Respirat Environ Exercise Physiol 1978;44:370-
379.

Forman HJ, Berman H, Furia L, Fisher A. Increased mitochondrial superoxide dismutase in lung type 1l
epithelial cells from oxygen-exposed rats. Fed Proc 1979;38:1436.

Frank L, Bucher JR, Roberts RJ. Oxygen toxicity in neonatal and adult animals of various species. J Appl
Physiol: Respirat Environ Exercise Physiol 1978;45:699-704.

Frank L, Yam J, Roberts RJ. The role of endotoxin in protection of adult rats from oxygen-induced lung
toxicity. J Clin Invest 1978;61:269-275.

. Frank L, Roberts RJ. Endotoxin protection against oxygen-induced acute and chronic lung injury. J Appl

Physiol: Respirat Environ Exercise Physiol 1979;47:577-581.

Frank L, Chiang MJ, Massaro D. Protection from pulmonary oxygen toxicity by treatment with low
doses of bacterial endotoxin. In: Bachrach AJ, Matzen MM, eds. Underwater physiology VII. Proceed-
ings of the seventh symposium on underwater physiology. Bethesda, MD: Undersea Medical Society,
1981:65~-74.

. Tierney DF, Ayers L, Kasuyama RS. Altered sensitivity to oxygen toxicity. Am Rev Resp Dis 1977;

115:59-65.

Tierney D, Ayers L, Herzog S, Yang J. Pentose pathway and production of reduced nicotinamide adenine
dinucleotide phosphate. Am Rev Resp Dis 1973;108:1348-1351.

Bassett DJP, Fisher AB. Glucose metabolism in rat lung during exposure to hyperbaric O,. J Appl Physiol:
Respirat Environ Exercise Physiol 1979;45:943-949.

Clark JM, Lambertsen CJ. Pulmonary oxygen tolerance and the rate of development of pulmonary oxygen
toxicity in man at two atmospheres inspired oxygen tension. In: Lambertsen CJ, ed. Underwater physiology.
Proceedings of the third symposium on underwater physiology. Baltimore: Williams & Wilkins, 1967,
439-451.
Bardin H, Lambertsen CJ. A quantitative method for calculating pulmonary toxicity. Use of the *“Unit
Pulmonary Toxicity Dose’” (UPTD). Institute for Environmental Medicine Report, 1970.

Wright WB. Use of the University of Pennsylvania Institute for Environmental Medicine procedure for
calculation of pulmonary oxygen toxicity. Experimental Diving Unit Report 2-72, 1972.

Lemaire C. Determination du taux d’hyperoxie acceptable pour les plongees au long cours par la mesure
de la capacite vitale. Med Sub Hyp 1975;12:82-86.

Gardette B, Lemaire C. Variations de la capacite vitale en fonction de la quantite d’oxygene inhalee au
cours des decompressions. Revue de Medecine Subaquatique et Hyperbare 1977;61:66-69.



24

74.

75.

76.

77.
78.

79.

81.

82.

83.

84.

85.

86.

J. M. Clark

Clark JM, Lambertsen CJ. Rate of development of pulmonary O, toxicity in man during O, breathing at
2.0 atm abs. J Appl Physiol 1971;30:739-752.

Fisher AB, Hyde RW, Puy RIM, Clark JM, Lambertsen CJ. Effect of oxygen at 2 atmospheres on the
pulmonary mechanics of normal man. J Appl Physiol 1968;24:529-536.

Puy RIM, Hyde RW, Fisher AB, Clark IM, Dickson J, Lambertsen CJ. Alterations in the pulmonary
capillary bed during early O, toxicity in man. J Appl Physiol 1968;24:537-543.

Haldane JBS. Human life and death at high pressures. Nature 1941;148:458-460.

Nichols CW, Lambertsen CJ, Clark JM. Transient unilateral loss of vision associated with oxygen at high
pressure. Arch Ophthalmol 1969;81:548-552.

Faiman MD, Mehl RG, Ochme FW. Protection with disulfiram from central and pulmonary oxygen toxicity.
Biochem Pharmacol 1971;20:3059-3067.

. Faiman MD, Nolan RJ, Ochme FW. Effect of disulfiram on oxygen toxicity in beagle dogs. Aerosp Med

1974;45:29-32.

Deneke SM, Bernstein SP, Fanburg BL. Enhancement by disulfiram (antabuse) of toxic effects of 95-97%
O, on the rat lung. J Pharmacol Exp Ther 1979;208:377-380.

Forman HJ, York JL, Fisher AB. Mechanism for the potentiation of oxygen toxicity by disulfiram. J
Pharmacol Exp Ther 1980;212:452-455.

Hall DA. The influence of the systematic fluctation of Po, upon the nature and rate of the development
of oxygen toxicity in guinea pigs. University of Pennsylvania: Graduate School of Arts and Sciences, 1967.
(M.S. Thesis).

U.S. Navy diving manual. Washington: Navy Department, 1979. (NAVSEA 0994-LP-001-9010). Dis-
tributed by Best Bookbinders, Carson, CA.

Lambertsen CJ, ed. Decompression sickness and its therapy. Allentown, PA: Air Products and Chemicals,
1979.

Hendricks PL, Hall DA, Hunter WH Jr, Haley PJ. Extension of pulmonary O, tolerance in man at 2 ATA
by intermittent O, exposure. J Appl Physiol: Respirat Environ Exercise Physiol 1977;42:593-599.



MECHANISM(S) OF CENTRAL OXYGEN TOXICITY:
A RE-EVALUATION

M. D. Faiman, R. J. Nolan, D. E. Dodd, J. M. Waechter, R. C. Dirks,
K. Haya, and J. A. Zempel

The deleterious effect of oxygen has been recognized for almost a cen-
tury. However, the mechanism(s) by which high oxygen pressure (OHP) pro-
duces convulsions or other toxic manifestations remains unresolved. Although
several theories have been suggested to explain the cause of central oxygen
toxicity, no single hypothesis has received universal acceptance.

It has been suggested by several investigators that acute oxygen toxicity
may be due to the effects of molecular oxygen on a few particularly sensitive
and critical enzymes (1). The specific mechanisms of oxygen toxicity proposed
involved reversible oxidation of sulfhydryl groups either on the enzymes per se
or on nonprotein cofactors involved in enzymatic activity. Oxidation of sulfhy-
dryls bound to lysosomal or mitochondrial membranes also has been cited as
the cause of oxygen toxicity. The concept that OHP causes oxidation of thiol
groups seems supported by several lines of evidence. First, sulfhydryl dehy-
drogenases have been shown to be inactivated by hyperbaric oxygen in vivo
(1). Secondly, in vivo OHP studies with lung (2-5) and liver (5) have shown a
decrease in sulfhydryl and an increase in disulfide content. Finally, many thiol
and disulfide compounds delay the onset of oxygen-induced convulsions (7).

The formation of free radicals also has been suggested to play an impor-
tant role in the initiation of central oxygen toxicity. The formation of free radi-
cals by OHP was originally proposed by Gerschman and associates (6) who
found a high degree of correlation between drugs protecting against oxygen
toxicity and drugs protecting against x-irradiation. Furthermore, when oxygen
and x-irradiation were combined a synergistic action was observed (8). Super-
oxide anion, a free radical, has been studied extensively with respect to oxy-
gen toxicity. The superoxide anion is formed by the one-electron election re-
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duction of oxygen; therefore it is a logical component in oxygen toxicity
mechanisms. Support for the role of the superoxide anion in OHP toxicity
comes from the finding that superoxide dismutase (SOD) catalyzes the dismu-
tation of the superoxide anion and that SOD is ubiquitous in all oxygen metab-
olizing cells (9).

Hydrogen peroxide and lipid peroxides are intimately associated with free
radical mechanisms. Zirkle et al. (10) observed an increase in brain lipid per-
oxides by OHP and proposed that lipid peroxidation may be responsible for
cellular membrane disruption and/or enzyme inhibition. Becker and Galvin
(11) found an increase in cerebral lipid peroxides but were unable to find any
correlation between lipid peroxidation and the susceptibility to oxygen-induced
convulsions. Since reduced glutathione (GSH) has been associated with lipid
peroxide inactivation through enzymatic mechanisms (12), any observed changes
in glutathione content by OHP have been attributed to lipid peroxide formation
(13).

Gamma-aminobutyric acid (GABA) is a putative inhibitory neurotransmit-
ter and has been implicated in oxygen convulsions. In studies by Wood and
coworkers (14), OHP was found to decrease brain GABA with the magnitude
of decrease in GABA correlated with seizure susceptibility. Furthermore,
GABA administered i.p. protected animals against oxygen convulsions. The
protective effect of GABA has been explained by Wood and Peesker (15) by
relating the excitable state of the brain to the level of glutamic acid decarbox-
ylase (GAD) activity and GABA content.

The apparent reliance of the brain on an uninterrupted supply of energy,
and the in vitro observations that OHP inhibits numerous enzymes involved in
brain energy metabolism, has led many investigators to propose that oxygen-
induced seizures may be due to a disturbance in brain energy metabolism.
Sanders et al. (16) found that brain adenosine triphosphate (ATP) fell before
the onset of seizures. Succinate prevented the fall in ATP and delayed the ap-
pearance of the seizure. Based on these observations, Sanders et al. (16) con-
cluded that OHP-induced seizures were the result of a fall in brain energy
reserves.

High oxygen pressure has been found to cause oxidation of reduced pyri-
dine nucleotides in isolated mitochondria and in tissues of the brain, kidney,
and liver (17). As a result of these rapid oxidations, these changes in pyridine
nucleotides were believed to play a role in oxygen-induced seizures. More re-
cently, Mayevsky et al. (18) using surface fluorometry observed an association
between pyridine nucleotide oxidation and electrical activity in brain cortex of
unanesthetized oxygen-poisoned rats.

In light of the several hypotheses attempting to explain the toxic effects
of OHP on the central nervous system, detailed studies were carried out to re-
evaluate these earlier concepts. In these investigations, we exposed mice to
OHP for various time periods, determined changes in biochemical parameters,
and correlated these changes with seizure susceptibility.
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METHODS

Animals

In all experiments male Swiss-Webster albino mice (HA/ICR, Madison,
WI) weighing 25-38 g were used. Animals were quartered under a 12-h light-
dark cycle with food and water available ad libitum.

Oxygen Exposures

The possible effects of circadian rhythms were minimized by conducting
all oxygen exposures in the morning. Animals were subjected to euthanasia
while still under pressure in a modified hyperbaric chamber. The hyperbaric
chamber was constructed from a Plexiglas cylinder having a capacity of 25 L.
The chamber floor was fitted with a platform containing a trap door that
opened over a container of liquid nitrogen. The trap door could be opened at
any time by activating an external mechanism. The temperature in the chamber
was maintained at 25°C * 1°. At the end of the 13-min flush and compression
period, mice were exposed to 6 ATA of 100% O, for the various time periods
under study. During all exposures, oxygen was metered through the chamber
at a rate of 4 L/min to prevent the accumulation of carbon dioxide, nitrogen,
or water vapor. )

Oxygen Studies

Mice exposed to oxygen but which exhibited no convulsions or other
signs of oxygen toxicity were referred to as preconvulsed animals. In these
studies two mice were placed inside the hyperbaric chamber, the chamber was
then pressurized to 6 ATA. Mice were exposed to the 6 ATA 100% O, pres-
sure for either 0, 4, 8, 12, and 16 min depending upon the particular study.
These time intervals corresponded to 0, 25, 50, 75, and 100% of the CTs,,
where the CT, is the time taken for 50% of the mice to convulse.

Other stages of oxygen toxicity investigated were a hyperactive state,
characterized by rapid running around the chamber by the mice; a convulsive
state; and a postconvulsive stage.

Tissue Analysis

After the animals were subjected to euthanasia, they were removed from
the chamber, decapitated, the brain removed, and the cortex excised. For tis-
sue analysis, NADP*, NADPH, NAD*, and NADH were determined by en-
zymatic cycling methods of Burch et al. (19); ATP and phosphocreatine (PC)
by the methods of Lowry et al. (20); GABA by the method of Collins 21);
GAD and gamma aminobuytric acid-transminase (GABA-T) by the method of
Van Gelder (22); and glutamate by the method of Folkergrové et al. (23). Oxi-



28 M. D. Faiman

dized glutathione (GSSG) was determined by the method of Halprin and Ohka-
wara (24). Reduced glutathione was calculated by substraction of GSSG from
the total GSH and GSSG. Nonprotein sulfhydryl (total thiol) was determined
by the method of Owens and Belcher (25). Lipid peroxidation was determined
by the thiobarbituric acid method of Jerret et al. (26) modified by adding
0.003 M of EDTA to the homogenizing solution and by the diene conjugation
method of Recknagel and Ghoshal (27).

RESULTS

Exposure of mice to 6 ATA 100% O, had no effect on cerebral ATP or
PC before convulsions, at seizure onset, or 10 s postconvulsions (Fig. 1). The
effect of OHP on cortical pyridine nucleotides is shown in Figs. 2 and 3. As
soon as the mice were exposed to the high oxygen pressure, the NAPD*/
NADPH ratio began to increase (Fig. 2). For example, after the 3-min flush
period, the NADP*/NADPH ratio increased by approximately 8%; by the time
the hyperbaric chamber reached 6 ATA, the ratio had increased to 25%. This
increase remained constant throughout the exposure period, including the var-
ious stages of oxygen toxicity. Cortical NADP* was increased maximally by
the time the oxygen pressure in the chamber reached 6 ATA, while the maxi-
mal decrease in NADPH occurred after 16 min of oxygen exposure. In a sepa-
rate series of experiments, the effect of OHP on cortical NAD* and NADH
was investigated (Fig. 3). Statistically significant decreases of approximately
20% in cortical NADH were found in mice exposed to 6 ATA of 100% O, for
0 and 16 min during hyperactivity, seizure onset, and postconvulsion. Cerebral
NAD* did not appear to differ significantly from corresponding controls.
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Fig. 1. Mice were exposed to 6 ATA 100% O, for 0, 4, 8, 12, and 16 min, which corresponds to 0, 25,
50, 75, and 100% of the CT,,, or until they exhibited convulsions. The CT,, was 16 min. ATP () and
phosphocreatine (®) was determined (see Methods). Each value is the mean = SE for 6 mice. The solid line
represents the control values, which were 2.06 = 0.03 for ATP and 3.24 = 0.06 mM/kg for phosphocreatine.
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Fig. 2. Mice were exposed to 6 ATA 100% O, for 0, 8, and 16 min, or until they exhibited hyperactiv-
ity or convulsions. The exposure periods reflect the 0, 50, and 100% of the CT,,. NADP* (@) and NADPH
(m) were determined (see Methods). Each point is the mean = SE. Numbers of mice in parenthesis.
*P < 0.05; **P < 0.01.

The effect of OHP on cerebral oxidized and reduced glutathione also was
studied. Exposure of mice to 100% O, until animals became hyperactive had
no effect on cortical glutathione (Table I). Furthermore, no effect on oxidized
or reduced glutathione, or nonprotein sulfhydryl was found in mice made vita-
min E deficient for 10 weeks (Table II).

Lipid peroxidation in cerebral cortex by OHP also was investigated by ex-
posing mice to 6 ATA 100% O, for either 16 min or seizure onset. No OHP-
induced lipid peroxidation in oxygen-exposed mice was found (Table III).

It also has been proposed that OHP decreases brain GABA and changes
in both GABA and GAD contribute to the susceptibility of mice to oxygen
convulsions. Although OHP decreased cortical GABA and GAD, no relation-
ship was apparent between the susceptibility of mice to oxygen convulsions
and decreases in either GABA or GAD (Table IV).
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Fig. 3. Mice were exposed to 6 ATA 100% O, for 0, 8, 16, 48, or until they exhibited hyperactivity or
convulsions. The exposure periods reflect the 0, 50, 100, and 300% of the CT,. NAD* (®) and NADH (@)
were determined (see Methods). Each point is the mean += SE. Number of mice in parenthesis. *P < 0.05;
**p < 0.01.

DISCUSSION

Although the toxic effects of OHP have been known for almost 100
years, the mechanism by which oxygen causes its toxic manifestations is both
unknown and speculative. Furthermore, the question whether the mechanism(s)
for oxygen toxicity in different organs (CNS, lung, eye, etc.) is similar is
controversial.

As a result of the initial findings of Sanders et al. (16), it was expected
that oxygen would cause a decrease in cerebral high energy phosphates before
the onset of seizures. However, no decrease was observed (Fig. 1). The possi-
bility exists that a fall in high energy phosphates was not detected because a)
oxygen caused a precipitous decrease in these substances just before the sei-
zure, and b) by excluding mice exhibiting symptoms of toxicity, those animals
in which cerebral ATP and PC were reduced were selectively eliminated.
However, this does not appear to be the case as evidenced by the findings that
neither ATP or PC decreased in mice sacrificed at the onset of seizures, or
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TABLE 1

Cortical GSSG, Nonprotein Sulfhydryl (NPSH), and Total Glutathione
(GSH + GSSG) During Exposure to 6 ATA O,

Treatment GSSG NPSH " Total Glutathione
Control 0.150 = 0.010 264 £ 0.11 2.48 = 0.07
Hyperactivity 0.158 = 0.007 2.55 *+ 0.08 246 *+ 0.08

Mice were exposed to 6 ATA 100% O, until they exhibited hyperactivity. Each value is the mean = SE of
six mice.

10 s after seizures. These results therefore suggest that oxygen-induced con-
vulsions are not due to a single fall in cerebral high energy reserves. This con-
clusion appears consistent with the findings of Teng and Harris (28) and
Chance et al. (29).

