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Preface

Since 1978, meetings of the Oxford Conference on Modeling and Control of Breathing are
composed primarily of voluntary contributions from respiratory physiologists and modelers
in order to promote interactions between these two domains and to stimulate interests of
young researchers in modeling and physiological research in general. The first Oxford
Conference was in September 1978 at the University Laboratory of Physiology in Oxford
by the late Dr. D.J.C. Cunningham (Oxford), R. Hercynski (Warsaw) and others, who saw
a need to bring physiologists and mathematicians together in order to address the critical
issues in understanding the control of breathing. Four years later, a group at UCLA including
respiratory/exercise physiologists, anesthesiologists and system engineers led by Drs. B.J.
Whipp, S.A. Ward, J.W. Bellville and D.M. Wiberg organized a sequel meeting at Lake
Arrowhead, California, USA, which proved to be as much a success as the first one. The
next Conference was the first to be hosted in France: it was held in Solignac in 1985 and
was organized by G. Benchetrit, P. Baconnier and J. Demongeot, from the University of
Grenoble. Since then, the Oxford Conference has been continued every 3 years in the
USA, Japan, U.K. and Canada with the most recent event in 2000 held at North Falmouth
(Cape Cod, Massachusetts, USA) and co-chaired by Chi-Sang Poon (MIT) and H. Kazemi
(Harvard).

This volume is dedicated to the memory of our colleague and member of the Interna-
tional Oxford Committee, Yoshiyuki Honda, MD, PhD, from the Department of Physiology
at Chiba University School of Medicine (Chiba, Japan). Dr. Y. Honda passed away of acute
heart failure on August 1% 2003, a little more than one month before the opening of the 9%
Conference in Paris. This was just after he finished three of the seven days of an experiment
on dyspnea induced by combination of hypercapnea and hypoxia with several co-workers.
One could say that he fell in the battle which he had pursued to the very end of his 77
years. Dr. Yoshiyuki Honda was not only the scientist we know, working on many aspects
of physiology, and particularly on the impact of life at high altitude, was also the organizer
of the unforgettable 1991 Conference, at the foot of majestic Mont Fuji, the first of the
series to be officially titled “Oxford Conference”. We, his colleagues, express our deepest
sympathy to his family and friends. The first section of this volume is specially dedicated
to his memory. This section includes his chapter on ventilatory vs. respiratory sensation re-
sponses together with a tribute to Yoshiyuki Honda by John W. Severinghaus, and chapters
on the breathing behaviour in humans. The second section of the volume is on central and
peripheral chemoreceptive responses, to recognize the first in vitro studies identifying cells
responsive to acidic perfusates in medullary slices (Fukuda, Y. & Honda, Y. pH-sensitive
cells at ventro-lateral surface of rat medulla oblongata, Nature, 1975, 256: 317-318).

Close to the historical center of Paris, the 9" Oxford Conference presented a superb
forum for formal and informal discussions. More than 140 participants from 16 countries
attended this conference. The scientific program was comprised both of oral and poster
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vi Preface

contributions. The hundred presented papers covered a wide spectrum of modeling and
experimental studies of respiratory control ranging from genetics and ion channels to res-
piratory disease and respiratory perception. One of the highlights of the meeting was a
research competition for pre- and post-doctoral trainees, in which four finalists made oral
presentations in a dedicated session of the conference: Kevin J. Cummings from Calgary
(Canaday), Efstratios Kosmidis from Yale (USA), Philip N Ainslie from Calgary and Laura
Guimardes from Porto (Portugal) who was congratulated by the International Organizing
Committee for the best trainee presentation. The Committee stressed the difficulty of se-
lecting these finalists in view of the high scientific quality demonstrated by all other trainee
participants, whose work fill many chapters of this volume. At the business meeting of
the Conference, the International Committee also decided on the venue of the next Oxford
Conference which is to be organized by Marc Poulin from Calgary (Canada). We believe the
long history of the Conference series and its past accomplishments will ensure its continued
success in the upcoming meeting. We are very grateful to every participant who contributed
scientifically and constructively to the fruitful discussions and congenial atmosphere of the
Paris Conference.