In the studies investigating the effect of OHP on pyridine nucleotides,
OHP increased the cortical NADP*/NADPH ratio at all stages of oxygen tox-
icity. The increased NADP*/NADPH ratio was generally associated with sig-
nificant decreases in NADPH (Fig. 2). Cortical NADP* was higher than con-
trols in all oxygen treatments. High pressure oxygen also increased the NAD*/
NADH ratio at all stages of oxygen toxicity with an increase in the ratio gen-
erally caused by a decreased NADH (Fig. 3). The in situ fluorometry studies
by Chance et al. (29) and Mayevsky et al. (18) suggest that OHP-induced
changes in reduced pyridine nucleotides (NADPH and NADH) may contribute
to biochemical alterations of sufficient magnitude to produce convulsions.
Mayevsky et al. (18) identified three stages of pyridine nucleotide oxidation in
rats exposed to 6 ATA 100% O,: a) an oxidized stage caused by OHP before
seizures, b) an oxidation stage concurrent with convulsions, and c) an oxida-
tion wave following convulsions (spreading depression). The results from the
present study (Figs. 2,3), however, do not appear to support the association
of pyridine nucleotide oxidation with oxygen convulsions. For example, marked
changes in cerebral NADPH and NADH were not found before seizure onset.
Furthermore, mice exposed to 1, 3.5, and 6 ATA O, for 16 min had similar
changes in reduced pyridine nucleotides. Yet the CTs, values of mice exposed
to 1, 3.5, and 6 ATA O, has been found in our laboratory to be 960, 102, and
16 min, respectively.

Previous investigators have considered the role of sulfhydryl oxidation in
oxygen toxicity. However, these studies have been concerned primarily with
the lung (2,4). Nishiki et al. (5) found that in the isolated perfused lung, oxy-
gen caused an increased release of GSSG when rats were vitamin E deficient;
no effect of oxygen on GSSG release was found in normally fed animals. It
is generally assumed that toxic oxidants such as peroxides formed by OHP
(5,10,26) may be inactivated through enzymatic mechanisms with reduced
GSH (12). Maintenance of glutathione in the reduced state requires both
NADPH and glutathione reductase with the availability of NADPH associated



M. D. Faiman

32

‘aInsodxa usedAxo asogeq

Y ZP-8¢ J0) PAISE] 2IdM DN PIAIBIS IS F 90U ¢ JO 33eIonr A I anje yorg “oANdRIdAY [HUN JO UM 9] 30§ 1O %001 VLV 9 0 pasodxs alom i

¢r'o ¥ 787 91'0 ¥ 69°C W00 F ILT P00 * 697 $00°0 + 9S1°0 800°0 + 1910 AnanoesadAy
1o = €0'¢ 91'0 F €LT 900 F 6T 900 F vL'T 7100 * Lo 600°0 + I91°0 us34x0
S1°0 ¥ 957 80°0 * 987 900 ¥ 6L°C SO0 * 18T 110°0 + ¢r1°0 SI0°0 * L91°0 [onuo)

paareis A F NA paatelg A g NA . paarelg Jd 9 VA jusuneal
'3RA 4. 1MA 32ad MA rRad NA

(y3rom 1om 3T suonpen B0

(y31om 1om 3/N) HSIN

(y3rem 1om 3/WW) OSSO

0 VLV 9 01 amsodxa 3uLnp (OSSO + HSD) UoIpeI|D [eI0], pue ‘(HSIN) 1AIpAYIng uiooiduoN ‘DSSD [ea1uo)
I 919vL




Mechanisms of Central Oxygen Toxicity 33

TABLE 111
Effect of 6 ATA O, on Mouse Brain Lipid
Peroxidation
DIENE Brain Region
CONJ. -
TBA Cortex Midbrain
Control 0.84 = 0.15 0.74 = 0.30
16.11 + 0.24 7.62 * 0.4l
Oxygen 0.83 = 0.15 0.78 = 0.25
(16 min) 1479 = 0.25 7.00 = 0.41
Oxygen 1.0 = 0.23 0.80 = 0.60
(Convulsed) 15.51 = 0.20 6.16 = 0.44

Diene Conjugation: Absorbance/gram wet weight. Thiobarbi-
turic Acid (TBA): nMoles Malonaldehyde/gram wet weight.

Male Mice Exposed to 6 ATA 100% O, for 16 min, or until
onset of convulsions. Each value is the average of 6 mice = SE.

with the hexose monophosphate shunt. It has been shown that the hexose mon-
ophosphate shunt serves a major role in the guinea pig brain for maintenance
of reduced glutathione (30), and the NADP*/NADPH ratio has been observed
to play a regulatory function on hexose monophosphate dehydrogenases. It has
been suggested that removal of endogenously formed peroxides by GSH may
preserve neuronal integrity (12). In our studies, however, no change in GSH

TABLE IV
Effect of 6 ATA O, on Cerebral GABA

Exposure GABA (pmol/g)  Glu (umol/g) GAD (pmol/g/h) GABA-T (pmol/g/h)
Time

Control 432 + 0.8 15.59 + 0.33 225+ 18 70.6 = 3.3

0 min 3.33 £ 0.161  14.03 = 0.56* 216 = 1.3 62.6 + 3.4

(% of Control) an (90) (96) (89)

16 min 3.32 = 0.13% 13.92 *= 0.21* 19.3 £ 1.2 672 2.6

(% of Control) an (89) (86) 95)
Convulsed 3.30 = 0.14% 13.24 + 0.30% 21.7 £ 09 61.4 22

(% of Control) (76) (85) (96) @87

Male mice were exposed to 6 ATA 100% O, for 0(0% of CTs), 16 min (100% of CT), or until seizure
onset. Animals were sacrificed without chamber decompression and cerebral cortex removed. Each value is
the mean = SE of 6 mice. *Significant (P<<0.05) from control; Significant (P<0.01) from control.
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or GSSG was evident in brains of mice exposed to OHP for various stages of
oxygen toxicity, or in mice made vitamin E deficient by dietary manipulation,
even though NADPH was decreased. Thus, although lung GSH has been
found to be decreased by OHP, brain appears to be mere resistant.

Under OHP conditions, oxygen itself may initiate formation of radicals
such as superoxide anion (9) or hydrogen peroxide (26,31). Superoxide anion
also has been implicated in pulmonary oxygen toxicity (13,32). An indirect
measure of free-radical formation is lipid peroxidation. In our studies, how-
ever, no increase in lipid peroxidation in cerebral cortex was found in mice
exposed to OHP, which is in contrast to the proposed formation of lipid perox-
ides in lung (5). -

Although Wood and coworkers (14) have provided considerable evidence
for a central role of GABA in oxygen-induced convulsions, the exact involve-
ment of GABA is still not clear. Furthermore, although oxygen decreases
brain GABA, the mechanism by which this occurs remains speculative. Expo-
sure of mice to 6 ATA 100% O, decreased brain GABA by approximately
25% (Table IV) as soon as the 6-ATA pressure was reached, and it remained
at this lower level throughout the oxygen exposure period including the onset
of seizures. Cerebral GAD also decreased, but this decrease was found only at
the 16-min exposure period (Table IV). Our studies do not seem to support a
role for GABA in oxygen convulsions. For example, similar decreases in
GABA were found at 0- and 16-min exposures (0 and 100% of the CTs), yet
no evidence of CNS toxicity was apparent at the 0-min exposure. Even though
it has been suggested that both GABA and GAD need to be considered in ex-
plaining the onset of oxygen convulsions (15), the REgapa term calculated in
our studies at seizure onset is considerably higher (97.5%) than the 65% criti-
cal value proposed by Wood and Peesker (15). Furthermore, pretreatment with
gabaculine, a GABA-T inhibitor that markedly increased brain GABA, had no
effect on seizure susceptibility (33). In addition, treatment with disulfiram, a
CNS oxygen protectant (7) did not prevent the decrease in brain GABA, yet
protected against oxygen convulsions (34). Finally, the relationship between
GABA synthesis and metabolism is extremely complex, and a mathematical
derivation indicated that the percentage change in GABA is dependent on the
percentage change in GAD, the K, for GABA-T, the V. for GAD and
GABA-T, and the concentration of brain GABA.

In conclusion, oxygen-induced convulsions do not appear to be correlated
with changes in ATP and PC, or pyridine nucleotide oxidation. Furthermore,
cerebral GSH/GSSG is not altered in oxygen-exposed mice, and lipid peroxi-
dation does not occur. In addition, brain GABA levels per se do not appear to
influence the susceptibility of mice to oxygen convulsions. Thus, it appears
that new theories are needed to explain the mechanism(s) of central oxygen
toxicity. Furthermore, free-radical formation and subsequent lipid peroxidation
as well as increased thiol oxidation have been found in lung and have been
suggested as possible mechanisms in pulmonary oxygen toxicity; therefore, the
mechanism by which oxygen induces central and pulmonary toxicity may in-
deed be different.
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THE CENTRAL ROLE OF AMMONIA IN
OHP-INDUCED CONVULSIONS

E. W. Banister and A. K. Singh

Ammonia is formed extensively in many tissues during the course of nor-
mal metabolism and its rate of formation is considerably increased during ab-
normal states.

Ammonia is released to blood from muscle in particularly large amounts
during exercise (1) and by both tetany and convulsions (2). In muscle ammo-
nia formation is accompanied by a decrease in the level of total adenine mon-
onucleotides (3). Ammonia production from both nerve tissue and brain slices
by electrical stimulation is well documented (4,5).

Lowenstein (6) has observed that the amount of ammonia formed by brain
slices during electrical stimulation greatly exceeds the amount that could be
formed by deamination of adenine nucleotides alone, and that an additional
probable source is deamination of amino acids via aspartate or glutamate.

Iversen and Simmonds (7) have reported the normal rate of synthesis of
norepinephrine stores in rat brain stem and mesencephalon to be 0.109 png-g™'
hr-', which is elevated to 0.152 pg-g~'hr~' after electroconvulsive shock
treatment.

Schildkraut et al. (8) have also observed an increased turnover of brain
catecholamines mediated by lithium ions and oxygen exposure. They proposed
an enhanced intraneuronal discharge and deamination of catecholamines to ac-
count for this observation. This implication of brain catecholamines as a defi-
nite source of brain ammonia during periods of intense oxidative activity is
important.

The experiments reported here investigated:

1) The time course of change in the concentration of gamma-aminobu-
tyric acid (GABA), ammonia, glutamate, glutamine, adrenaline, and norepi-
nephrine in oxygen toxicity; and
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2) Catecholamines as a potential source of ammonia during exposures to
high oxygen pressure (OHP).

METHODS AND MATERIALS

Animal Groups

Time course of brain and blood metabolites during hyperoxia. Groups of
rats (n = 5) were allocated to control and oxygen exposure up to the produc-
tion of convulsive activity. Blood and brain samples were taken for analysis of
GABA (brain only) ammonia, adrenaline and noradrenaline, glutamate and
glutamine. :

Catecholamines as a potential ammonia source during oxygen exposure.
Groups of rats (n = 5) were exposed to high pressure oxygen after drug treat-
ment with 6-hydroxy dopamine, hexamethonium, a-methyl-p-tyrosine, or with
adrenalectomy, respectively, to alter the concentration of catecholamines in the
blood or brain. Ammonia, glutamate, glutamine; GABA (brain only), adrena-
line and noradrenaline concentrations were measured in blood and brain tissues
of both control and oxygen-convulsed animals (9).

Chamber Operations

A small chamber of about 100 L was used for hyperbaric oxygenation of
animals. All animals were exposed singly for the stated time and experimental
condition. Oxygen was flushed through the pressure chamber after the animal
was placed in it at a rate of 5 L/min and pressurized up to 72.5 psig. The
pressurization was completed over a period of 6 min and thereafter gas flow
was maintained at 5 L/min to minimize carbon dioxide accumulation. After
specific time intervals or after convulsions, the rats were decompressed with
stops of 4 min at 40 psig and 1 min at 30 psig, followed by 3 min of continu-
ous, slow decompression to ambient pressure.

Under these experimental conditions, 10 min elapsed between the begin-
ning of decompression and collection of blood and brain tissue. Thus a rat
exposed for 10 min lived a further 10 min before being killed. Because in this
experiment interest was in the collection of blood as well as brain, a liquid-
nitrogen freezing technique was not used.

Collection of Blood and Brain Samples

Blood and brain samples were taken and analyzed as described previously
(4). Briefly, the abdomen of each animal was opened under light ether anes-
thesia and blood was taken from the bifurcation of the abdominal aorta. The
animal was decapitated and the brain was removed intact. The time interval
between the development of anesthesia and the removal and freezing of brain
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tissues was never more than 2 min. Up to the time of decapitation the animal
was respiring; from this point to the point of rapid freezing of the intact brain
was less than 1 min.

Blood samples were centrifuged and the serum separated. Part of the
serum was processed immediately for estimation of ammonia and amino acids
and the remainder was frozen with glutathione at —20°C for later estimation
of catecholamines.

Brain samples were frozen rapidly in liquid nitrogen. These samples were
later analyzed for ammonia, amino acids, and catecholamines.

Biochemical Analysis

Catecholamines. Serums were centrifuged with S-adenosyl-L-(methyl-*H)
methionine and catechol-o-methyltransferase for 1 h. After incubation, the me-
tanephrines were separated by thin-layer chromatography extracted by toluene,
and the radioactivity was determined in each fraction (10).

Brain Catecholamines. Brain samples were homogenized with cold 0.2 N
perchloric acid (1:4, v/w) and centrifuged. The pH of the supernatant was ad-
justed to 7.5 and 0.1 mL was used for estimating adrenaline and noradrenaline
as described by Passon and Peuler (10).

Blood and Brain Ammonia and Amino Acids

Blood. Serum was separated from the blood by centrifugation after al-
lowing clotting; an equal amount of citrate buffer was added and the solution
was kept at room temperature for 30 min. Protein was precipitated with 80%
ethanol and free amino acids were extracted twice. Alcohol was removed from
the final extract by evaporation on a water bath at 50°C and amino acids in
0.5 — 0.1 mL of the residue were analyzed by the procedure of Benson, Gor-
don, and Patterson (11).

Brain. After exsanguination, the brain was quickly removed, weighed,
and kept cold. It was homogenized in 5 mL phosphate buffer (pH 7.5). The
homogenate was centrifuged for 15 min (2000 g) and the supernatant re-
moved. It was deproteinized and amino acids extracted twice with 80%
ethanol. Alcohol was removed from the final extract by evaporation on a water
bath at 50°C. Amino acids in 0.05 — 0.1 mL of the final residue were ana-
lyzed as previously described for blood.

RESULTS

Table I shows the time course of change in concentration of brain tissue
concentration of GABA, ammonia, glutamate, glutamine, adrenaline, and nor-
adrenaline during high pressure oxygen exposure. It is apparent in normal ani-
mals that there is relatively little change in the major fraction of brain cate-
cholamines (only adrenaline changes significantly). Nevertheless, a significant
increase occurs in brain ammonia, and GABA is significantly depleted. We
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TABLE 1

Brain GABA, Ammonia, Glutamate, Glutamine, Adrenaline, and Noradrenaline in
Normal Rats Exposed to OHP for Different Time Intervals

Control 10 min 15 min 20 min 25 min 30 min Convulsions
GABA 1.15 1.36 1.04 0.93 0.89 0.59* 0.75*
(wmol/g) +0.12 +0.35 +0.16 *0.05 *0.05 +0.06 +0.10
NH, 5.25 5.47 5.70 9.30* 10.99* 13.18* 17.7*
(ng/g) +0.72 +0.54 +0.50 +0.80 +0.87 +0.54 +1.1
GLU 9.42 8.80 5.70* 4.56% 4.36* 5.36* 5.18%
(nmol/g) +0.63 +0.60 +0.90 *+0.51 +0.8 +0.62 +0.49
GLU. NH, 0.97 1.74* 2.04% 2.83* 2.56* 2.91* 2.88%
ASP. NH, +0.16 +0.23 +0.21 +0.20 +0.45 +0.52 +0.73
(wmol/g)
A 2.2 0.32% 0.36* 1.64% 1.75 1.97 1.35%
(ng/g) +0.4 +0.03 +0.03 +0.09 +0.13 +0.38 +0.17
NA ) 128.9 79.1* 83.0* 98.3% 105.9* 130.6 124.6
(ng/g) +3.6 +10.3 +18.5 +5.6 +12.2 +4.0 +19.1

*P < 0.05 when compared with control; n = §; mean * sD.

have previously observed (12) that adrenaline, noradrenaline, and ammonia
concentrations all .increase significantly in the blood until convulsions occur
during hyperoxia.

Table II shows the effect of various procedures that interfere with cate-
cholamine concentration in the brain and blood.

The effect of 6-OH dopamine is to produce a chemical sympathectomy by
replacing noradrenaline in the vesicles of the nerve endings. Adrenalectomy
effectively removes the circulating catecholamines produced from the adrenal
medulla. Hexamethonium acts on the acetylcholine receptor site at the pre/post
synapse to interfere with catecholamine release in the postganglionic fiber. Ty-
rosine hydroxylase, an essential enzyme in the synthesis of catecholamine in
the brain, is inhibited by a-methyl-p-tyrosine.

Adrenalectomy and hexamethonium both reduced circulating catechol-
amines in rats and, despite a large variability, brain adrenaline and noradrena-
line seemed to accumulate more in these animals than in groups treated with
other drugs. The point of convulsion in adrenalectomized and hexamethonium-
treated animals was considerably delayed, although the final concentration of
all the metabolites studied did not vary significantly in these groups from the
others. The catecholamine concentration of the brain in the preoxygen expo-
sure condition was significantly reduced by 6-OH dopamine; concomitantly,
brain ammonia was significantly elevated and GABA significantly depleted.
Convulsive latency during oxygen exposure under these conditions was consid-
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erably abbreviated. In the control state, before oxygen exposure a-methyl-p-
tyrosine caused a significant depletion in brain catecholamines, OHP treatment
produced a further significant depletion, but convulsion latency remained unal-
tered from that of the undrugged control animal. The general effect of produc-
ing a depletion of catecholamines in the brain or blood by enhancing their re-
lease, and hence catabolism, rather than by preventing their release (i.e.,
adrenalectomy or hexamethonium treatment) is to increase brain and blood am-
monia, decrease brain GABA, increase glutamine/asparagine, and decrease
glutamate.

DISCUSSION

The catecholamines have long been implicated in toxicity resulting from
oxygen at high pressure (13). Perhaps the facility with which catecholamines
and, more generally, ATP and some amino acids become deaminated and form
toxic ammonia finally determines the convulsive state. Glutamic acid seems to
lie at the center of a mosaic of events leading to the induction of convulsions.
Quastel (14) designated glutamate, glutamine, and GABA as the glutamate
system, one function of which is to exercise a buffer action for ammonia that
converts the dicarboxcyclic amino acid glutamate to its amide glutamine. It is
the preferential use of glutamate in this action rather than in its role as a per-
cursor for GABA that may precipitate convulsive activity when ammonia pro-
duction is excessive. Gamma-aminobutyric acid is a CNS depressant and a pu-
tative inhibitory neurotransmitter in the peripheral nervous system. There is
evidence (15,16) for the buffering of infused ammonia directly by a CO, fixa-
tion system that would spare glutamic acid in its buffering capacity within the
glutamate system. Whether the demands made on any CO, fixation system for
the direct buffering of ammonia are sufficient when ammonia production be-
comes excessive remains uncertain. Certainly, direct buffering of brain ammo-
nia would spare the conversion of a a-ketoglutarate by transamination and pre-
serve the integrity of the Krebs cycle to support adenosine triphosphate (ATP)
production. Collaborative evidence for CO, fixation and information on the ad-
equacy of the pathway when ammonia production increases has recently been
presented by Weyne et al. (17). During hypercapnia these authors observed
that brain glutamine and GABA increased and glutamine and aspartic acids de-
creased. Hypercapnia also stimulated ammonia formation but brain ammonia
did not increase in the first hour of hypercapnia because CO, fixation and ami-
dation sufficed to buffer it. Glutamate concentrations naturally would first have
to increase to initiate the buffer action, and early in the hypercapnic period one
might assume that an enhanced GABA formation would also occur, as was
indeed observed. When ammonia production became too great to be buffered
by a balancing CO, fixation, then glutamic and aspartic acid concentrations de-
clined. Thus, limitations in the capacity of the CO, fixation systems provide an
explanation for the preceding observations.
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Figure 1 illustrates the multi demands placed upon glutamate concentra-
tions during hyperoxia: as a potential deviator of a-ketoglutarate from the
Krebs cycle; as a component of the y-glutamyl cycle (18) producing glutathi-
one for amino acid transport and free radical scavenging; and as a precursor in
the formation of GABA, a neuronal depressant. The figure also emphasizes the
complex hierarchy of events leading to convulsive action within which ammo-
nia and glutamate occupy central roles.

In the experiments described here convulsive activity has been delayed
wherever experimental manipulation of the animals has been able to attenuate
the production of ammonia from either oxidative deamination of brain or the
circulating catecholamines. Figure 1 depicts the possible inter-relationship of
the events described and attempts to rationalize biochemical events attendant
upon the phenomenon of convulsive activity in hyperoxia.
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Fig. 1. Contributing effects of catecholamine deamination and ammonia acting upon glutamic acid (GLU) to
produce convulsive activity in hyperoxic states.
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CHANGES IN CELL VOLUME FOLLOWING
HYPERBARIC EXPOSURE: A MANIFESTATION OF
OXYGEN TOXICITY

J. Pooley and D. N. Walder

We have previously observed and reported a decrease in blood flow
through rabbit femoral bone marrow during long, simulated air dives (1). As
no corresponding circulatory change was found to occur in skeletal muscle, we
have looked for an explanation by considering the anatomy of the marrow in a
long bone. '

Bone marrow is a fatty tissue traversed by blood vessels and confined
within the rigid boundary of the bone cortex. We postulated that an increase in
marrow fat cell volume might occur during hyperbaric exposure and that this,
by increasing resistance to intramedullary blood flow, could account for the
decrease observed at pressure.

To test this hypothesis, we studied the effect of exposure to compressed
air and other gas mixtures on fat cell volume.

MATERIALS AND METHODS

Preparation of Fat Cell Suspensions

Suspensions of isolated fat cells were prepared from rat epididymal fat
pad by a modification of the original Rodbell method (2) described by Smith

3).
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The complete fat pad was removed from one epididymis of an adult white
rat and blocks of tissue weighing 300-600 mg were excised. Each block of
tissue was placed in a plastic vial containing 3 mL of Krebs-Ringer bicarbon-
ate buffer, and 5 mg of collagenase (collagenase type II, Sigma (London)
Chemical Co., Ltd.) was added. The vials were then incubated in an agitated
water bath at 37°C for 1 h. After incubation, solid material was removed with
forceps and the liberated fat cells separated from the stromal and vascular cells
by centrifugation at 400 X g for 1 min. The fat cells, which floated in the
surface layers of the medium, were removed by pipette and resuspended in
Krebs-Ringer bicarbonate buffer.

Exposure of the Fat Cells to Compressed Air and Other Gas Mixtures

In each of the described experiments cells obtained from the same epidi-
dymal fat pad were used to provide both control and test suspensions.

The control suspensions were maintained at a temperature of 37°C and
exposed to air at atmospheric pressure. The test suspensions were placed in a
thermostatically controlled compression chamber (Bethlehem Chamber Corpo-
ration) set at 37°C. A series of experiments were performed in which fat cell
suspensions were exposed to the following gas environments:

1) Air at 6 ATA

2) Trimix: Normal Po, and PN, with helium to 6 ATA

3) Oxygen/nitrogen mixture: Normal Po, with N, to 6 ATA

4) 100% O, at 1 ATA

After a period of 3 h the test suspensions were removed from the
compression chamber. Decompressions were performed at an approximate rate
of 1 atm/min.

Assessment of Fat Cell Volume

After removal of the test suspensions from the compression chamber, we
obtained the volume distribution curve of the cells in the test suspensions and
compared it with that of the control suspension using the following technique.

A Coulter Counter Model ZF (orifice 200 p; attenuation 4; aperture 512)
was connected to a Coulter Channelizer C-1000 (Window width 100; base
channel threshold 5; edit switch on; stop at full-scale deflection 400), in turn
connected to an XY pen recorder. The control suspension was diluted in isoton
and introduced into the Coulter Counter. The cells were thus electronically
counted and sized and the result displayed as a volume distribution curve on
the channelizer oscilloscope screen. Each curve represented a total of 16,000
to 20,000 cells. These data were then plotted on the XY recorder. Next, the
volume distribution curve of the test suspension was obtained and plotted on
the same record. In this way any change in cell volume occurring as a result
of hyperbaric exposure was determined.
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Investigation of Observed Cell Volume Changes Occurring as a Result of
Hyperbaric Exposure '

An increase in fat cell volume was demonstrated after exposure to both
compressed air at 6 ATA and 100% O, at 1 ATA. The mechanism of this
change was studied by

Investigating the effect of adding albumin to the suspended medium. The
experiments described previously were repeated with suspensions of fat cells in
a medium of Krebs-Ringer bicarbonate buffer to which bovine albumin had
been added to concentrations of 2% w/v and 4% w/v.

Light microscopy. After hyperbaric exposure, microscopic examination of
both stained and unstained preparations of the fat cell suspensions was carried
out by direct microscopy, dark ground and phase contrast techniques.

Red cell studies. For the purposes of comparison a study of red cells was
begun. Freshly drawn human venous blood samples 2.0 mL volume were
placed in heparinized containers, maintained at 37°C, and exposed to com-
pressed air at pressures ranging from 3 to 8 ATA for periods of 2-3 h dura-
tion. At the end of this time, the volume distribution curve of the red cells
was determined using a technique similar to that described above and com-
pared with a control sample from the same donor kept at atmospheric pressure.
The effect of the introduction of lithium ions into the venous blood sample
before exposure was investigated on an empirical basis by substituting lithium
heparin for sodium heparin as the anticoagulant.

RESULTS

The Effect on Cell Volume of Exposing Fat Cell Suspension to
Compressed Air and Other Gas Mixtures

Compressed air at 6 ATA. Figure 1 illustrates the results of an experi-
ment in which a fat cell suspension was exposed to compressed air at 6 ATA
for 3 h. The volume distribution curve of the test suspension lies to the right
of the control suspension indicating that an overall increase in cell volume
occurred.

Trimix: Normal Po, and PN, with helium to 6 ATA. Figure 2 shows the
effect of exposure to trimix for 3 h. The volume distribution curve of the test
suspension overlies that of the control, an indication that no change in fat cell
volume occurred.
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Fig. 1. The effect on fat cell volume of exposure to compressed air at 6 ATA.

Oxygen/nitrogen mixture: Normal Po, with N, to 6 ATA. The results of
these experiments were the same as those for trimix, an indication that no
change in fat cell volume occurred.

100% O, at 1 ATA. Figure 3 illustrates the results of these experiments.
The volume distribution curve of the test suspension lies to the right of that of
the control, an indication of overall increase in fat cell volume as a result of

this exposure.
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Fig. 2. The effect on fat cell volume of exposure to trimix (normal Po, and PN,) with helium to 6 ATA.

The Effect of Adding Albumin to the Suspending Medium

2% Albumin. Fat cells suspended in Krebs-Ringer bicarbonate buffer to
which albumin 2% w/v had been added demonstrated no volume change after
exposure to either compressed air at 6 ATA or 100% O, at 1 ATA.

4% Albumin. The volume distribution curves of fat cell suspensions in
Krebs-Ringer bicarbonate buffer containing albumin 4% w/v were shifted to
the left by exposure to both compressed air at 6 ATA and 100% O, at 1 ATA,
indicating that an overall decrease in cell volume had occurred. No change in
the volume of the fat cells in this medium occurred on exposure to either tri-
mix or oxygen/nitrogen mixture.
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Fig. 3. The effect on fat cell volume of exposure to 100% O,.

Light Microscopy

Repeated examinations using the microscope techniques outlined above
revealed no obvious morphological change in the fat cells after exposure to
any of the gas mixtures. On no occasion were intracellular gas inclusions seen.

Red Cell Studies

The volume distribution curves of red cells exposed to compressed air at
pressures between 5 and 8 ATA for 2 to 3 h were found to lie to the right of
control samples. This increase in volume could be prevented or reversed by
the introduction of lithium ions into the blood sample before exposure.
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DISCUSSION

These experiments have demonstrated changes in the volume of fat cells
resulting from exposure to both compressed air at 6 ATA and 100% O, at 1
ATA in vitro.

There are individual and tissue variations in the volume of fat cells as
well as a wide distribution in the diameters of individual fat cells from the
same tissue (2, 3) (50-100 p. dia. in rat epididymis [Rodbell, 1964]). This lim-
its the accuracy of direct measurement in assessing mean cell size and compli-
cates the interpretation of results obtained from the tissues of different individ-
uvals. We have circumvented these problems in our experiments by employing
an objective technique to measure the volumes of a relatively large number of
cells (16,000 to 20,000 in each sample) and by using cells derived from the
same source to provide both test and control samples. The results are pre-
sented as a comparison between samples of cells from the same tissue to dem-
onstrate simply the presence or absence and direction of a volume change.
Calculations of absolute volume are not included because we recognize that the
magnitude of volume changes occurring in unsupported cells in suspension in
vitro at best may only approximate any corresponding changes occurring in
vivo.

The increase in fat cell volume occurring after exposure to compressed air
appeared to result from the increased partial pressure of oxygen: similar hyper-
baric exposures to helium and nitrogen gas mixtures in which the Po, re-
mained normal resulted in no such volume increase. This conclusion was con-
firmed by the occurrence of similar volume increases in fat cell suspensions
exposed to 100% O, at atmospheric pressure. Because the maintenance of a
constant volume is a basic function of mammalian cells, we consider these
volume changes to be a manifestation of oxygen toxicity.

The pathological mechanism of these cell volume increases and therefore
a possible site for the toxic action of oxygen in this model may be arrived at
by considering the results of the experiments in which albumin was added to
the suspending medium.

The addition of albumin did not change the findings of the experiments in
which fat cells were exposed to gas mixtures with a normal Po,, the volume
distribution curves in both control and test suspensions were identical. How-
ever, the presence of extracellular albumin did change the findings of the ex-
periments in which cells were exposed to an increased Po,.

The addition of 2% albumin prevented the increase in cell volume previ-
ously demonstrated to occur on exposure to an increased Po,, and the addition
of 4% albumin resulted in a decrease in fat cell volume on such exposures.
These findings can be explained by considering the process of cell volume
regulation.

Robinson (4) has reviewed experimental work into the nature of the path-
ological swelling of cells and concluded that the mechanism by which cells
maintain a constant volume is by active extrusion of sodium ions to maintain
an osmotic gradient across the cell membrane, counterbalancing the colloid os-
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motic pressure of the intracellular proteins. The increase in fat cell volume re-
sulting from exposure to a high Po, can, therefore, be explained by postulating
a toxic action of oxygen acting on the sodium pump. The reversal of the cell
volume change by the presence of intracellular albumin is explained as fol-
lows. If the toxic action of oxygen results in paralysis of the sodium pump,
cells will swell under the influence of the colloid osmotic pressure of their in-
tracellular proteins. The movement of fluid into cells in these circumstances
would be expected to be prevented and finally reversed by the introduction of
increasing concentrations of extracellular protein. This was found to be the
case in these experiments.

In our microscope studies, in which no attempt at direct measurement was
made, no other morphological changes were seen in the fat cells as a result of
hyperbaric exposure. The absence of the intracellular gas inclusions described
by Gersh et al. (5) in fat cells after in vivo experiments was particularly noted,
as expansion of such inclusions could have provided a mechanism for our ob-
served increases in cell volume.

The results of our preliminary investigations on the effect of hyperbaric
exposure on red cells are mentioned because an increase in cell volume was
induced by experimental conditions similar to those of the fat cell experiments
except that the air pressure required was higher (5-8 ATA), which suggests
that a similar mechanism was responsible. Furthermore, the prevention or re-
versal of this effect by the presence of lithium ions provides a link with the
action of oxygen toxicity on the central nervous system. Radomski and Watson
(6) clearly demonstrated that lithium inhibited hyperbaric oxygen-induced con-
vulsions in rats and suggested that this ion influenced ionic gradients that re-
sulted from deranged membrane transport systems earlier demonstrated to oc-
cur in vitro by Kaplan and Stein (7).

The aim of our experiments was to test the hypothesis that the decrease in
blood flow through femoral bone marrow of rabbits observed during long ex-
posures to compressed air was due to an increase in marrow fat cell volume.
This increase, occurring within the rigid confines of the bone cortex would,
therefore, increase the resistance to marrow blood flow.

The increase in fat cell volume observed in vitro, if it occurs in vivo,
would support this hypothesis and implicate the toxic action of oxygen as a
factor in the pathogenesis of dysbaric osteonecrosis. This possibility would
help to explain the relationship between the occurrence of dysbaric osteone-
crosis with both increasing depth and increasing time spent at pressure; it
would help to account for the fact that despite continually improving de-
compression procedures the observed incidence of dysbaric osteonecrosis in
British commericial divers continues to grow steadily.

Confirmation of the possible role of oxygen toxicity in dysbaric osteone-
crosis is being sought because our preliminary work with lithium would then
suggest the possibility of prophylaxis against this disease. This possibility be-
comes important when one considers that treatment remains unsatisfactory and
prevention, by manipulating the working environment, may not be technically
feasible.
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LUNG ATP TURNOVER DURING OXIDANT STRESS

A. B. Fisher and D. J. P. Bassett

Current evidence suggests that tissue damage during exposure to oxygen
at elevated partial pressures results from the increased production of oxygen-
derived free radicals which then interact with cellular components (1,2,3). In
vitro studies have demonstrated that lipids containing unsaturated fatty acids
and proteins containing essential sulfthydryl groups are particularly sensitive to
oxidative damage (4). Manifestations of these biochemical derangements in
vivo may include inactivation of key enzymes of intermediary metabolism or
peroxidation of membranes of cells or organelles. On the other hand, the early
alterations in lung metabolism that precede damage to metabolic systems are
not well understood. The question can be formulated as to whether inhibition
of intermediary metabolism or membrane derangement is the initial toxic event
in the series of reactions that lead to cell damage and eventuate in pulmonary
edema.

In this study, we investigated the early effects of hyperoxic exposure on
the energy status of the lung. We chose the isolated perfused lung preparation
for study to evaluate the direct effects of oxygen uncomplicated by neurohu-
moral or other systemic factors. To provide a relatively large oxidative stress
in a relatively short time, we exposed lungs to oxygen at 5 ATA in a hyper-
baric chamber. Energy status of the lung was evaluated by calculating the rate
of adenosine triphosphate (ATP) synthesis and by measuring lung tissue ade-
nine nucleotide content. Parallel studies were carried out with isolated lungs
perfused with paraquat, an agent that exerts its toxic action on the lung by
mechanisms that may share common features with oxygen toxicity (5,6). The
results presented in this manuscript represent a compilation of previously pub-
lished data (7-11) with the exception that data for lung adenine nucleotide
content during perfusion with paraquat were not previously published. A small
adjustment was made in the method for calculating ATP turnover so that pres-
ent results differ slightly from those previously presented (8).
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METHODS

Lungs for perfusion were isolated from specific pathogen-free Sprague-
Dawley male rats weighing 250-300 g and anesthetized with pentobarbital.
Without interruption of ventilation or perfusion, lungs were placed in the appa-
ratus for perfusion under ambient or hyperbaric conditions. Lungs were contin-
ously ventilated and perfused in a recirculating system with artificial medium
consisting of Krebs-Ringer bicarbonate buffer (pH 7.4) containing added '“C-
glucose and bovine serum albumin. Perfusate pH and the pressures required
for perfusion and ventilation were continously monitored. Temperature of the
perfused lung preparation was maintained at 37°C. Aliquots of perfusate were
obtained at intervals for subsequent analysis. Expired gas from the lung was
collected in CO, traps for measurement of “CO, produced in the gas phase.
The circuit for perfusion of lungs in the hyperbaric chamber is shown schemat-
ically in Fig. 1. A modified circuit was used for perfusion at ambient pressure

).