The Editors



Acknowledgments

The Organizing Committee gratefully acknowledges support from:

NATIONAL SCIENCE FOUNDATION
CNRS (DEPARTEMENT DES SCIENCES DE LA VIE)

il






THE IXth OXFORD CONFERENCE:
INTERNATIONAL ORGANIZING COMMITTEE

Yoshiyuki Honda deceased 8/1/2003
Department of Physiology

Chiba University,

260-8672, Japan

Gila Benchetrit

Laboratoire de Physiologie Respiratoire
Expérimentale, Théorique et Appliquée
(PRETA-TIMC, UMR CNRS 5525),
Faculté de Médecine de Grenoble,
Université Joseph Fourier,

38700, La Tronche, France

Ikuo Homma

Department of Physiology,

Showa University School of Medicine
Hatanodai 1-5-8, Shinagawa-Ku,
Tokyo 142-8555, Japan

Richard L. Hughson
Cardiorespiratory and Vascular
Dynamics Laboratory,

Faculty of Applied Health Sciences,
University of Waterloo, Waterloo,
Ontario, Canada

Homayoun Kazemi

Pulmonary and Critical Care Unit
Bulfinch 148, Massachusetts General
Hospital

Harvard Medical School,

Boston, MA 02114, USA

Chi-Sang Poon

Harvard-MIT Division of Health
Sciences & Technology

Bldg. 56-046,

Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, MA 02139, USA

Peter A. Robbins

University Laboratory of Physiology,
University of Oxford, Parks Road,
Oxford, OX1 3PT, United Kindom

J.-W. Severinghaus

Department of Anesthesiology,
University of California Medical
School,

San Francisco, Cal 94143-0542, USA

Susan A. Ward, Director,

Centre for Exercise Science and
Medicine, West Medical Building,
University of Glasgow,

Glasgow G12 8QQ, United Kingdom

Brian J. Whipp

Division of Respiratory & Critical Care
Medicine

Research & Education Institute,
Harbor-UCLA Medical Center

1124W. Carson Street, RB-2 Torrance,
California 90502, USA



THE IXth OXFORD CONFERENCE:
LOCAL ORGANIZING COMMITTEE

Neurobiologie Génétique et Intégrative (NGI), CNRS UPR 2216
Institut de Neurobiologie Alfred Fessard
91198, Gif-sur-Yvette, France

General Organization: Local Scientific Committee:
Jean Champagnat Jean Champagnat

Annette Mont-Reynaud Caroline Borday

Sandra Autran Fabrice Chatonnet

Eliane Boudinot Monique Denavit-Saubié
Lydie Collet Gilles Fortin

Isabelle Germon Arthur S. Foutz

Valérie Méziere-Robert Muriel Thoby-Brisson

Alain Pérignon Christelle Thaéron



Contents

1. VIEWS ON THE HUMAN BREATHING BEHAVIOR;
MEMORIES OF Y. HONDA

Different Profile in Ventilatory vs. Respiratory Sensation Responses
to CO, with VaryingPo, .. ... ... ... ... ... . ... ... .. ..
A. Masuda, Y. Sakakibara, T. Kobayashi, M. Tanaka, and Y. Honda

Amygdala and Emotional Breathing in Humans . . . . ... .. ... ..
Y Masaoka and I. Homma

Immediate Effects of Bilateral Carotid Body Resection on Total
Respiratory Resistance and Compliance in Humans . .. ... ... ..
B. Winter and B. J. Whipp

Memories of Yoshiyuki Honda, MD,PhD . .. ... ... ...... .....
J. W. Severinghaus

Memories of Dr. YoshiyukiHonda . . . ... ..................
Y. Sakakibara

2. MECHANISMS OF CENTRAL AND CAROTID BODIES
CHEMORECEPTION

Chemosensory Control of the Respiratory Function . ... ... ... .
A. Gourine, N. Dale, and K. M. Spyer

Brainstem NHE-3 Expression and Control of Breathing . . . . . . . ..
M. Wiemann, H. Kiwull-Schine, S. Frede, D. Bingmann, and P. Kiwull

Functional Connection From the Surface Chemosensitive Region to
the Respiratory Neuronal Network in the Rat Medulla . . . . ... ..
Y. Okada, Z. Chan, W. Jiang, S. Kuwana, and F. L. Eldridge