Amplifier
and
Recorder

gl

Fig. 1. Apparatus for perfusion of isolated rat lungs in the hyperbaric chamber. The walls of the hyper-
baric chamber are indicated by the diagonal hatching. Lungs are continuously ventilated by the solenoid
respirator and perfused by the peristaltic pump. The pressure (PT) required for ventilation at constant tidal
volume (2 mL) and the pressure (PA) for perfusion at constant flow rate (10-12 mL/min) are monitored with
transducers. An end-expiratory pressure of 2-3 cm H,0 is maintained. Perfusate pH is monitored with elec-
trodes. “CO, liberated from metabolism of “C-glucose is collected in NaOH. The temperature inside the
chamber was maintained at 37°C by a heating plate. A slightly modified apparatus was used to perfuse lungs
gt a_nmb)ient pressures of I ATA (1). (Reprinted from (8) by permission of the American Physiological

ociety
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Lungs were generally ventilated with air (0.2 ATA O,) at ambient pres-
sure. Additional control experiments for tissue ATP content were performed
with 0.2 ATA O, at 5 ATA total pressure. Experimental perfusions were car-
ried out by ventilating with 100% O, at 1 or 5 ATA total pressure. The effect
of paraquat was studied by adding buffered 1.5 mM paraquat dichloride to the
perfusate; this concentration previously had been shown to produce approxi-
mately maximal change in the rate of lung glycolysis (7). The metabolic ca-
pacity of the perfused lung preparation was evaluated in parallel experiments
with metabolic inhibitors. To demonstrate the metabolic response to complete
mitochondrial inhibition, we ventilated the lungs with carbon monoxide. To
uncouple mitochondrial oxidative phosphorylation and demonstrate the meta-
bolic response to a rapid rate of energy dissipation, we perfused the lungs with
dinitrophenol (DNP, 0.8 mM). Under all experimental conditions the ventilat-
ing gas contained 0.05 ATA CO, in addition to other components.

The metabolic parameters measured during perfusion were lactate produc-
tion, pyruvate production, glucose utilization, and CO, production from C' la-
belled glucose. Lactate and pyruvate content of the perfusate were measured
by enzyme assay. Glucose utilization was calculated from the rate of *H,O
production from [5-*H]-glucose (10,12). Production of '*CO, was measured
from glucose labelled with "“C either uniformly or in the 1 or 6 position; using
this data, we calculated the fraction of CO, produced via the pentose shunt and
the fraction of CO, produced via mitochondrial (including pyruvate dehydro-
genase and Krebs cycle) pathways. It should be noted that three lung perfusion
experiments yielded three measurements of lactate and pyruvate production but
only one value for mitochondrial and pentose shunt CO, production. Results
for the pentose shunt measurements are presented elsewhere (8).

The rates of ATP synthesis were calculated from the rates of lactate, pyr-
uvate, and mitochondrial CO, production. Lactate and pyruvate production val-
ues were corrected for the small component (approximately 10%) that was de-
rived from nonglucose sources. We assumed that production of each mole of
lactate or pyruvate generated 1 mol of ATP by the cytoplasmic glycolytic
pathway. The production of each mole of mitochondrial CO, was assumed to
generate 1/3 mol of ATP by the glycolytic pathway and 6 mol of ATP by
mitochondrial oxidation to CO,. This analysis, of course, assumes normal cou-
pling in the respiratory chain. In the presence of dinitrophenol or other uncou-
pling agent, the calculation yields ‘‘potential ATP production’ because the en-
ergy liberated during the mitchondrial oxidation may be dissipated rather than
channelled into ATP synthesis.

Tissue adenine nucleotide content was measured in lungs that were rap-
idly frozen at the temperature of liquid nitrogen after 1 h of perfusion. The
measurement of perfusion at ambient pressure was accomplished by clamping
lung tissue with precooled aluminum tongs. At hyperbaric pressures, rapid
freezing was accomplished by spraying fine jets of liquid nitrogen onto the
surface of the lung as shown in Fig. 2; this procedure succeeded in freezing
the pleural surface of the lung to a depth of several millimetres. The frozen
lungs were extracted with cold ethanolic perchloric acid, and ATP and ADP
were measured in the neutralized extracts by enzymatic assay.
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Fig. 2. Method for rapid freezing of the perfused rat lung by liquid N, inside the hyperbaric chamber.
Liquid N, from the holding tank was sprayed onto the pleural surface from jets in the circular ring surround-
ing the lung.

In an additional small series of experiments, rats were exposed to oxygen
at 4 ATA for 1 h. Lungs were then removed from rats, perfused in the iso-
lated lung circuit for 30 min, freezed clamped, and analyzed for tissue ade-
nine nucleotide content.

RESULTS

Metabolic Characteristics of the Isolated Perfused Lung

Isolated rat lungs were perfused in the recirculating system at ambient
pressure for 2 or more- hours with no evidence of gross alveolar edema. The
ventilation pressure at peak inspiration was approximately 5-7 ¢cm H,O and
mean perfusion pressure was approximately 13-15 cm H,O; these values did
not vary appreciably during the course of perfusion. The rates of production of
lactate, pyruvate, and CO, and utilization of glucose were linear for the dura-
tion of perfusion after an initial 10- to 20-min equilibration period. The dry-to-
wet weight ratio for lungs at the end of perfusion was in the range 0.16-0.18.

The rate of ATP synthesis by the isolated rat lung under control condi-
tions was 360 wmolh/g dry weight (approximately 60 wmol/h/g wet lung).
Eighty-five percent of ATP synthesis occurred via the mitochondrial pathways
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while 15% was cytoplasmic. These results, of course, reflect only ATP synthe-
sis from glucose precursor and do not include a possible contribution from use
of endogenous substrates for energy generation. During ventilation with CO,
mitochondrial ATP synthesis was reduced by 86%, whereas cytoplasmic ATP
production increased by 138%; the net result was a 54% decrease in total ATP
synthesis (Fig. 3). The residual mitochondrial activity during CO ventilation
may reflect in part a minor component at the early stages of perfusion before
complete metabolic inhibition was achieved. During perfusion with 0.8 mM
DNP, the ‘‘potential ATP synthesis’ via mitochondrial pathways increased
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Fig. 3. Calculated rate of ATP synthesis from glycolytic and mitochondrial pathways by isolated, per-
fused rat lung under varying metabolic states and oxidative stresses. Glycolytic ATP synthesis was calcu-
lated from rates of lactate and pyruvate production, and mitochondrial ATP synthesis was calculated from
mitochondrial oxidation of glucose to CO, (see text). Control and PQ lungs were ventilated with 5% CO, in
air, CO lungs with 5% CO, in CO, and other lungs with O, containing 0.05 ATA CO,. Results represent
mean values for 21 perfusions with O, at 1 ATA, 12 perfusions with CO, and 9 perfusions for each of the
other conditions. CO = ventilation with carbon monoxide (0.95 ATA); DNP = perfusion with 0.8 mM
2,4-dinitrophenol; PQ = perfusion with 1.5 mM paraquat.
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216% compared with control while cytoplasmic ATP production increased
75%; total ATP production increased 195% (Fig. 3). These results with CO
and DNP reflect the potential range of response of the isolated perfused lung
to metabolic challenge and indicate that the ATP synthesis by the mitochon-
drial pathways may range from 40-970 pmol/h/g dry weight.

Measurement of adenine nucleotide content of the perfused lung indicated
that nucleotides were present chiefly in the form of ATP (Table I). The lac-
tate-to-pyruvate ratio (L/P) of the perfusate was characteristic of previous re-
sults with this isolated perfused organ. During ventilation with CO, there was
a marked decrease in tissue ATP and ATP/ADP and an increase in perfusate
L/P. During perfusion with DNP, there was a modest decrease in tissue ATP
and ATP/ADP while L/P was essentially unchanged.

Effect of Hyperoxia on Metabolism of Isolated Perfused Lung

Lungs ventilated with O, at 1 ATA showed no significant differences
from control lungs either in rate of ATP synthesis or tissue content of adenine
nucleotides (Fig. 3 and Table I). With exposure of lung to O, at 5 ATA, there
was an increase in the rate of ATP generation via both the cytoplasmic and
mitochondrial components, resulting in a 63% increase in total ATP production
(Fig. 3). These results were associated with the increased rate of ATP synthe-

TABLE I

Lactate/Pyruvate Production Ratio and Adenine Nucleotide Content of Isolated Rat
Lungs After 1 Hour of Perfusion with Inhibitors or Oxidants

ATP % of
Condition pmol/g dry wt. Control ATP/ADP L/P
Control (0.2 ATA O,) 104 = 0.1 7.9 £ 0.2 109 = 0.6
(®) ®) )
CO, 0.95 ATA 49 = 0.2 47 2.7 +07 529 = 4.9
0] (0] (12)
DNP, 0.8 mM* 9.3+ 0.2 89 50 = 0.1 127 £ 0.8
3) 3) )
0,, 0.95 ATA 104 = 0.2 100 79 +03 93 %03
an Aan 27)
0,, 5 ATA? 7.2 0.3 69 44 + 0.2 82 +038
(5) (5) 9
HBO pre-exposure*$ 9.8 + 04 94 8.0 + 0.5 —
4 “4)
PQ, 1.5 mM 8.1 +0.2 78 51 0.1 11.8 = 0.4

“@

L))

&)

Results are mean + SE for the number of experiments in parenthesis.

*Ventilating gas was 5% CO, in O,.
O, at 4 ATA for 1 h prior to perfusion study.

tLungs perfused in hyperbaric chamber.

L/P = lactate/pyruvate.
1Rats pre-exposed to
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sis. Significant decreases in the tissue ATP content, tissue ATP/ADP, and per-
fusate L/P were associated with the increased rate of ATP synthesis. These
results suggest an increased rate of ATP utilization with indication that the tis-
sue was ‘‘seeking’’ a new steady state of tissue energy charge. The perfusion
system for study of lungs under hyperbaric oxygen was modified from that
used for lung perfusion under ambient conditions. Therefore we perfused lungs
with the modified apparatus during ventilation of lungs with 0.2 ATA O, for
comparison with the hyperbaric oxygen results. These experiments indicated
that approximately half of the increase in ATP synthesis and half of the de-
crease in tissue adenine nucleotide content with O, at 5 ATA could be ascribed
to hyperoxia while the additional change reflected some undefined influence of
the modified perfusion system.

Lungs removed from rats that had been pre-exposed to O, at 4 ATA for |
h were evaluated for tissue adenine nucleotide content after 30 min of perfu-
sion under control conditions. The ATP and ATP/ADP in these lungs were
similar to values for lungs from normal (unexposed) rats. These results suggest
that altered lung adenine nucleotides may be rapidly restored to control levels
upon removal of the hyperbaric stress, although difference in exposure condi-
tions between the two types of experiments preclude any definitive conclusions.

Effect of Paraquat on Lung Metabolism

Lungs perfused with paraquat (1.5 mM) showed an increased rate of mi-
tochondrial ATP generation resulting in a 39% increase in total ATP synthesis.
Tissue ATP content and ATP/ADP were decreased by 22% and 35%, respec-
tively. There was no change in the L/P. These results suggest an increased rate
of ATP utilization in the presence of paraquat similar to that found with expo-
sure to hyperbaric oxygen.

DISCUSSION

This study used the isolated perfused lung preparation to investigate the
early metabolic changes that accompany exposure to hyperoxia or paraquat.
The use of this preparation has the advantage that neurohumoral, circulatory,
and other possible mediators of indirect organ toxicity can be eliminated. The
disadvantage of the isolated lung preparation is its relatively limited life span
until tissue edema develops. For that reason, we chose a relatively high oxy-
gen presure for study and limited the observations to the initial hour of perfu-
sion. Data previously presented for the second hour of exposure to hyperbaric
oxygen are available in the literature for comparison (8), although the presence
of interstitial lung edema complicates their interpretation.

Based on results with the isolated lung preparation, the early manifesta-
tions of hyperoxic stress include oxidation of tissue pyridine nucleotides (mani-
fested by the decreased perfusate L/P) and increased rate of NDPH turnover
(as indicated by stimulated activity of the pentose shunt pathway of glucose
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metabolism) (8). The rate of tissue ATP utilization is either unchanged or
slightly increased. The stimulation of the pentose shunt pathway indicates an
increased demand for cytoplasmic reducing equivalents, possibly in response to
an increased rate of glutathione oxidation (3) or an increased rate of lipid per-
oxidation. The findings are consistent with the concept that hyperoxia results
in an increased ‘‘load’’ of toxic oxygen-derived radicals that are detoxified by
cytoplasmic reductants (1,3).

The results suggest that ATP utilization is increased during these early
stages of oxygen exposure, although the degree of stimulation was very mod-
est in comparison with the maximal capacity of the system. Possible mecha-
nisms for stimulation of ATP utilization include uncoupling of oxidative phos-
phorylation or increased ATPase activity, perhaps related to altered membrane
properties. The important point of the data would appear to be that mitochon-
drial pathways were definitely not inhibited during these initial stages of oxida-
tive stress. On the other hand, the results do not exclude some mitochondrial
damage that might become evident only when lung mitochondria are required
to operate at maximal capacity or that might develop during later stages of
oxygen exposure. Evidence for this might be the relatively modest increase in
ATP synthesis despite the significant decrease in tissue ATP/ADP. Our pub-
lished data further suggest that during the second hour of oxygen exposure of
lungs at 5 ATA, mitochondria did not respond normally to the additional stress
of interstitial edema (8). Sanders and co-workers have shown that mitochon-
dria from lungs of rats exposed to 2 ATA O, for 12 h do not maintain maxi-
mal rates of oxygen consumption (13). Thus, energy generation may remain
intact during the initial stages of hyperoxia exposure, but mitochondria may
participate in the damage that becomes manifest as oxygen poisoning proceeds.
The data presented suggest that mitochondrial changes produced during the
earliest stages of oxygen exposure are rapidly reversible.

Paraquat produced alterations of NADPH and ATP turnover that were
similar to those produced by hyperbaric oxygen. These metabolic conse-
quences also can be interpreted as an increased use of cytoplasmic reducing
equivalents and slightly increased ATP turnover. Despite the similarity in ef-
fect, though, it is important to note that the target cells for paraquat and oxy-
gen damage may differ and, therefore, different metabolic effects at the cellu-
lar level may be masked by study of the whole organ response.

SUMMARY

Isolated rat lungs perfused in a hyperbaric chamber at 5 ATA and venti-
lated with oxygen showed slightly increased rates of ATP synthesis from the
metabolism of glucose and decreased tissue ATP content. There was no differ-
ence in lung adenine nucleotide balance between ventilation with O, at 1 ATA
and control (0.2 ATA O,). Perfusion with paraquat (1.5 mM) caused changes
similar to those observed with hyperbaric oxygen. The results suggest that the
early stages of oxidant stress are associated with an increased rate of ATP uti-
lization and that oxidative metabolism is not depressed.
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PROTECTION FROM PULMONARY OXYGEN
TOXICITY BY TREATMENT WITH LOW DOSES OF
BACTERIAL ENDOTOXIN

L. Frank, M-J. Chiang, and D. Massaro

Although the toxic consequences to the lung of prolonged exposure to ele-
vated concentrations of oxygen are well documented, many clinical situations
necessitate very rigorous and long-term hyperoxic treatment. To date, unfortu-
nately, there are still no specific pharmacological agents available clinically to
help prevent the lung-damaging effects associated with high-concentration oxy-
gen therapy.

Exposure of various animal species to 95-100% O, at 1 atm results in
severe lung damage and substantial mortality within several days of continuous
exposure (1,2). Adult rats typically succumb to pulmonary oxygen toxicity
within 60-72 h of exposure to 95-100% O,. It has recently been discovered
that purified bacterial lipopolysaccharides (endotoxins) from a variety of gram-
negative organisms given to rats immediately before and during exposure to
>95% O, provide a marked degree of protection against oxygen-induced lung
damage and lethality (survival rate at 72 h = 265/275 [98%] for endotoxin-
treated vs. 66/201 [33%] for untreated rats). Since these initial findings (3,4)
we have been concerned with several major questions:

1) Will endotoxin administration after the onset of exposure to >95% O,
at 1 atm provide protection?

2) Will endotoxin provide protection against the more chronic effects of
oxygen toxicity?

3) What is the mechanism by which endotoxin confers protection?

The studies reported here were performed to address these experimental
questions.

65
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METHODS AND MATERIALS

Adult male Sprague-Dawley albino rats (225-275 g) free of overt pulmo-
nary disease were used for these studies. The animals were maintained on
standard laboratory feed and water ad libitum in the Animal Care Facility of
the Miami V.A. Hospital. Exposures to >95% O, (or 21% O,) were con-
ducted as previously reported (3, 4) with careful monitoring of oxygen concen-
trations (96-98%), carbon dioxide concentrations (<0.5%), temperature (23-
26°C), and humidity (60-80%).

Endotoxin (Salmonella typhimurium lipopolysaccharide, Sigma Chem.
Co., St. Louis, MO) was dissolved in phosphate-buffered saline (PBS) pH
7.4, and administered intraperitoneally according to the injection schedules de-
scribed in the legends for the figures and tables included in this report. Control
animals in oxygen received equivalent injections of PBS (approx. 0.5 cc/100 g
body wt). At the end of the exposure periods, animals were subjected to eu-
thanasia by pentobarbital anesthesia, i.p., and exsanguination. The animals’
lungs were prepared for histological study by intratracheal fixation with 10%
buffered formalin at a constant 20-cm H,O pressure. For the biochemical anal-
yses, fresh lung tissue was perfused with cold isotonic phosphate buffer (0.1
M potassium phosphate, 0.15 M potassium chloride, pH 7.4) and then homog-
enized in cold 0.005 M potassium phosphate buffer, pH 7.8 (10:1, volume:
lung wt) as described previously (3,4). Assays for superoxide dismutase (5),
catalase (6), glutathione peroxidase (7), protein (8), and DNA (9) were by
standard methods.