Chemosensory Inputs and Neural Remodeling in Carotid Body and
Brainstem CatecholaminergicCells . . . .. ..................
C. Soulage, O. Pascual, J.-C. Roux, M. Denavit-Saubié,

and J.-M. Péquignot

xiii



Xiv Contents

Role of the Fe?* in Oxygen Sensing in the Carotid Body .. ... ... 59
S. Lahiri, A. Roy, J. Li, S. M. Baby, A. Mokashi, and C. Di Giulio

Ventilatory Responsiveness to CO, Above & Below Eupnea:
Relative Importance of Peripheral Chemoreception . . . . .. ... ... 65
C. A. Smith, B. J. Chenuel, H. Nakayama, and J. A. Dempsey

Carotid Body Tumors in Humans Caused by a Mutation in the Gene

for Succinate Dehydrogenase D(SDHD) . . . .. ............... 71
A. Dahan, P. E. M. Taschner, J. C. Jansen, A. Van Der Mey,

L. J. Teppema, and C. J. Cornelisse

A SIDS-like Phenotype is Associated with Reduced Respiratory
Chemoresponses in PACAP Deficient Neonatal Mice . . . ... ... .. 77
K. J. Cummings, J. D. Pendlebury, F. R. Jirik, N. M. Sherwood,

and R. J. A. Wilson

Selective Alteration of the Ventilatory Response to Hypoxia Results

from Mutation in the Myelin Proteolipid Protein Gene . .. ... ... 85
M. J. Miller, M. A. Haxhiu, C. D. Kangas, P. Georgiadis, T. 1. Gudz,

and W. B. Macklin

3. FROM NEURONS TO NEURAL ASSEMBLIES: BRAINSTEM
CONTROL OF RHYTHM GENERATION

Organization of Central Pathways Mediating the Hering-Breuer
Reflex and Carotid Chemoreflex . . . ... ................... 95
C.-S. Poon

Converging Functional and Anatomical Evidence for Novel

Brainstem Respiratory CompartmentsintheRat . . . ... .. ... .. 101
D. R. McCrimmon, G. F. Alheid, M. Jiang, T. Calandriello,

and A. Topgi

Eupneic Respiratory Rhythm in Awake Goats is Dependent

on an Intact Pre-Botzinger Complex . ... .................. 107
H. V. Forster, J. M. Wenninger, L. G. Pan, M. R. Hodges,

and R. Banzett



Contents Xxv

BDNF Preferentially Targets Membrane Properties of Rhythmically
Active Neurons in the pre-Botzinger Complex in Neonatal Mice . . . 115
M. Thoby-Brisson, S. Autran, G. Fortin, and J. Champagnat

Ionic Currents and Endogenous Rhythm Generation in the
pre-Botzinger Complex: Modelling and in vitro Studies . . . . . . . .. 121
O. Pierrefiche, N. A. Shevtsova, W. M. St-John, J. F. R. Paton,

and I. A. Rybak

Modulation of Inspiratory Inhibition of the Bitzinger Complex by
Raphe Pallidus and Locus Coeruleus in Rabbits . . . ... ... ... .. 127
G. Wang, S. Yu, F. Zhang, Y. Li, Y. Cao, Q. Li, G. Song, and H. Zhang

Behavioural Control of Breathing in Mammals: Role of the
Midbrain Periaqueductal Gray . . .. ...................... 135
H. Subramanian, R. J. Balnave, and C. M. Chow

Breathing at Birth: Influence of Early Developmental Events . . . . . 143
G. Fortin, C. Borday, I. Germon, and J. Champagnat

4. FROM MOLECULAR TO INTEGRATED NEURAL CONTROL
OF BREATHING: SYNAPTIC TRANSMISSION

A Dual-Role Played by Extracellular ATP in Frequency-Filtering
of the Nucleus Tractus Solitarii Network . . ... ... ...... ... .. 151
FE Kato, E. Shigetomi, K. Yamazaki, N. Tsuji, and K. Takano

Role of GABA in Central Respiratory Control Studied in Mice

Lacking GABA-Synthesizing Enzyme 67-kDa Isoform of Glutamic

Acid Decarboxylase . . .. ............ ... .. ... ... ... ..., 157
S. Kuwana, Y. Okada, Y. Sugawara, and K. Obata

Breathing without Acetylcholinesterase . ... ................ 165
F. Chatonnet, E. Boudinot, A. Chatonnet, J. Champagnat, and A. S. Foutz

In-silico Model of NMDA and Non-NMDA Receptor Activities Using
Analog Very-Large-Scale Integrated Circuits . . . ............. 171
G. Rachmuth and C.-S. Poon



xvi Contents

Respiratory Role of Ionotropic Glutamate Receptors in the Rostral
Ventral Respiratory Group of the Rabbit . . . . ... ......... ... 177
D. Mutolo, F. Bongianni, and T. Pantaleo

Serotonergic Receptors and Effects in Hypoglossal and Laryngeal
Motoneurons . . . . .. ... ... ... .. 183
D. V. Volgin, V. B. Fenik, R. Fay, S. Okabe, R. O. Davies, and L. Kubin

Modelling Respiratory Rhythmogenesis: Focus on Phase Switching
Mechanisms . . .. ......... ... .. ... .. 189
A. Rybak, N. A. Shevtsova, J. F. R. Paton, Olivier Pierrefiche,

Walter M. St.-John, and Akira Haji

5. RESPIRATORY ACTIVITY DURING SLEEP
AND ANESTHESIA

Ventilatory Instability Induced by Selective Carotid Body Inhibition
intheSleepingDog . ... ... ... ... ... ..., 197
B. J. Chenuel, C. A. Smith, K. S. Henderson, and J. A. Dempsey

Stability Analysis of the Respiratory Control System During Sleep . 203
Z. L. Topor, K. Vasilakos, and J. E. Remmers

A Physical Model of Inspiratory Flow Limitation in Awake Healthy
Subjects . . ... ... 211
A. Sabil, A. Eberhard, P. Baconnier, and G. Benchetrit

Antioxidants Prevent Blunting of Hypoxic Ventilatory Response
by Low-Dose Halothane . . . ... ......................... 217
A. Dahan, R. Romberg, E. Sarton, and L. Teppema

Mechanism of Propofol-Induced Central Respiratory Depression
inNeonatalRats . . .. ..... .. ... .. .. .. ... ... ... ....... 221
M. Kashiwagi, Y. Okada, S. Kuwana, S. Sakuraba, R. Ochiai, and

J. Takeda

Interaction of Arousal States with Depression of Acute Hypoxic
Ventilatory Response by 0. 1 MAC Halothane . . . ... ... ... ... 227
J. J. Pandit, B. Moreau, and P. A. Robbins



Contents xvii

6. CARDIO-RESPIRATORY REGULATIONS
AND CEREBRAL BLOOD FLOW

Relationship Between Ventilatory and Circulatory Responses

to Sustained Mild HypoxiainHumans . . . ... ....... ... ... .. 237
T. Kobayashi, A. Masuda, Y. Sakakibara, M. Tanaka, S. Masuyama,

and Y. Honda

Respiratory, Cerebrovascular and Pressor Responses to Acute
Hypoxia: Dependency on PET¢q, ... ... ... ... .. ... ..... 243
P. N. Ainslie and M. J. Poulin

Can Cardiogenic Oscillations Provide an Estimate of Chest Wall
Mechanics? . . . ... .. ... 251
E. Bijaoui, D. Anglade, P. Calabrese, A. Eberhard, P. Baconnier,

and G. Benchetrit

Nonlinear Modeling of the Dynamic Effects of Arterial Pressure and

Blood Gas Variations on Cerebral Blood Flow in Healthy Humans 259
G. D. Mitsis, P. N. Ainslie, M. J. Poulin, P. A. Robbins, and

V. Z. Marmarelis

7. VENTILATORY RESPONSE TO EXERCISE

Mixed Venous CO, and Ventilation During Exercise
and CO;-Rebreathingin Humans . . . ... .................. 269
T. Satoh, Y. Okada, Y. Hara, F. Sakamaki, §. Kyotani, and T. Tomita

Effects of Pain and Audiovisual Stimulation on the Hypoxic
Ventilatory Response . . . .. .......... ... ... ... ... ...... 275
S. B. Karan, J. R. Norton, W. Voter, L. Palmer, and D. S. Ward

Effect of Progressive Hypoxia with Moderate Hypercapnia
on Ventilatory vs. Respiratory Sensation Responses in Humans . .. 28]
Y. Sakakibara, A. Masuda, T. Kobayashi, S. Masuyama, and Y. Honda