Statistical analysis was by Student’s group # test or by Fisher’s exact non-
parametric test; significance level of P < 0.05 for rejection of the null hypoth-
esis (10).

RESULTS AND DISCUSSION

Effect of Endotoxin Treatment After Onset of Oxygen Exposure

Figure 1 shows the results of studies to determine if endotoxin adminis-
tered at various times after the onset of hyperoxic exposure would have a pro-
tective effect. A single dose of endotoxin given to rats at zero time (just be-
fore the start of >95% O, exposure) or at 12 or 24 h after the start of
hyperoxic exposure resulted in nearly 100% survival at the end of 72 h (Fig.
1). A single dose of endotoxin administered after 36 h of hyperoxia resulted in
a 75% survival rate. All of these treatment groups had statistically significant
increases in survival compared to the 33% survival rate of the rats simultane-
ously exposed to oxygen but not given endotoxin (P < 0.05). Endotoxin given
:(:lftle)r 48 h in hyperoxia did not affect survival (35% survival rate) (Fig. 1)
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Fig. 1. Effect of delayed endotoxin treatment on survival of adult rats exposed to hyperoxia (96-98% O,,
72 h). Animals were treated with a single 500 pg/kg dose of endotoxin i.p., either at zero time (just before
being placed in hyperoxia) or at 12, 24, 36, or 48 h after the onset of oxygen exposure. Air controls and oxygen-
control group received equivolume PBS at zero time. Survival rates for air-control group and endotoxin groups
0, 12, 24, 36 h were all significantly greater than oxygen-control group (oxygen + saline) survival rate, P <
0.05. (Portions reproduced by permission Journal of Clinical Investigation [11])

To our knowledge, all other agents reported to offer a degree of protec-
tion from experimental oxygen toxicity, including alpha-naphthylthiourea (12),
oleic acid (13), and pre-exposure to 85% O, prior to 100% O, exposure (14,
15), require a pre-exposure period of several days to achieve any protective
action. Endotoxin’s effect is therefore unique, both because its protective ac-
tion occurs even when administered after the onset of oxygen challenge and
because it does not produce identifiable lung damage itself, as each of the
other protective agents definitely do (12-16).

Effect of Endotoxin Treatment on Chronic Oxygen-Induced Lung
Changes

Figure 2 shows the results from a series of experiments designed to deter-
mine if the protective effect of endotoxin treatment against the acute manifes-
tations of oxygen toxicity (pulmonary edema, pulmonary hemorrhage, and le-



68 L. Frank, M-J. Chiang, and D. Massaro

RESULTS OF 7-DAY EXPOSURE TO >95% 02

5/5
100 i w0/ 2324
80 |-
'<" -
>
S 60
-
w» =
3
w0l
20~ 4/30
AIR o ozt 1DOSE  2.00SES  3.DOSES
CONTROL SALINE ENDOTOXIN OF ENDOTOXIN

(ALL GROUPS)

Fig. 2. Results of 7-day exposure to >95% O,. Percent survival of adult rats given i.p. injections of
endotoxin (oxygen + endotoxin [all groups] ) or saline (oxygen + saline) and exposed to >95% O, for 7
continuous days. Endotoxin-treated subgroups received either one dose (500 pg/kg) at start of oxygen exposure,
or two doses (at start and at 24 h), or three doses (at start and at 24 and 48 h of exposure). Survival values
of all groups compared to the oxygen + saline group were P < 0.05 (Fisher’s test).

thality) would be sustained over a longer period of hyperoxic challenge and to
determine if treatment would also offer some degree of protection from the
more chronic changes seen in the lungs of animals that do manage to survive
prolonged >95% O, exposure. The survival values for animals receiving one
500 pg/kg dose (96%), two doses (100%), or three doses (92%) of endotoxin
during the 7-day oxygen-challenge period were all significantly greater than for
the untreated (saline + oxygen) rats (13%) (P < 0.05).

After the surviving animals from these experiments were maintained in
room air for a 6-week recovery period, special stains for evidence of fibrotic
lung changes revealed a much reduced deposition of collagen and reticular fi-
bers in the oxygen-exposed endotoxin-treated rats compared to the increased
fibrosis demonstrable in the untreated oxygen-exposed survivors (17). Analysis
for lung hydroxyproline content gave supportive biochemical evidence for a
significant reduction in chronic lung changes (fibrosis) in the endotoxin-treated
animals.

Role of Lung Antioxidant Enzymes in Protection by Endotoxin Treatment

Of the possible mechanisms to explain endotoxin’s protective action in the
hyperoxic setting, we have focused our attention to date on the effect of endo-
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toxin treatment on the responses of the lung antioxidant enzyme system to high
oxygen exposure. Previously, we have shown that unlike oxygen-tolerant im-
mature animals, adult animals (including rats) typically show an inability to
respond to high oxygen exposure with adaptive increases in their lung superox-
ide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GP) activi-
ties, and these mature animals succumb readily to pulmonary oxygen toxicity
(18,19). A large number of recent studies from many laboratories have estab-
lished the important role these endogenous antioxidant defense systems play in
providing potential protection from severe lung damage due to hyperoxidant
stresses (14,20-22). In our early endotoxin study, we presented suggestive evi-
dence that the improved tolerance to hyperoxia conferred by endotoxin is asso-
ciated with increases in the protective antioxidant enzyme levels in the lungs
of the treated animals (3).

We tested the importance of this stimulation of lung antioxidant enzyme
activity by endotoxin treatment in recent studies, comparing the time course of
appearance of these lung enzyme changes to the development of pulmonary
edema in our treated and untreated oxygen-exposed animals. The results of
these studies are summarized in Tables I and II (reproduced from ref. 11). We
reasoned that if these enzymes were, in fact, important in protecting the lung
against the development of severe pulmonary edema, increased enzyme levels
should be detectable in endotoxin-treated oxygen-exposed rats before the usual
time of development of severe lung edema in oxygen-exposed rats not given
endotoxin. We found that, indeed, these enzymes (SOD, CAT, GP) increased
in activity in the lungs of oxygen-exposed endotoxin-treated rats by 36 h of

TABLE 1

Time-Course Study: Lung Fluid Accumulation in Adult Rats Exposed to Hyperoxia*

Pleural Fluid (mL)

36h 48 h 60 h 72 h
Air-Control 0.13 = 0.03 0.17 = 0.05 0.15 = 0.04t 0.17 = 0.04t
0,-Saline 0.14 = 0.03 0.47 = 0.57 6.53 = 3.05 8.65 = 1.64
O,-Endotoxin 0.09 = 0.05 0.15 = 0.07 0.41 = 0.62% 0.51 = 0.53%

Lung Dry Weight/Wet Weight

36h 48 h 60 h 72 h
Air-Control 0.200 = 0.006 0.200 = 0.006% 0.199 = 0.006F 0.200 = 0.0071
0O,-Saline 0.201 = 0.004 0.175 + 0.008 0.162 * 0.005 0.175 = 0.006
0,-Endotoxin 0.198 *= 0.006 0.186 * 0.006 0.185 * 0.004% 0.185 + 0.004%

*Adult rats exposed to 96-98% O, for 36, 48, 60, or 72 h. Treated animals received a single 500 pg/kg
dose of endotoxin i.p. at 24 h after the onset of O, exposure. Air controls received either gndotoxin or
equivolume phosphate-buffered saline. Results expressed as mean value * SEM for two experiments (n =
8 animals per treatment group).  ¥Significant difference from O,-saline (untreated) group, P < 0.05. (Re-
produced by permission Journal of Clinical Investigation [11])
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TABLE I
Time-Course Study: Lung Antioxidant Enzyme Activity in Adult Rats Exposed to
Hyperoxia*
36-h Exposure
SOD CAT GLUT. PEROX.
Treatment (units/lung) (I.U./lung) (#M NADPH oxid/min/lung)
Air-Control 691 * 104 7540 + 1828 42.6 + 3.2
0,-Saline 655 = 139 6566 + 2455 426 + 8.7
O,-Endotoxin 786 = 93 8104 = 1057 510 £ 7.0
(+14%) (+7%) (+20%)
60-h Exposure
SOD CAT GLUT. PEROX.
(units/lung) (1.U./lung) (uM NADPH oxid/min/lung)
Air-Control 631 = 63 6190 + 976 369 = 6.6
0,-Saline 596 + 41 7630 + 13327 432+ 84
0,-Endotoxin 958 + 96+ 9490 + 18907 66.3 = 6.0F
(+52%) (+53%) (+80%)

*Adult rats exposed to 96-98% O, for 36 or 60 h. Treated animals received a single 500 p.g/kg dose of
endotoxin i.p. at 24 h after the onset of O, exposure. Air-controls received either endotoxin or equivolume
phosphate-buffered saline. Results expressed as mean = SEM for two experiments (n = 8 animals per treatment
group). Values in parentheses are percent increase in enzyme activity compared to air-control values.
tSignificant difference from air-control enzyme value P < 0.05. (Reproduced by permission Journal of Clinical
Investigation [11])

exposure time, 12 h before the onset of detectable increases in lung water in
the rats that were exposed to hyperoxia but not given endotoxin (Tables I and
II). The enzyme levels continued to increase while lung water remained con-
stant in the endotoxin-treated animals during the rest of the 72-h oxygen-expo-
sure period. In contrast, untreated animals showed no such increases in lung
antioxidant enzyme activity, and progressive edema formation occurred.

Tables III and IV (reproduced from ref. 11) show the results from two
additional types of experiments to explore further the role of these enzymes in
the protection against oxygen toxicity conferred by endotoxin. First, we treated
rats with diethyldithiocarbamate (DDC), which is known to inhibit SOD activ-
ity (23,24). As seen in Table III, DDC treatment blocked the rise in SOD ac-
tivity in endotoxin-treated rats exposed to hyperoxia and also completely nulli-
fied the protective action of endotoxin (11). Next, we treated mice with
endotoxin and found that endotoxin treatment in mice exposed to >95% O, at
1 atm did not result in any increase in pulmonary antioxidant enzyme activity
(SOD, CAT, or GP) and also had no protective effect against pulmonary oxy-
gen damage or against the lethal effect of hyperoxia (Table IV) (11).

Finally, we further explored the biochemical basis by which endotoxin
confers tolerance to hyperoxia by measuring its effect on lung DNA, RNA,
and the ratio of RNA to DNA (Fig. 3). In rats breathing room air, endotoxin
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TABLE 111

Survival, Pulmonary Edema, and Lung Antioxidant Enzyme Activity in Adult Mice
Exposed to Hyperoxia*

Survivalt Body Wt Lung Wt Lung Wt/ Lung Dry Wv
Treatment (%) (g) ) Body Wt (%) Wet Wt
Air-Control 24/24 (100%) 27.74 0.147 0.532 0.221
0,-Saline 29/41 (71%) 21.97% 0.322 1.470% 0.145%
0,-Endotoxin 29/40 (73%) 21.54% 0.376 1.729% 0.132%
CAT GLUT. PEROX.
Survivalt SOD
Treatment (%) (units/lung) (1.U./lung) (uM NADPH oxid/min/lung)
Air-Control 24/24 (100%) 109 = 6 1922 + 387 5.67 = 0.67
0O,-Saline 29/41 (71%) 97 + 9 1393 + 410 5.15 = 1.16
O,-Endotoxin . 29/40 (73%) 96 +11 1435 + 380 5.92 = 0.74

*Adult mice exposed to 96-98% O, for 96 h. Treated animals received 500 pg/kg of endotoxin i.p. at
zero time (just before being placed in hyperoxia) and at 24 and 48 h after the onset of O, exposure. Air-
controls received endotoxin or equivolume phosphate-buffered saline. Results are mean values * SD for a
single experiment with n = 4 animals per treatment group. tSurvival at 120 h: O,-Saline = 1/29 (3%)
and O,-Endotoxin = 2/29 (6%). 1Significant difference compared to air-control value P < 0.05. (Por-
tions reproduced by permission Journal of Clinical Investigation [11])

TABLE 1V

Survival, Lung Fluid Accumulation, and Lung Antioxidant Enzyme Activities in
Adult Rats Exposed to Hyperoxia: Effects of Endotoxin Treatment + DDC*

Survival Pleurat Fluid Lung Dry Wt/Wet Wt
Treatment (%) (mL)
Air-Saline 15/15 (100%) 0.20 = 0.02 0.194 + 0.002
Air-Endotoxin + DDC 17/17 (100%) 0.13 + 0.06 0.195 = 0.004
0,-Endotoxin 17/17 (100%) 0.15 + 0.07 0.179 + 0.007
0,-Endotoxin + DDC 14/35 (40%)t 4.68 + 2.49% 0.161 = 0.003%
GLUT. PEROX.
SOD CAT (.M NADPH oxid/min/
Treatment (units/mg DNA) (I1.U./mg DNA) mg DNA)
Air-Saline 53.5 + 8.3 504 + 65 5.21 + 56
Air-Endotoxin + DDC 53.1 £ 5.7 564 = 89 5.26 = 0.69
OQ,-Endotoxin 76.3 + 10.8% 860 + 124% 7.73 = 0.83%
0,-Endotoxin + DDC 51.7 £ 5.2 765 = 76t 6.79 + 0.46%

*Adult rats exposed to 96-98% O, for 48 h. Animals received a single 500 pg/kg dose of endotoxin i.p.
at zero time (just before being placed in O,) = DDC (diethyldithiocarbamate), 100 mg/kg i.p. at zero time
and at 24 h after the onset of O, exposure. Results expressed as mean values = SEM for two experiments
(n = 8 animals per treatment group). TSignificant difference from all other treatment groups P <
0.05. (Portions reproduced by permission Journal of Clinical Investigation (11])
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resulted in an increase within 24 h in total lung DNA and RNA without any
change in the RNA/DNA ratio; these findings persist for at least 72 h. In rats
exposed to >95% O, at 1 atm but not given endotoxin, there was a smaller
rise in total lung DNA and RNA but no change in the RNA/DNA ratio except
at 72 h of exposure time in the few rats who survived without endotoxin treat-
ment. In contrast, in oxygen-exposed rats given endotoxin, a significant rise in
the ratio of RNA to DNA occurred by 48 h of oxygen exposure (Fig. 3); these
RNA/DNA changes suggest an ‘‘activation’’ of the lung to increased cell divi-
sion plus biosynthetic activity (see 25). These preliminary findings also suggest

OR— e AIR + ENDOTOXIN
80 — ® ® 02+ SALINE
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*
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Fig. 3. Lung RNA/DNA ratios for adult rats at intervals during 72-h exposure to air or >95% O,. Air
+ endotoxin group received a single 500 wg/kg dose of endotoxin at start of room air exposure, oxygen +
saline group received equivolume saline injection, and oxygen + endotoxin group received single 500 pg/kg
dose of endotoxin at start of exposure to >95% O,. Results expressed as mean + SEM bars (n = 3-6 animals
per ogl(;)lu)p per time point). * = P < 0.05 compared to air control animal value at zero time (DNA ratio of 0.60
-+
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that endotoxin treatment may reverse the usual inhibitory effect that prolonged
hyperoxic exposure has on both DNA and protein synthetic mechanisms (1,
26,27).

CONCLUSIONS

We conclude that a) endotoxin confers protection against acute experi-
mental oxygen toxicity even when given in a single dose (500 wg/kg or ~1/
50th LDs, dose) as late as 36 h after the onset of oxygen exposure; b) the
antioxidant enzymes of the lung (SOD, CAT, and GP) play an important role
in the protective effect produced by endotoxin; and, c) endotoxin treatment
may protect against the delayed (fibrotic) changes that follow acute oxygen-
induced pulmonary damage. We suggest that endotoxin acts as a mitogen in
the lung (increased DNA) and that it ‘‘activates’’ lung cells to respond to met-
abolic perturbation as evidenced by a rise in the ratio of RNA to DNA in the
endotoxin-treated oxygen-exposed animals (compared to the treated, but unper-
turbed rats breathing room air). We think it may be this activation that facili-
tates a rapid increase in synthesis of antioxidant enzymes in response to hyper-
oxic free radical stress in the endotoxin-treated oxygen-challenged animal.

Studies to define further the mechanism for the marked protective action
of endotoxin against pulmonary oxygen toxicity may, one hopes, lead to the
development of still other agents with similar protective actions but perhaps
less toxic potential than endotoxin itself, agents that may be of some future
clinical use in helping to circumvent the lung injury associated with prolonged
treatment with life-giving oxygen.
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DEVELOPMENT OF ALTERATIONS IN PULMONARY
DIFFUSING CAPACITY AFTER DEEP SATURATION
DIVE WITH HIGH OXYGEN LEVEL DURING
DECOMPRESSION

R. Hyacinthe, P. Giry, and B. Broussolle

Hyperoxic mixtures are used extensively in operational diving for differ-
ent purposes:

(a) for safety during the stay at bottom (risk of life-support system
failure);

(b) to shorten decompression time by increasing the alveolar tissue pres-
sure gradient of inert gas; and

(c) for increasing tissular Po, during therapeutic hyperoxias.

The use of these mixtures is a cause of concern because hyperoxia lasts
for days or weeks during deep diving and saturation diving and it is necessary
to adapt the Po, value to the duration of exposure to avoid the pulmonary
toxic effects of oxygen.

Clark and Lambertsen (1) designed the Unit Pulmonary Oxygen Toxicity
Dose (UPTD) system to predict oxygen toxicity as function of PIo, and expo-
sure duration. During their experiments at low pressure, the index for estima-
tion of pulmonary oxygen toxicity was a decrease in forced vital capacity
(FVC). 1t is generally agreed that a Po, below 0.5 ATA does not produce any
impairment of pulmonary function.