Frequency Response of the Input Reaching the Respiratory Centres
During Moderate Intensity Exercise . .. ................ ... 287
P. Haouzi, B. Chenuel, and B. Chalon



xvili Contents
8. VARIABILITY AND PLASTICITY OF BREATHING

Effects of Resistive Loading on Breathing Variability . . . .. ... ... 293
S. Thibault, P. Calabrese, G. Benchetrit, and P. Baconnier

Effects of Intermittent Hypoxic Training and Detraining on
Ventilatory Chemosensitive Adaptations in Endurance Athletes . . . 299
K. Katayama, K. Sato, H. Matsuo, K. Ishida, S. Mori, and M. Miyamura

Effects of 5 Consecutive Nocturnal Hypoxic Exposures on
Respiratory Control and Hematogenesis in Humans . .. ... ... .. 305
J. C. Kolb, P, Ainslie, K. Ide, and M. J. Poulin

Memory, Reconsolidation and Extinction in Lymnaea Require
theSomaof RPeD1 . ... ... .. ... ... ... . ... ... .. .. .... 311
S. Sangha, N. Varshey, M. Fras, K. Smyth, D. Rosenegger, K. Parvez,

H. Sadamoto, and K. Lukowiak

9. CONCLUSIONS AND PERSPECTIVES

Modeling and Control of Breathing: Perspectives from Pre- to
Post-Genomic Era, Opening Remarks for IXth Oxford Conference 321
C.-S. Poon

Post-Genomic Perspectives in Modeling and Control of Breathing . . 323
J. Champagnat

Abbreviations . ... ... ... .. e 327
Author Index . ... ... . . . . . . 331

SubjectIndex ............. ... ... ... ... 333



1

Views on the Human Breathing Behavior

Memories of Yoshiyuki Honda



Different Profile in Ventilatory vs.
Respiratory Sensation Responses
to CO, with Varying Po,

Atsuko Masuda, Yoshikazu Sakakibara, Toshio Kobayashi,
Michiko Tanaka and Yoshiyuki Honda

1. Introduction

Recently, we! reported that the slope of the respiratory sensation response curve to CO,
assessed by visual analog scale (VAS), exhibited a parallel leftward shift when combined
with hypoxic stimulation. However, further analysis additionally elucidated the presence
of significant upward shift of this VAS response curve in the same experimental condition.
On the other hand, the CO,-ventilation response curve increased its slope with increasing
hypoxic stimulation, and the extrapolated response lines converged at the horizontal axis
known as the so-called Oxford fan?. These contrasting change between ventilatory vs. VAS
response curves led us to certain speculations and assumptions about the different control
mechanisms and anatomical regions possibly responsible for our experimental findings.

2. Methods

Details of the experimental design and procedure were described in the preceding
publication!. Briefly, 29 healthy young college students (11 males and 18 females) partic-
ipated in the study. Their age, height and weight were 23 + 5 yrs, 162.1 £+ 9.0 cm and
54.2 £ 8.6 kg (mean + SD), respectively. All subjects gave their informed consent before
the experiment, and the study protocol was approved by the local ethics committee. The
subjects were exposed to progressive hypercapnia by modified Read’s rebreathing method
using four different gas mixtures: A. 7% CO, + 93% O, or hyperoxia run, B. 7% CO, +
19% O, for normoxia run, C. 7% CO, + 13% O, for mild hypoxia run and D. 7% CO; +

Atsuko Masuda + Tokyo Med & Dent Univ, Tokyo, 113-8519, Japan. Yoshikazu
Sakakibara ¢ Kanazawa Inst Technol, Kanazawa. Toshio Kobayashi ¢ Hiroshima Univ,
Hiroshima. Michiko Tanaka < MiyazakiPref Nurs Univ, Miyazaki. YoshiyukiHonda +« Chiba
Univ, Chiba.