In hyperbaric conditions the assessment of damage by the calculation of
UPTD and the decrement of FVC is not satisfactory when Po, is below 1 ATA
and when oxygen is combined with other gases (2). Other indexes than FVC
have been used for evaluating the effects of oxygen toxicity on lungs. Wins-
borough (3) measured the pulmonary tissue volume; Caldwell (4), Puy et al.
(5), and Prefaut et al. (6) preferred an index of direct impairment of the lung
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membrane: the measurement of the pulmonary diffusing capacity for carbon
monoxide (DLco).

We present here the results of a survey of 14 divers; six divers partici-
pated in an operational dive to 501 m (Janus IV) and eight divers participated
in a dry chamber dive to 46 ATA. Both dives used hyperoxic decompression,
with a 6-week follow up of DL/ VE modifications.

METHOD AND MATERIALS

Determination of Pulmonary Diffusing Capacity for Carbon Monoxide

The pulmonary diffusing capacity for CO corresponds to the lung transfer
coefficient for CO (DLco):

Vco = DiLeo (l-)Aco - l_:'Cco)
with Vo uptake of CO, in mL sTpD - mn~!
Paco = the mean alveolar CO partial pressure, in Torr.

Pcco = the mean CO partial pressure in the pulmonary capillary, in
Torr.

Pcco is considered as negligible because of hemoglobin affinity for CO,
S0
Vco
DLoo ==——inmL - mn~! - Torr~!.
PAco
The DLco determination was carried out according to the ‘‘steady state”
method with the end-tidal P, used as the mean alveolar Poo. To reduce the
DL variation due to the ventilation fluctuations, we report DL, to the litre of
ventilation (BTPS):

DLco/VE, in mL stpD - LBTPS~! - Torr-"'.

The apparatus employed was the Godart Diffusion test which includes the
following components:

1) A spirometer system for recording of the respiratory volume. The
system consists of a wet spirometer and a recorder with paper speed of
60 mm - min~';

2) A “‘bag in box’’ system with 150-L latex bags and a valve system for
the separation of the inspiratory and expiratory gases; '

3) A CO analyzer with a zero to 0.05% CO range; and

4) An end-tidal sampling device according to Rahn for continuous sam-
pling of end-tidal gas, which is considered to represent the alveolar gas.

For the measurement, a mixture of about 0.045% CO in ambient air was
prepared and stored in a latex bag. The subject, seated and at rest, was con-
nected to the apparatus via a mouthpiece and initially breathed ambient air.
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The alveolar and mean expiratory concentrations of CO were then determined.
The subject inspired from the inspiratory bag and expired into the expiratory
bag. When a steady state was achieved, the CO concentrations of alveolar,
mixed expiratory, and inspiratory gases were determined. These measured val-
ues were corrected for the initial alveolar and mean expiratory CO concentra-
tions in air.

The determination required 2 min. With this apparatus and technique, the
normal values of DLco/VE obtained from a population of 167 healthy men with
an average age of 33 * 8 years were:

+SD =27 = 1.1mL - L-"- Torr™!' (ref. 7).

In our group the DLoo/VE control values had a mean + SE of 2.98 +
0.72 mL-L-"-Torr~!, with a range between 1.83 and 4. 43 mL-L-"-Torr~".
The intervariation of DLco/VE between the divers resulted mainly from the
breathing pattern. When the breathing pattern of a diver was steady, the re-
producibility of DLco/VE was sufficiently good. Table I shows the DiLeo/VE
and ventilatory measurement values before a saturation dive using 5 divers.

DL V

Parameters of the Saturation Dives

Janus 1V. Dive profile: a) compression with ternary mixture He-O,-N, and
steps in 30 h, 30 min to 44 ATA; b) 5 days at 44 ATA with Po, = 400 mb,
PN, = 1.6 ATA; ¢) 10 h of work on a platform at 47 ATA with Po, = 450
mb; d) 20 min at 501 m with Po, = 450 mb; and e) decompression in 7 days,
17 h, 30 min. The Po, profile during the decompression consisted of a series

TABLE 1

Control Values for DLeo/VE and Ventilatory Measurements in
5 Navy Divers

Subjects SEV VIA MOR BUL MAR
(n=15) (n =5) (n = 4) (n = 4) (n = 3)
In)ll!..-cf{‘YETon“ 225 £ 0.14 3.42 + 0.10 3.49 £ 047 4.18 = 0.19 4,08 = 0.38
X;TPS 1.25 £ 0.39 1.26 = 0.37 1.31 £ 0.36 1.93 = 0.28 1.80 = 0.16
f:ycle'mn" 7.41 + 3.8 4.75 = 0.82 5.52 = 1.50 3.94 = 0.11 3.78 = 0.56
Zsmmn" 11.2 = 1.06 572 £ 0.83 6.55 + 0.64 7.63 + 1.29 6.75 = 0.39

Five Navy Divers were followed more than 1 year. Values are mean + SE. Note the small SE of DLCOI\.’E
as compared to the statistical dispersion of other parameters.



78 R. Hyacinthe, P. Giry, and B. Broussolle

of 5 decrements from 800 mb to 400 mb with fractional O, concentrations of
0.02 until 23 ATA; 0.03 until 13.4 ATA; 0.06 until 6-8 ATA; 0.12 until 3.3
ATA, and 0.24 ATA until surface.

Simulated dive to 450 m. Dive profile: a) compression with ternary mix-
ture He-O,-N, and steps in 39 h, 15 min to 46 ATA; b) 48 h at 46 ATA with
Po, = 400 mb, PN, = 2.2 ATA; and c) decompression in 10 days, 20 h with
a stop of 6 h, 30 min at 32.4 ATA. The Po, profile consisted of a decrement
of Po, from 700 to 500 mb in 48 h until 32.4 ATA, where Po, was estab-
lished at 600 mb during the step. Between 32.4 and 5.2 ATA Po, was at 500
mb for 6 days. Between 5.2 and 2.5 ATA, Po, was at 600 mb for 15 h.

The Po, profiles during decompression for both saturation dives are
shown in Fig. 1.

Subjects

Fourteen professional civilian and military divers were studied. All sub-
jects had been exposed to more than one deep saturation dive before the exper-
iment. The mean age of the divers was 29.8 years, ranging from 24 to 37
years; the mean weight was 73.5 kg, ranging from 57 to 89 kg.

In Janus IV two divers worked at 47 ATA and two others went down to
501 m. During the decompression, one diver who had worked at 47 ATA and

Ambient

900, POz mb

r\ — = =JANUS IV

\ . .
sool \ ) \ Simulated dive
700}
€00,
500}
400}
\
\
300 \
dﬂan of \

200l écompression (-

1 Time

L A 'l 'l '} 1 A L '} '] L A A

1 2 3 4 S [ ] 7 8 9 10 n 12 days
Fig. 1. Ambient Po, vs. time during decompression for Janus IV and the simulated dive. For Janus

1V, decompression was done at constant Fo,. When Po, was less than 400 mb, oxygen was injected to reach
800 mb, and the f;, remained constant until Po, lessened to 400 mb. For the simulated dive, hyperoxic

peaks at the beginning and end of decompression are for therapeutic purposes.
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another one presented shoulder and knee aches. They breathed oxygen-
enriched mixtures with Po, = 1.6 ATA four times for 25 min each day. In
the last meters of the decompression, all divers breathed pure O, for two 25-
min periods. In the simulated dive during decompression, 5 subjects com-
plained of knee pains and breathed an oxygen-enriched mixture with a Po,
range of 1.7-1.0 ATA for a 25-min period, 2-6 times a day for 1-5 days.

The Janus 1V divers had been exposed to an average of 2000 UPTD. In
the simulated dive the subjects were exposed to an average of 1500 UPTD.

Sequence of Measurements

The DLco/VE control values were obtained during the week before the
dive. The postdive measurements were obtained.1-16 h after surfacing. The
follow-up measurements were made 5-9 days, 2 weeks, and 5-6 weeks after
the dive.

The paired ¢ test was used for determining whether the difference between
various measurements was statistically significant. The level of significance was’
P < 0.05. '

RESULTS

The individual DLco/VE values are represented in Fig. 2. The DLco/VE
before and after the dive with paired ¢ test is given in Table II.

The postdive measurements showed that DLoo/VE decreased 31gn1ﬁcantly
The mean value = SE of DLeo/VE was: 2.60 + 0.17 mL - L-' - Torr~!
(P < 0.001); the mean decreased in DLco/ VE compared to control values was
—12.3% with a range varying from +1.2to —25.1%.

The first follow-up measurement 5 and 9 days postdive on 12 subjects
showed that DL.o/VE was decreased more than just after the dive (mean
DLoo/VE = SE = 2.50 = 0.23 mL - L' - Torr~! [P < 0.01]), with a mean
decrease of 16.2% and a range between +10.7 and —34.5%. Compared to
control values, two divers had DLoo/VE values that were normal or higher; two
other divers had a DLCO/VE decrement similar to that just after the dive; and
eight divers had a decrease in DLco/VE greater than that just after the dive.

The follow-up measurement made on 4 subjects 16 days after the Janus
IV dive showed that 2 divers still had a decreased DLco/VE with a decrement
of about 20% and that the other two divers had normal DLco/VE values
(Fig. 2). Of the five divers seen 5 or 6 weeks after the dive, four had
DLco/VE values close to control values but one had a higher DLco/VE than
before the dive.

The 6 divers of Janus IV who had been exposed to 2000 UPTD had main
DLoo/VE decreases of —8.2% and —10.5%, respectively, just after the dive
and 5 days later (P < 0.05). The 8 divers of the simulated dive exposed to
1500 UPTD had main DiLco/VE decreases of —15.9% and —17.4% respec-
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Fig. 2. Individual follow up of Dl—col\.’E values for the 14 divers studied. Results expressed in per-
centage of individual control values.

TABLE 11

Follow-up of the Ratio DLco/VE in 14 Divers after Janus IV and
Simulated Dive

1 Week = 2

<24 Hours D 2 Weeks 5-6 Weeks
After Dive ays After Dive After Dive
After Dive
(n = 14) (n = 12) (n = 4) (n = 5)
Control
Values 2.98 £ 0.20 2985 + 0.23 271 £ 04 345 + 0.35
Postdive
Follow-up 2.60 = 0.17 2.50 = 0.23 243 £ 04 3.65 + 0.35
Values
P <0.001 <0.001 N.S N.S
(Paired ¢ test) : . : :

All of the individual divers could not be seen exactly at the same time after the dives,
therefore the control values are the ones of the same divers as in the postdive follow-up

values. Values are the mean + SE. Student’s paired ¢ test was used for statistical
comparison.
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tively, just after the dive and 9 days later (P < 0:01). The differences between
the main DLco/VE values for the two different dives were not significant. ,

DISCUSSION

The primary purpose of this study was twofold: to determine whether the
partial pressure of oxygen used during the decompression from deep saturation
dives can be toxic to the lungs and to follow the completeness of recovery
from pulmonary O, toxicity, if it exists.

If we refer to Lambertsen’s system, in Janus IV there was 2000 UPTD
and in the simulated dive 15,000 UTPD.

During the simulated dive we also measured decreases in FVC. The ob-
served decreases of FVC were less than the predicted ones (Fig. 3). However,
decreases in DLqo/VE were greater than both predicted and measured decreases
in FVC, and lasted in 2 subjects less than 1 week, as FVC—in all the remain-
ing 11 subjects, more than 1 week and sometimes more than 2 weeks, while
recovery in FVC was obtained in 1 week.

The DLco/VE seems a more powerful index of pulmonary stress than FVC
because minute lesions were detected over a longer time. It is generally agreed
that the first step of oxygen toxicity is the appearance of an edematous lung.
Edema will increase the alveolar-capillary barrier thickness and induce a de-
creased transfer rate of gases through the lungs.

Caldwell (4) observed in 3 subjects exposed to 1 atm of pure oxygen for
30-74 h a decreased DLco of —19% just after exposure. Puy et al. (5) ob-

20 _ Percent of control values

of: .
DL co/v:

C.v. R
#« LAMBERTSEN s predicted decrease in FVC

e J‘ime
i} 1 1k
Before After 9days sfweel‘l'g
dive dive after dive

Fig. 3. Foliow up of respiratory (DLCOI\./E and FVC) in the 8 divers participating in the 450-m saturation
dive. Values are expressed in percentage of individual control values. FVC is forced vital capacity.
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served a mean decrease in DLco of 9% immediately after a 6-11 h O, expo-
sure; 12-20 h after termination of OHP exposure, they observed a Dirco de-
crease of —16%. Prefaut et al. (6) observed a DL., decrease of —20.1%
compared to control values 48 h after a saturation dive with 600 mb of Po,
during 7 days of decompression.

In our experiment, hyperoxia lasted a long time (8 days in Janus IV and
11 days in the simulated dive); there was a possibility that the edema would
become chronic; and what we detected during the 2 weeks postdive was the
fibrinous organization of the chronic edema and healing.

In our experiments, however, there was no correspondence between the
UPTD and the DL./VE of the two different dives. In the simulated dive the
decompression time was longer and 5 to 8 divers presented symptoms of de-
compression sickness. It is possible that decompression also induces pulmo-
nary edema. _

After decompression, increased lung water content was reported by
Chryssanthou (7). Experimental gaseous embolism reported by Hlastala et al.
(8) demonstrated that even if normal pulmonary circulation was resumed
within 30 min after gas embolism, lung water content was still increased.
After microembolization for 2 h, Ohkuda et al. (9) showed that edema was
still present even after 2 h of recuperation.

In our dives decompression and bubble embolization lasted for 8 and 11
days, therefore it is possible that at least part of the lung edema may have
been due to decompression. This would explain why even when FVC decrease
was less than the one predicted by the UPTD system, DiLc, decrease was
greater than FVC drop. Our results show that FVC is a gross measurement and
that Do detects minute variations in alveolar-capillary membrane. But, while
there was for all but one subject a diminution of the diffusing capacity, the
impairment of the diffusing capacity was slight and was completely reversible
in 3 weeks. )

It seems that the measurement DLco/VE should be preferred for estimation
of global decompression—hyperoxic damage to the lungs and the follow-up of
lung healing after deep diving.
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PART 1. DISCUSSION: OXYGEN TOXICITY

A. B. Fisher, Rapporteur

The major discussion in this session centered around four papers. After the presentation of the Pooley-
Walder paper regarding changes in cell volume after hyperbaric exposure, discussion was directed primarily
towards clarification of the experimental preparation. It was pointed out that the cytoplasm of the fat cell,
exclusive of intracellular fat, is approximately 6% of cell volume. The observed experimental changes resulted
in approximate doubling of this cytoplasmic envelope. Dr. Pooley explained that the experiments evaluated
relative rather than absolute changes in water content of cells. The possibility that the isolation procedure
resulted in an increase in the base-line water content of cells could not be excluded and that in vivo changes
in cell volume may be less than those observed in the in vitro experiments. Dr. Pooley speculated that the
shrinkage of cells in the presence of albumin was due to loss of water, but could also represent loss of fat due
to stimulation of lipolysis by the albumin. The investigators did not evaluate the effect of ouabain on their
preparation. A comment from the audience pointed out that the brain, like the bone marrow, is enclosed in a
bony casing.

In the discussion after Dr. Fisher’s presentation on lung ATP turnover during oxidant stress, Dr. Fisher
explained that exposure of the lung to hyperbaric oxygen produced no changes in the physiological function
of the lung as indicated by the pressures required for ventilation and perfusion at constant flow rates. However,
during a second hour of exposure to hyperbaric oxygen (data were not presented in this preparation), ventilation
and perfusion pressures increased and dry-to-wet weight-rate ratios decreased, which indicated the development
of lung edema. A comment from the audience pointed out that the changes in metabolism observed with a
perfused lung were similar to those previously observed for the retina.

The Frank et al. paper engendered considerable interest and speculation on the possible mechanism for
protection against hyperoxia by endotoxin. One questioner asked whether the mechanism for pulmonary edema
produced by endotoxin and hyperoxia were different. Dr. Frank responded that the pulmonary edema produced
by endotoxin is dose- and species-dependent, and that the dose used in these studies does not produce puimonary
edema. Another questioner commented on the recent observation of induction of indoleamine 2, 3-dioxygenase
in mouse lungs by endotoxin. Dr. Frank pointed out that similar results can be obtained with experimental
pulmonary viral infections and questioned whether the increased enzyme was actually in white blood cells
recruited to the lungs rather than in the lung cells themselves. In response to further questions, Dr. Frank said
that he did not know whether cellular margination could prevent lung edema and had not evaluated whether
endotoxin affects the bactericidal or phagocytic properties of lung macrophages.

During the discussion after the presentation of the Hyacinthe-Broussolle paper, Dr. James Clark compared
the vital capacity and diffusing capacity as indices of pulmonary oxygen toxicity. He pointed out that both are
affected by exposure of human subjects to 2 ATA oxygen, but that measurement of vital capacity has the
advantage of being essentially ‘“‘on-line’” and technically easier to perform. He believes that measurement of
diffusing capacity may be helpful in the future in providing information on recovery from pulmonary oxygen
poisoning.

Another questioner asked whether changes in hemoglobin concentration could have affected the measured
values for diffusing capacity. Dr. Hyacinthe stated that the hematocrit decreased only 2% in the divers, whereas
the diffusing capacity decreased 15%. Therefore, it is unlikely that changes in hemoglobin concentration
significantly affected the results. Dr. Hyacinthe further stated that the Py, for O,-hemoglobin was changed
during the dive, but that it recovered quickly during decompression. The diffusing capacity, however, took
considerably longer to recover, which suggests that changes in Py, did not affect the measured results.

The session chairman, Dr. Saltzman, commented on the marked shift in focus of the present underwater
physiology symposium with its greater emphasis on metabolic studies. He implied that this was a reasonable
direction for research in this area and closed the session.



COMPARATIVE EFFECTS OF VARIOUS
PROTECTIVE AGENTS UPON ACUTE CEREBRAL
HYPERBARIC OXYGEN TOXICITY IN MICE:
PARTICULAR INTEREST OF SOME
BENZODIAZEPINES

F. Brue, P. Joanny, A. Chaumont, J. Corriol, and B. Broussolle

Despite the high reactivity of the free radicals resulting from oxygen re-
duction upon numerous biological compounds, it is well known that acute cen-
tral nervous system intoxication is restricted to high pressure oxygen (HPO); in
this experimental situation, cellular defense mechanisms (1) may be over-
whelmed and thus lose their own natural ability to counteract the development
of the intoxication. Furthermore, some HPO-induced biological reactions have
been shown to behave themselves as toxic aggravating factors.

Pharmacological strategy required at this stage must strengthen natural de-
fense mechanisms or counteract cell-harmful secondary HPO-induced reac-
tions, or both. In the past, many protective agents have been described, but
most workers used very different experimental methods, which rendered
clearly irrelevant any serious comparison between experimental data. An effort
has been made by the authors of this work to use both well-defined and repro-
ducible experimental conditions.

On the other hand, it must be emphasized that in the literature numerous
protective agents have intrinsic toxic properties or serious undesirable behav-
ioral side effects (or both), which rendered them clearly unsuitable in man.
Therefore, this work has been extended to the study of new pharmacological
compounds with particular emphasis on both their lack of toxicity and their
very weak, undesirable side effects.

According to these criteria, we have recently found that beyond the well-
known anticonvulsants, i.e., diazepam and clonazepam (2), some antianxiety
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drugs from the benzodiazepine class afford in mice a powerful protection.
These drugs are currently available for prescription in man.

METHODS

Subjects were 25-30 g CD-1 Charles River (France) mice. This species
exhibits a high sensitivity towards HPO; it can be used in large numbers in
many series of experiments; and its brain size is convenient for use of the
rapid freezing method under HPO, which allows concurrently neurochemical
approaches (3).

In each series, 20-25 animals were used. Under each HPO exposure, 8
animals were housed in a cage with individual cells. Controls and treated ani-
mals were in placed in alternate cells to neutralize any group effect. Protective
agents were given i.p. 20 or 30 min before OHP, according to reference works
or preliminary tests (0.1 mL/10 g weight). Control animals received the same
volume of solvent vehicle for each compound.

. The hyperbaric chamber was flushed with pure O, during the 5 min be-
fore compression. Carbon dioxide was trapped into soda lime scattered on the
cage floor under a grid. The O, pressure was 6 ATA, thus the various intoxi-
cation symptoms were succeeding rapidly enough to maintain the protective
drug level for an unchanged brain during HPO exposure. The compression rate
was 1 atm'min~'. All delays in the occurrence of various symptoms were
taken from the beginning of compression.

Before the compression and during the first minutes after reaching 6
ATA, the activity of the mice was observed; it roughly reflected the possible
unsuitable behavioral side effect of the tested drug. This locomotor activity
was expressed according to the following different levels as compared with
controls: + + + no difference; + + slightly decreased activity; + weak ac-
tivity; 0, immobility.

Intoxication criteria observed for each animal were: first preconvulsive
symptoms (PC), which were often important agitation, tremor, or very brief
clonic jerk; first generalized clonic fit (C); first generalized clonicotonic seizure
(T); first gasps (G), and death (L).

Statistical Treatment of Results

1) Occurrence times for each symptom appear as lognormally distributed.
Thus the curves of cumulated percentages, as functions of time, are in agree-
ment with a lognormal law, which we used to calculate and draw the curves
on a Hewlett-Packard 9810-A computer and a 9862-A plotter.

2) For each phenomenon, probit analysis was applied to the time loga-
rithms. This method allowed us to determine and compare the means of loga-
rithm populations according to the Student’s ¢ test. We also computed the me-
dian (Ts) of the times for each symptom, assuming that all animals would
have convulsed in the absence of gasps or death. The T, ratios between
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treated and control animals can be taken as an index of efficiency for each
protector.

When the r test could not be used, statistical significance was established
according to F, chi 2, or Kolmogorov-Smirnov tests. Also see Brue et al. (4).

RESULTS

Metabolic agents. There was a significant protection from 4 mM/kg of
succinate and 12 mM/kg of glutathione (5), but glucose (5 g/kg) plus insulin
(1.5 IU/kg) had a weak effect (6). That protection could partly be due to a
hyperosmolar effect (7).

Antioxidants and redox-system intermediates. The satisfactory protection
induced by 40 mg/kg of 2,5-di-ter-pentyl-hydroquinone (8) could be at least
partially explained by its vehicle, i.e., propylene glycol. We did not study the
effects of disulfiram. This agent, devoid of efficacy at a 120 mg/kg dose (8)
would protect at doses of 200400 mg/kg, unfortunately very close to the DL
50 (9). Menadione (vit K3) plus Na bisulfite (each at 0.2 mM/kg), showed
good protective effects according to Horne (10). Centrophenoxine (Lucidril, 1
mM/kg) delayed significantly the convulsion occurrence.

Cations. Li chloride (11) effectively protected against convulsions, but at
a subtoxic dose of 600 mg/kg; further, Mg lactate (2 mM/kg) or Ca chloride
(2.5 mM/kg) exhibited clearly a higher protection than Li did, but unfortu-
nately both metals were shown to have a marked toxicity; Ca** protective ef-
fect was further increased in the presence of gamma-hydroxybutyrate (0.62
mM/kg) or serotonin.

Vasoactive drugs, betareceptor blockers, and serotonin. Hydergine (14
mg/kg) and Papaverine (6 mg/kg) significantly delayed the onset of convul-
sions (12). These findings are in keeping with a cerebral protection which may
be secondary to a peripheric extra-cerebral predominant vasodilatation (13),
0.025 mM/kg of serotonin, which does not cross the blood-brain barrier, ap-
pears as a very effective protector; in addition, propranolol (10 mg/kg) was
also clearly effective against OHP toxicity and was devoid of undesirable be-
havioral side effects.

Phenothiazines and ureides. The two phenothiazines, i.e., chlorproma-
zine (5 mg/kg) and laevopromazine (5 mg/kg), caused a low protection, as did
the two anticonvulsant ureides, i.e., diphenylhydantoin (50 mg/kg) and pheno-
barbitone (5 mg/kg). (Also see Calcet et al. [14])

Drugs acting on GABA metabolism. The weak protective action afforded
by GABA itself (15) required a high concentration of this amino-acid (20 mM/
kg); further GABA transaminase inhibitors (AOAA, n-dipropyl-acetic acid)
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also showed little beneficial action. We did not study the effects of L-cycloser-
ine, which has been reported to afford a powerful protection and significantly
increase the GABA cerebral level (16).

Drugs acting on central monoaminergic systems. Pargyline (75 mg/kg), a
powerful monoamine oxydase inhibitor, significantly delayed the occurrence of
all examined symptoms, in contrast with alpha-methyl-p-tyrosine (200 mg/kg,
an inhibitor of tyrosine hydroxylase), which promoted very little, but signifi-
cantly, the occurrence of convulsions.

Among drugs believed to act specifically upon dopaminergic system, gamma-
hydroxybutyrate (1.25 mM/kg), an inhibitory agent of Substantia nigra neu-
rons, exerted a good protection, as its precursors did, i.e., gammabutyrolac-
tone and 1,4-butanediol (17). Haloperidol (10 mg/kg, a blocker of dopami-
nergic receptors) given 2 h before HPO delayed all HPO-induced symptoms,
but surprisingly enough, apomorphine chlorhydrate (5 mg/kg, an activator of
dopaminergic receptors) appeared weakly active in preventing convulsions. L-
Dopa was practically devoid of any effect.

Benzodiazepine class. Antiepileptic drugs diazepam (Valium, 1 mg/kg)
and clonazepam (Rivotril, 0.1 mg/kg) were found to protect the mice very
markedly against the clonicotonic convulsions and pulmonary edema (2). In
addition, at the therapeutic low doses used, spontaneous motor activity seemed
well preserved.

We have very recently studied some other benzodiazepines mainly used in
the clinic in regard to their potent antianxiety properties, as chlordiazepoxide
(Librium, 5-10 mg/kg); lorazepam (Temesta, 0.5 mg/kg); oxazepam (Seresta,
1-2 mg/kg); clobazam (Urbanyl, 5 mg/kg); di-K-Chlorazepate (Tranxéne, 5
mg/kg); and prazepam (Lysanxia, 2 mg/kg). All these drugs afforded a very
potent and homogenous protection against HPO-induced convulsions, and pul-
monary toxicity was also significantly delayed (Table I and Fig. 1).

DISCUSSION

It must be underlined that the protective index obtained in the present
work appeared a very satisfactory one, according to the following factors: first,
the high level of oxygen pressure used herein, and second, the low doses of
protectors chosen because of their small, undesirable behavioral side effects.

On the other hand, it should be stressed that in regard to the rapid occur-
rence of the neurological symptoms in control animals, the beginning of the
compression was chosen as the true origin of symptom time course; this type
of representation leads to a significant decrease of protection index.

Whatsoever, after a careful screening among numerous and chemically
different drugs, it appears that various pharmacological agents, such as pro-
pranolol, gamma-hydroxybutyrate, and, more particularly, the benzodiaze-
pines, possess impressive protective effects against acute HPO toxicity. Keep-
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TABLE I

Numerical Results of the Protective Effects of i.p.-Injected Benzodiazepines on
6 ATA O, Toxicity in Mice

Treatment,

locomotor

activity PC ¢ T G L

preservation

Diazepam Med - 21/11 | 39/14 | 70/25 | 44/30 | 92/66

1 mg/kg ratio kkk %k Xk *hk hkk
++ Aws 2/20 | 12/20

Chlordiazepo~| M.R. 21/10 | 31/16 | 61/30 | 48/33 | 78/59

xide, 5mg/kg * kK *dox ke k *kk *kk
+44 AwS 4/24 12/24

Clobazam M.R. 19/10 | 30/10 |160/23 | 42/30 | 80/54

5 mg/kg Kk k *k K *kk *k% *kk
++ AwS 22/26

Lorazepam M.R. 22/10 | 59/11 [298/25 | 45/30 | 97/63

0.5 mg/kg *kk Kk kA k Kk *okk
+ AwS 8/28 | 26/28

Oxazepam M.R. 13/9 38/11 41/28 | 92/56

2 mg/kg *k *kk *k *kk Kk Kk
++ AwsS 17/18

di K-Chloraze{ M.R. | 27/11 | 66/14 43/30 [109/66

pate, b) mg/kg *k*k * kK *k* *k Rk * kX
+++ AwS 13/21 | 20/21

Prazepam M.R. 14/10 | 41/1) 1178/21 | 44/29 | 94/58

2 mg/kg %* Kk * %k %k kK Kk * kK *kk
+++ AwS 7/20 | 17/20

Symptoms are preconvulsive signs (PC); clonic (C) and clonicotonic (T) fits; gasps (G); and death
(L). M.R.: ratio of medians (T,) of symptom occurrence times (min) in treated and control animals. For
seizures, medians were computed assuming that all mice would have convulsed in absence of gasps and
death. A w S: number of animals without symptoms, compared to the total observed animal
number. Spontaneous Jocomotor activity in treated mice before toxic fits was compared with controls: no
difference, + + +; slightly decreased activity, + +; weak activity, +; and immobility, 0. t test or chi?
test: ¥* 2P < 0.01; *** 2P < 0.001.
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OXAZEPAM 2mgfkg
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Fig. 1. Protective effects of some benzodiazepines against acute 6 ATA O, toxicity in mice. Injection
i.p- 30 min before compression; vehicle tween 80 1%, 0.1 mL/10 g weight. Cumulative relative frequencies
are plotted as functions of time for each symptom: PC, preconvulsive signs; C, clonic fits, and T, clonico-
tonic fits; G, gasping; L, death. Curves are drawn according to a lognormal distribution law.
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ing in mind that caution is certainly still needed in extrapolating from these
preliminary findings, we hope that this work gives a proposal to the use of
these pharmacological agents in man submitted to HPO. Indeed, it must be
remembered that the benzodiazepine receptor in human brain corresponds to
that of rat brain in affinity, stereospecificity, and regional distribution (18).

The antianxiety drugs of the benzodiazepine class, compared to other
drugs previously reported in the literature, clearly possess two major advan-
tages: first, very weak undesirable behavioral side effects in both animals and
man (the prazepam dose required to abolish the mouse straightening reflex is
1000-fold higher than the found protective dose against oxygen-induced con-
vulsions); and second, the antianxiety effects of these drugs obviously can be
useful in patients submitted to HPO in clinics.

Considering the extreme chemical heterogeneity among the protective
agents studied herein, as well as in the literature, the intimate mechanism of
HPO-induced toxicity remains largely to be solved. Nevertheless, the overall
potency towards HPO-induced convulsions exhibited by benzodiazepines raises
the problem of the possible involvement in acute oxygen toxicity of the GA-
BAergic synapses, often considered as the primary site of action of benzodi-
azepines. Such a GABAergic pathway connects the neostriatum with the Sub-
stantia nigra, mediating postsynaptic inhibition of nigral dopamine neurones.
In mice, the fact that diazepam and clonazepam clearly delayed the occurrence
of OHP-induced decline of endogenous dopamine as well as the OHP-induced
convulsive fits, supports the view that dopamine could be similarly involved in
the triggering of OHP seizures (19).

The strionigrostriate loop represents a dopaminergic mechanism by which
the striatum regulates its own needs in dopamine; via pallidum and thalamus,
it acts on the motor and premotor cortices and plays a major role in the control
of motor and psychomotor activity (20). Moreover, bilateral destruction of the
recently described dopaminergic mesocortical pathway induces a locomotor hy-
peractivity in the rat (21). This symptom is precisely a major preconvulsive
sign observed under HPO.

Whatever the role of the central dopaminergic system in triggering acute
HPO toxicity, other factors, the discussion of which is beyond the scope of
this paper, are very likely involved. As a working hypothesis, it seems likely
that several protective agents should simultaneously be used to improve further
the protection against the different symptoms of the intoxication.

In summary, the antianxiety drugs of the benzodiazepine class have been
found to provide a satisfactory and safe protection against acute HPO toxicity.
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EFFECT OF EXCESSIVE OXYGEN UPON THE
CAPABILITY OF THE LUNGS TO FILTER GAS
EMBOLI

B. D. Butler and B. A. Hills

The pulmonary circulation, situated between the heart and systemic beds,
has a secondary role as a physiological filter for venous gmboli. The effective-
ness of this filter has been well established (1), while the ability to trap venous
microbubbles as small as 22 wm under normal conditions is evident (2). How-
ever, impairment of this filtering ability by overloading the vessels with con-
tinuous gas infusions (3,4,5), or by the use of vasodilators (2) has been re-
ported. Another condition that could impair the filtering ability of the lungs
involves pulmonary oxygen toxicity.

Prolonged ventilation of high concentrations of oxygen may lead to a pro-
gressive sequellae of pulmonary pathological events, which may include
edema, atelectasis, airway inflammation, and pulmonary hypertension. The ex-
tent of pathology and progression to acute pulmonary damage is dependent
upon both the partial pressure of oxygen breathed and the duration of the ex-
posure. Numerous investigators have examined the various hemodynamic, bio-
chemical, and cardiopulmonary changes associated with pulmonary oxygen
toxicity as discussed in the review by Clark and Lambertsen (6). The use of
oxygen for the treatment of various infectious diseases and traumatic illnesses,
including decompression sickness, is widespread. However, recognition of the
limits and hazards is essential.

This study was conducted to examine the effects that pathologic changes
caused by excessive oxygen exposures can have upon the ability of the pulmo-
nary circulation to serve as a physiological filter for venous micro air emboli.
Transcutaneous ultrasonic Doppler probes were used at various arterial sites to
monitor any microbubbles injected into the right ventricles of dogs that failed
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to be filtered by the pulmonary circulation. An evaluation of these monitoring
techniques was reported (2).

MATERIALS AND METHODS

Eight dogs of either sex (20-23 kg) were mildly sedated, not to a level of
surgical anesthesia, with sodium pentobarbital (Nembutal, 15 mg/kg i.p.).

Once the animals were sedated they were placed in an experimental pres-
sure chamber, which was then flushed with 100% oxygen for approximately
30 min, until the oxygen percentage exceeded 95%. At this time the pressure
was increased with 100% O, to 2 ATA. The animals remained at this depth
for 17 h. Chamber gas was routinely monitored using a medical gas analyzer
(Perkin Elmer 1100) for fluctuations in the carbon dioxide and oxygen levels.
Proper flushing with 100% O, oxygen was implemented as required.

Following the 17-h exposure to 100% oxygen at 2 ATA, the animals
were returned to ambient pressure and anesthetized with sodium pentobarbital
(30 mg/kg i.p.). The animals were intubated and the endotracheal tubes con-
nected to a 60-L Douglas bag inflated with 100% O, such that the animals
remained breathing oxygen throughout the experiment. The animals were al-
lowed to respire spontaneously.

The right femoral artery was cut down for placement of a catheter for
monitoring blood pressure from the thoracic aorta; a Swan-Ganz thermodilu-
tion catheter was placed in the pulmonary artery via a cut-down in the right
femoral vein. We obtained cardiac ouput using the thermodilution technique
(Electrodyne CO-100). Once inserted, all of the catheters were allowed to
back fill with blood and were then slowly flushed with degassed heparinized
saline (3 pw/mL sodium heparin) so that any inadvertent introduction of bubbles
was avoided. Needle electrodes were placed in standard lead positions I or II
for electrocardiographic recordings. A chest-band strain-gauge was placed
around the animal’s thorax for monitoring respiration. End-tidal carbon dioxide
was measured by mass spectrometry (Perkin Elmer Medical Gas Analyzer
1100). We determined blood gas and pH values from mixed venous and aortic
blood samples using standard blood gas analysis methods (Radiometer).