Post-Genomic Perspectives in Modeling and Control of Breathing, edited by Jean Champagnat, Monique Denavit-
Saubié, Gilles Fortin, Arthur S. Foutz, Muriel Thoby-Brisson. Kluwer Academic/Plenum Publishers, 2004.
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11% O, for moderate hypoxia run. Amounts of 6-8 L of the above gas mixtures were put
into a rubber bag and used for the rebreathing test. During rebreathing, by introducing a
small amount of O; or N, gas to the inspiratory portion of the respiratory valve, the Pero,
level was consecutively adjusted to >300, 100, 80 and 60 Torr in the A, B, C and D runs,
respectively. To avoid psychological intervention, a paper screen was placed between the
subject and the experimenter. The magnitude of VAS was continuously recorded in a range
of 0 to 10 degrees. Breath-by-breath VT and Po, and Pco; signals in the airway gas were also
detected and recorded by using a hot wire flowmeter (Minato, RF-H, Osaka, Japan) and a
rapid response O, and CO, analyzer (NEC-Sanei, 1H21, Tokyo, Japan). Minute ventilation
(VE) was calculated from VT and respiratory frequency (f) and normalized body surface
area. Arterial O, saturation (Spo,) was continuously recorded by pulse oximeter (Ohmeda,
BIOX:, USA). For each subject, four runs were randomly performed twice on the same day,
once in the morning and once in the afternoon. Hypercapnic ventilatory and VAS response
curves were obtained by linear regression analysis between Perco; and normalized minute
volume or VAS, respectively.

3. Results

Figure 1 shows examples of CO,-ventilation and CO,-VAS responses. The CO;-Vg
response curve became steeper as the oxygen level decreased (left), the VAS response
curves are not only shift in parallel to the left with increasing hypoxic stimulation (right).
Figure 2 presents the averaged mean Perco;-VE (left) and PETco,-VAS (right) response
curves of all 29 subjects. The slopes of the ventilatory response curves were augmented by
advancing hypoxia and the extrapolated response lines converged at the horizontal axis. On
the other hand, the VAS response curve shifted to the left in parallel and simultaneously
moved upward with intensifying hypoxia.

4. Discussion

The major finding in this study is the different profile in ventilatory vs. respiratory
sensation responses to progressive hypercapnia with varying Po,. The former exhibited

10
%0 - { D run(60Tor [ ] B run(100Tor)
D run{60Torr }
%o
= C run(80T
£ 20 r run(@0Torr) 123 C run(80Tarr)
g £ 5
£ 8 run(100Torr) >
= A run(>300Torr)
&
@ 10
E A run{>300Torr)
0 1 1 1 0 -+
40 50 60 70
40 50 60 70
Perco, (Torr)
PeTCcO2 (Torr)

Figure 1. CO;-ventilatory (left) and CO,-VAS (right) responses obtained in one subject.
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Figure 2. Average ventilatory and VAS responses of all subjects (n = 29).

increased response slopes, with extrapolated response lines converging at the horizontal
axis. On the other hand, the latter showed parallel left and upward shifts with increasing
hypoxic stimulation. We could verify that there was positive interaction between CO> and
hypoxic stimulation in ventilatory response. Such strong positive interaction was not only
seen in ventilatory response, but was also found in the discharges of the carotid body located
in the brainstem®. On the other hand, no such positive interaction was detected in the present
VAS response.

Ventilatory response is assumed to be mainly elicited by augmented peripheral as
well as central chemoreceptor activities in the brainstem respiratory control system, but the
VAS response likely originated from a somewhat different mechanism.

Figure 3 describes the possible implication of our results in schematic form. We spec-
ulate that the main respiratory sensation is produced in the sensory cortex as a response
to the activated behavioral respiratory control system consisting of such emotion and be-
havior related systems as the limbic system. From the profile of the Perco,-VAS response

Ventilatory Output Respiratory Sensation
Ventilatory discharge
Corollary discharge
Motor Cortex P Sensory Cortex

Effort sensation

Metabolic Control Behavioral Control
System System
Chemoreceptors Limbic System
/V V\positive interaction /v V\summation
hypoxia hypercapnia hypoxia hypercapnia

Figure 3. Possible implication derived from our experiment.
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curve, we propose that respiratory sensation may have been induced additively by hypoxic
and hypercapnic stimulation. Corollary discharge*, which conveys the sense of ventilatory
effort from the motor cortex, may have played a subsidiary role in our experiments. On the
other hand, we surmise that stimulation of hypoxia and/or hypercapnia not only strongly
drives ventilation by augmenting peripheral and/or central chemoreceptor activities?, but
also specifically arouses suprapontine CNS structures including the limbic system, thus
eliciting additional VAS elevation.