Arterial Doppler monitoring was implemented by transcutaneous place-
ment of 9 MHz probes over the left femoral or popliteal arteries and the right
carotid artery. The transceived signal from the Doppler recorder (Sonicaid
BV100) was filtered and amplified for recording. The right carotid artery often
required dissection for proper placement of the probe. The Doppler probes
were held in position with bar clamps, which were suspended independently of
the surgical cradle, thus preventing artifacts from gross body movements.
Once the surgical procedures were completed, we took control measurements
for 3045 min, allowing for stabilization.

Following the control periods the air emboli were introduced into the right
ventricles as either microbubbles (14 pm to 61 pm in diameter) or as gas bol-
uses. Techniques for producing calibrated microbubbles are presented else-
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where (2). Gas volumes and bubble diameters are presented in Table I. Infu-
sion rates were controlled by an infusion pump at either 0.97 mL/min or 1.23
mL/min. When the experiments were complete, the animals were subjected to
euthanasia with an overdose of sodium pentobarbital and an immediate autopsy
was performed. Lung sections were removed for standard histological sectioning.

RESULTS

In four out of eight animals embolized in this study, Doppler signals from
arterial bubbles were recorded (See Table I). Microbubble sizes ranged from
14 pm to 61 pm while gas volumes ranged from 0.04 to 3.25 mL for micro-
bubbles and 10 mL for bolus infusions. Relevant changes in physiological pa-
rameters are presented in Table II. Mean arterial pressures decreased from
147.8 to 107.3 mmHg or by 27.44% from control. Control values are from
postoxygenation, pre-embolization conditions. Pulse pressure and heart rate
changes were relatively minor, —9.25% and + 1.05% respectively; cardiac in-
dex and stroke volume decreased significantly, —48.21% and —52.43% re-
spectively. Mean pulmonary artery pressure showed a significant decrease to
24.56% from -control while mean pulmonary wedge pressures dropped to a
value of 2.63% from control. Total pulmonary vascular resistance increased by
19.15% from control, while breathing frequencies increased by 31.58%.

The physiological changes for the four animals in which no arterial Dop-
pler signals were recorded showed no significant changes from control values.
(See Table III)

TABLE 1

Arterial Doppler Detection of Intravenously Infused Microbubbles Following Oxygen
Exposure (17 h, 100% O, at 2 ATA)

Bubble Arterial Total Gas Volume Injection
Dog Weight Sex Diameter* Doppler Injected Prior to Rate
Number (kg) (M/F) (m) Detection Detection (cc) (mL/min)
4.04 Microbubbles
1 22 M 14 + 10 Air Bolus 1.23
2 21.5 F 20 + 0.5 1.23
3 21 F 31 - 0.2 0.97
3.25 Microbubbles
4 20 F 52 - 5 Air Bolus 0.97
5 21 M 39 - 1.4 0.97
6 23 F 27 + 1.2 0.97
7 23 M 30 - 0.9 1.23
8 23 M 61 + 0.3 0.97

*Mean diameter.
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TABLE 11

Physiological Data Following Microbubble Embolization after Oxygen Exposure
(17 h, 100% at 2 ATA) for Animals in which Arterial Bubbles Were
Detected by Doppler

Change
From Control

Control Post Embolization (%) P Value*
Pa 1478 + 866 107.3 = 16.92 ~27.44 >0.05
PP 4465+ 8.74 40.52 + 12.30 -9.25 0.4
HR 191 =278 193 +17.99 +1.05 <0.9
C1 419+ 0.21 2.17 = 0.17 —48.21 <0.001
SVim? 23.63+ 5.10 11.24 = 1.39 —52.43 <0.1
Ppa 15.84 + 0.59 11.95 = 0.80 —24.56 <0.05
Ppw 494 (.82 481 + 0.74 -2.63 <0.9
TPVR 234 +18.83 279.46 = 13.14 +19.15 <0.1
f 19 =+ 6.28 25 * 587 +31.58 <0.025

Values are means = SE. Pa, mean arterial pressure (Torr); PP, pulse pressure (Torr); HR, heart rate
(beats/min); CI, cardiac Index (1/min/m?); SV/m?, stroke volume (mL/beat/m?); Ppa, mean pulmonary artery
pressure (Torr); Ppw, mean pulmonary wedge pressure (Torr); TPVR, total pulmonary vascular resistance
(dynes - s - cm~%); f, respiration rate (breaths/min).  *P values for paired ¢ test.

TABLE III

Physiological Data Following Microbubble Embolization. After Oxygen Exposure
(17-h, 100% at 2 ATA) for Animals in Which Arterial Bubbles Were not
Detected by Doppler

Change
From Control
Control Post Embolization (%) P Value*
Pa 129.2 * 11.56 1205 = 443 -6.67 0.5
PP 43.86 = 6.65 42.19 = 4.02 -3.81 >0.5
HR 181 + 1661 193 =+ 11.52 +6.63 >0.1
Ci 3.80 = 0.46 371 = 0.40 -2.37 <0.9
SVim? 2221 £ 4.76 19.90 + 3.64 -10.40 >0.2
Ppa 15.14 = 1.22 1411 = 0.78 -6.80 >0.4
Ppw 506 £ 077 467 % 033 -171 >0.5
TPVR 268.71 + 18.74 263.89 * 30.96 -1.79 <0.9
f 26 =+ 08 31 = 30 +19.23 <0.2
Values are means = SE. Ppa, mean arterial pressure (Torr); PP, pulse pressure (Torr); HR, heart rate

_ (beats/min); CI, cardiac index (1/min/m?); SV/m?, stroke volume (mL/beat/m?); Ppa, mean pulmonary artery
pressure (Torr); Ppw, mean pulmonary wedge pressure (Torr); TPVR, total pulmonary vascular resistance
(dynes - s - cm™%).  *P values for paired ¢ test.
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DISCUSSION

The objectives of this study were to examine the effects that excessive
exposures to oxygen have on the filtration capability of the pulmonary circula-
tion of dogs. The results indicate that pulmonary oxygen toxicity impairs the
filtering action provided by the lung vasculature. The effect, however, is rather
inconsistent (Table I) and does not appear to depend exclusively on the size of
the bubble. Likewise, the release phenomenon is not necessarily a primary ef-
fect of the oxygen but may arise from the pathological changes induced by the
oxygen.

The spillover of venous air bubbles into systemic arteries was apparent in
four out of eight animals embolized (Table I). However, the physiological
changes (Table II) tended to be less severe when compared to other situations
where microbubbles entered the arteries (2). Pathological examination of the
lungs, both gross and microscopic, revealed areas of marked edema, conges-
tion, and occasional hemorrhaging (Table IV). Pulmonary hemodynamic changes
are often observed with pulmonary oxygen toxicity (6), including hypertension
(7), increased vascular wall permeability with edema formation (8), capillary
endothelial damage (9), and alveolar wall fragmentation (10). These changes
are consistent in previous studies and provide evidence for deriving mecha-
nisms to explain the transpulmonary passage of venous microbubbles.

Considerable attention has been given to the existence of arterio-venous
shunt vessels in the lungs to explain the venous to arterial transfer of emboli
(3, 11). On examining the various factors which might impair venous filtration
(e.g., volume overload, vasodilators, or pulmonary oxygen toxicity), consider-
ation must be given to events that might provide triggering mechanisms for
opening shunt vessels.

Niden and Aviado (12) suggested that pulmonary perfusion pressures
must be elevated before shunt vessels could open and allow venous particles to
spill over into the arteries. Reflex control of arterio-venous shunt vessels was
suggested by Rahn et al. (13) while other studies (12) determined that the con-
centration of oxygen in the breathing gas mixture can alter filtration provided
by the pulmonary vasculature. Many of these factors are present in conditions
of pulmonary oxygen toxicity (6).

Alternative mechanisms to explain these findings may involve physical
processes acting on the bubble permitting deformation and transfer through
normal pulmonary vessels. The delay in the appearance of arterial bubbles fol-
lowing venous embolization (10-90 min) is similar to the times recorded when
other factors are used to compromise the lung as a physiological filter (2).
This indicates that the mechanism could be more complex than simple filtra-
tion and may involve other factors such as edema, humoral agents, or the in-
tervention of a physical agent such as a surfactant, the level of which is
known to be changed by oxygen poisoning (14), especially during the recovery
period (15).

Increases in the concentrations of surfactant molecules in the pulmonary
blood would result in a reduction in surface tension and would tend to reduce
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the forces preventing the forward movement of an air embolus through a pul-
monary vessel. Thus, transpulmonary passage of venous bubbles may be pre-
dicted. Other potential sources of molecules with surface-active properties
available at close proximities to pulmonary emboli include various blood-borne
substances and interstitial molecules.

Whether or not the transpulmonary route for venous bubbles in dogs ex-
posed to excessive amounts of oxygen is by way of shunt vessels or normal
channel, is debatable. However, the sequence of pathological events resulting
from pulmonary oxygen toxicity do appear to render the filtration capability of
the pulmonary circulation less effective. There exists, as well, a wide variation
among animals as to the amount of insult tolerated by the pulmonary vascula-
ture before arterial spillover of microbubbles occurs. Although the oxygen ex-
posure in this series was excessive, the pathology observed was consistent with
previous experimental and clinical findings following a variety of different ex-
posures. Thus, it is perhaps the extent and particular events surrounding the
pathology in pulmonary oxygen toxicity that cause the impairment of venous
filtration by the lungs. Conclusions drawn from these studies indicate that ex-
cessive oxygen exposures can impair the filtration of venous micro air emboli
by the pulmonary circulation.

In the diving situation, it would therefore appear most desirable to be able
to monitor the diver for the onset of pulmonary oxygen toxicity to help ensure
that the many otherwise ‘silent’’ venous bubbles produced during decompres-
sion do not become arterial emboli with the risk of promoting neurologic de-
compression sickness. Thus, if a diver had a simple case of limb bends, it
would seem unwise to give him a treatment table with excessive oxygen if he
were already showing indications of pulmonary oxygen poisoning arising from
his initial decompression.
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SEM OBSERVATIONS OF OXYGEN TOXICITY IN
GUINEA PIGS EXPOSED TO CONTINUOUS 100, 85,
AND 75% O, AT 1 ATM

A. E. McKee, M. E. Bradley, L. P. Watson, and J. I. Brady

Ongoing research at the Naval Medical Research Institute is directed at
defining the nature of pulmonary oxygen toxicity together with the factors that
modify it. As part of this study, we are working to relate certain lung func-
tions tests (pressure-volume curves and respiration frequency) to the pathologic
findings so that we will have quantifiable indices of the severity of the poison-
ing. We presently are studying the effects or benefits (or both) of continuous
oxygen breathing as the first phase in evaluation of various intermittent oxy-
gen-air schedules. This report describes the results of some of the functional
tests performed to date and the scanning electron microscopic observations of
pulmonary oxygen toxicity in guinea pigs exposed to continuous 100, 85, and
75% oxygen-breathing or air at 1 atm. A comparison of the development and
severity of pulmonary lesions is discussed.

MATERIALS AND METHODS

Young guinea pigs weighing 150-300 g were exposed to air or hyperoxic
gas mixtures in sealed Plexiglas chambers. Excess moisture was removed by
condensation, and carbon dioxide was removed by soda lime. Chamber gas
was analyzed several times daily for oxygen and carbon dioxide. Oxygen was
maintained within + 1-2% of the desired concentration by a 6 L/min flow
through the chamber. Carbon dioxide was less than 0.1-0.2%. Temperature re-
mained within 1 to 2°C of laboratory conditions. During the exposures, the
animals were provided with water and food ad libitum.
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Groups of 24 to 48 animals were exposed to air or to 100, 85, or 75%
oxygen. In the course of the exposures, one predesignated subgroup of animals
was periodically removed individually from the exposure chamber and placed
in a box designed to attentuate light and sound. This box was flooded with a
gas identical to that of the exposure chamber. The guinea pig was then placed
inside a body plethysmograph which sealed around the animal’s neck with a
foam neoprene neck seal. Flow in and out of the plethysmograph was meas-
ured with a pneumotachograph and recorded on an oscillograph. This permit-
ted us to measure respiratory rate, inspiratory/expiratory time ratios, and inspi-
ratory/expiratory midflow ratios. Measurements were obtained pre-exposure
and at 8- to 12-h intervals thereafter until the end of the experiment. All ani-
mals were given daily exposures in this apparatus the week preceding the ex-
periment to habituate them to the procedure.

At predetermined times during the exposures, two to three animals were
anesthetized by intraperitoneal injections of Nembutal. One or two animals
were immediately prepared for histopathological examinations (light micros-
copy, scanning electron microscopy [SEM], transmission electron microscopy
[TEM]) by intratracheal infusion of Karnovsky’s fixative (8% paraformalde-
hyde and 50% glutaraldehyde) buffered with sodium cacodylate at a pH of

7.2.
Samples for light microscopic examination were dehydrated, embedded in

paraffin, cut into 6 p.-thick sections, and stained with hematoxylin and eosin.
Transmission electron microscopy samples were diced into small cubes, washed
in 0.1 M sodium cacodylate buffer, postfixed for 1 h in sodium cacodylate-
buffered 1% osmium tetroxide, dehydrated, and embedded in Epon. Thin sec-
tions were cut with a diamond knife on a Porter-Blum MT-2 ultramicrotome
and stained with uranyl acetate and lead citrate. Samples to be viewed by
SEM were dehydrated in ethanol, critical-point dried using liquid CO,, and
sputter-coated with approximately 20 nm of palladium-gold. All samples pre-
pared for electron microscopy were viewed in a JEOL-100CX electron micro-
scope with an ASID-4D attachment.

The other anesthetized animal(s) were then given 1 cc of intraperitoneal
succinylcholine, and quasistatic air pressure-volume curves of the respiratory
system (lung and chest wall) were obtained. The lungs were inflated and de-
flated through a tracheal cannula connected to an automatic syringe-infusion
system. Tracheal pressure was detected by a differential pressure transducer. A
potentiometer was adapted to the infusion pump, and the output from this and
from the pressure transducer after suitable amplification activated the Y and X
axes, respectively, of an X-Y recorder.

Air P-V curves were plotted automatically as the lungs were filled and
emptied at 30 s/cycle from a transmural pressure of 0-25 cm H,O and back.
As a limit to reduce losses from lung alveolar rupture, 25 cm H,O was taken.
Four to five air P-V curves were routinely run over a 10- to 12-min period.
Stability and reproducibility were generally obtained by the third cycle.
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RESULTS

Guinea pigs exposed to 100% oxygen continuously showed a precipitous
fall in respiratory frequency during the first 24 h of the exposure (Fig. la).
Over the next 36 h of exposure there was a lesser decrease in frequency, so
that a 60 h postexposure frequency was 51% of the pre-exposure value. Over
the next 40 h of exposure there was a gradual rise in frequency, so that at 100
h the frequency was 66% of the pre-exposure value. Inspiratory-expiratory
time and flow ratios did not change in the course of the exposure. There was
essentially no change in compliance up to 60 h. Thereafter, there was a pro-
gressive decrease in the elasticity of the respiratory system. Figure 1o shows
the expiratory curves obtained with the fourth cycle of inflation-deflation,
which demonstrates this progressive decrease in compliance. After 68 h of
100% oxygen exposure, there was a 25% reduction in respiratory system com-
pliance. In animals breathing 85 and 75% oxygen, similar decreases in compli-
ance were noted at 95 and 190 h, respectively. The first noticeable change in
the pressure-volume curves was noted at 36 h. With the first inflation, the in-
spiratory curve showed large opening pressures and had a serrated appearance
(Fig. 2a). As the exposure increased in duration (68 h), this phenomenon be-
came more pronounced (Fig. 2b).

Gross lesions of mild hyperemia and pin-point hemorrhage on the surface
of the lung were observed after exposure to 100% oxygen for 36 and 48 h.
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Fig. la. Respiratory frequency of guinea pigs exposed to 100% O, vs. time. Each point is an average of

12 animals.
Fig. 1b. Fourth cycle expiratory pressure-volume curves of animals exposed to 100% oxygen for 48, 60,

68, 76, 84, and 92 h.
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Fig. 2. Pressure-volume curves of animals exposed to 100% O, for (a) 36 h and (b) 68 h.

There were also foci of atelectasis. By SEM examination, the lungs of control
animals appeared normal (Fig. 3a) (1,2). Animals exposed to 100% for 36 h
showed only minimal lung changes as compared to the 48-h exposure group,
which presented evidence of generalized thickening of the alveolar septa and
prominent congestion of alveolar vessels (Fig. 3b). Ultrastructural lesions ob-
served by TEM after 36 h were alveolar interstitial edema (swelling) and sub-
endothelial edema of alveolar capillaries (Fig. 4a). After 48 h, marked capil-
lary endothelial cell edema and endothelial cell necrosis were present. The
capillary lumen often contained numerous thrombocytes (Fig. 4b). Lesions ob-
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Fig. 3a. Normal ‘‘control’’ lung. AV, alveolus; AS, alveolar septum.
Fig. 3b. Alveolar septa thickening and capillary congestion after 100% O, exposure for 48 h. AC, al-
veolar capillary; RBC, red blood cell.
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Fig. 4a. Alveolar capillary showing disruption of the endothelial cell (EN) by subendothelial edema
(ED) after 36 h of 100% O, exposure. ER, erythrocyte; EP, granular pneumocyte (Type II).

Fig. 4b. Capillary endothelial cell damage after 48 h of 100% O, exposure. Notice thrombocytes (T)
associated with lesion.
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served by both SEM and TEM after 60 h of exposure to 100% oxygen in-
cluded interstitial edema, intra-alveolar hemo