A number of studies have indicated that the suprapontine brain structures elicit weak
ventilatory, but appreciable behavioral response to hypoxic and/or hypercapnic stimula-
tions. Horn and Waldrop® described in their review that they found studies from the early
90’s that reported the presence of specific CO, and hypoxia-sensitive neural discharges in
the caudal hypothalamus, both in vitro and in vivo. Chen et al.® reported in unanesthetized
cats in 1991 that respiratory-associated rhythmic firing found in the mesencephalon, which
is vulnerable to light anesthesia and is synchronous with EEG activities, was presumed to
convey the dyspnea sensation. Corfield et al.” observed in awake humans in 1995 that in
response to CO,-stimulated breathing, dyspnea and regional brain blood flow in the limbic
system were proportionally augmented. They used positron emission tomography (PET) to
detect increased regional brain blood flows in their study, considering to indicate augmented
local neural activities. More recently, similar PET studies observing CO; loading were also
conducted by Brannan et al.®. They found not only activation, but also deactivation in some
restricted areas. Since we found different VAS response feature when hypoxia was combined
with hypercapnia, further exploration using PET deserves to be conducted. Furthermore,
Curran et al.” recently demonstrated moderate tachpneic hyperventilation in unanesthetized
dogs, in which the carotid body was maintained as normocapnic, normoxic and normohy-
dric by separate extracorporeal perfusion and by specifically induced CNS hypoxia. They
considered that this indicated the presence of hypoxia-sensitive respiratory-related neurons
in the CNS, i.e., outside of the brainstem chemosensitive-ventilatory control system.

All these findings may support our speculation that VAS-related respiratory activity
is present in the behavioral respiratory control system described above.

In conclusion, the contrasting profile between ventilatory vs. VAS responses to pro-
gressive hypercapnia with varying Po, led us to speculate that the behavioral respiratory
control system may substantially contribute to the development of additional respiratory
sensation in the sensory cortex.
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Amygdala and Emotional Breathing
in Humans

Yuri Masaoka and lkuo Homma

1. Introduction

According to many reports the amygdala plays a role in fear, attention and anxiety'. In
addition to these emotional roles, the amygdala which is involved in the conditioning process
projects to many anatomical areas to elicit physiological responses such as blood pressure
elevation, skin conductance response and respiration as well as behavioral responses such as
freezing and facial expression of fear. In an awake state, the amygadala evaluates a variety
of environmental stimuli to determine whether the stimulation is harmful or safe; if it is
harmful, the amygdala immediately elicits emotions of fear and anxiety simultaneously
with physiological changes. In other words, measuring physiological responses could be an
index to determine the level of emotion occurred in a situation.

Respiratory psychophysiology studies have reported that respiratory patterns are
affected by fear and anxiety in humans?. The brainstem regulates respiration to adjust for a
metabolic requirement but final respiratory output appears to be from interactions between
maintaining homeostasis and input from many types of sensory information and emotions
from the higher cortical and limbic structures. In animal studies, there have been reports
on electrical stimulation of the amygdala which altered respiratory pattern®. Investigation
of the relationship between respiratory output and the amygdala in humans is limited, but
in this chapter we reports our studies investigating anticipatory anxiety in normal subjects
and in two patients with epilepsy who had lesions of the left amygdala. We also give
direct evidence concerning the effect of electrical stimulation of the amygdala on the total
respiratory time, inspiratory time and expiratory time in a patient with epilepsy.

1.1. Measuring Respiratory Patterns and Metabolism
in Anticipatory Anxiety

Our previous research on personality differences in breathing patterns during mental
stress and physical load found that levels of individual anxiety affect respiratory frequency*.

Yuri Masaoka and lkuo Homma « Department of Physiology II, Showa University School of Medicine,
1-5-8 Hatanodai, Shinagawa-ku, Tokyo, Japan, 142-8555.

Post-Genomic Perspectives in Modeling and Control of Breathing, edited by Jean Champagnat, Monique Denavit-
Saubié, Gilles Fortin, Arthur S. Foutz, Muriel Thoby-Brisson. Kluwer Academic/Plenum Publishers, 2004.
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Figure 1. Relation between fR and trait anxiety scores (left), and between PETCO, and trait anxiety scores
(right).

From this study we hypothesized that an increase of respiratory frequency might not be
caused by metabolic changes but by input from higher centers related to anxiety. In a labora-
tory situation, anticipatory anxiety was produced in subjects while measuring Vg, Vr, R, Ty,
Tg and PETCO,>. The subjects were informed that electrical stimulation attached to the fore-
finger would be delivered within two minutes after the onset of a warning light. “Anticipatory
anxiety” was defined as the time between warning onset and stimulation. This increase of
respiratory frequency correlated with trait anxiety scores, and PETCO; had a negative correla-
tion with trait anxiety scores (Figure 1). There was no difference in VO, and VCO,. The trait
anxiety scores are used to evaluate how people generally feel, asking their tendency in vari-
ous situations. Large increases of respiratory frequency in high trait anxiety subjects means
that trait anxiety influences behavioral breathing independently from metabolic demands.
What area is related to anxiety? That question prompted us to look into the amygdala.

1.2. EEG Dipole Tracing in Anticipatory Anxiety

Recent research on emotions has been investigated by neuro-psychologists using PET
and fMRI. Among these methods, we have developed the EEG dipole method (DT) utilizing
arealistic scalp-skull-brain head model (BS-navi, Brain research and Development, Japan)®.
BS-navi is a method for estimating the source of brain activity from potentials recorded by
electroencephalogram (EEG). The method has been used to evaluate patients with epilepsy
showing the foci of the epileptic spike measured by deep electrodes corresponding to foci
estimated by SSB/DT”. One feature of this method is that it can determine the source of
the brain from averaged potentials which are triggered by physiological responses. Our
hypothesis was that if the subjective feeling of anxiety enhances the respiratory rate, electric
current sources synchronized with this onset of inspiration could be found somewhere in the
limbic areas. During anticipatory anxiety, significant increases in anxiety state and respira-
tory rate were observed. The onset of inspiration during increased respiratory frequency was
used as a trigger for averaging EEG. From 350 ms to 400 ms after the onset of inspiration,
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Figure 2. Respiratory-related Anxiety Potential (RAP) (right) and dipole location during RAP (left).

a positive wave was observed in the averaged potentials. This positive wave is referred to
as “respiratory-related anxiety potentials” (RAP) (Figure 2 left)®. SSB/DT estimated the
location of the sources from RAP which were found in the right temporal pole, and in the
right temporal pole and the left amygdala in the most anxious subjects (Figure 2 right).

Anticipatory anxiety has been tested in patients with epilepsy who had a lesion of the
left amygdala. The left amygdala lesion decreased state anxiety, respiratory frequency, skin
conductance response during anticipatory anxiety, as well as trait anxiety °.

In this chapter we give direct evidence of electrical stimulation on the left amygdala
in patient who had deep electrodes installed to evaluate the location of the epileptic spike.
All of the experiments reported here were approved by the Ethical Committee of Showa
University School of Medicine and Tokyo Women’s University.

2. Method

A patient (female, aged 26) had experienced epileptic seizures for more than ten years
and had been diagnosed as having typical temporal seizures. Focus of the epileptic spike was
located in the left amygdala confirmed with a intracerebral depth electrodes composed of six
contact points, four electrodes from the tip placed in the amygdala had a 5 mm interval and
the other two had a 10 mm interval (Figure 3) (Unique Medical Co., LTD). The location of

Figure 3. CT image with depth electrodes from a patient with epilepsy.
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the focus also confirmed with an estimation of the SSB/DT’. Epileptic patients are routinely
tested to determine the location of the focus of the spike by electrical stimulation on the
amygdala and by asking the patient whether or not this stimulation causes a feeling which
is similar to that before an epileptic seizure. The stimulation was delivered through the
depth electrode by a cortical stimulator (Ojemann, Radionics). Stimulation of 0.5 mmA
was delivered for 60s. During the stimulation on the left amygdala, chest and abdominal
movements were measured with a respiratory induction plethymography using Respitrace
transducer (Amburatory Monitoring) and volume was measured by a transducer connected
to a flow meter (Minato Medical). Data was stored on a digital recorder (PC208AX, Sony)
and analyzed with a PowerLab (ADInstruments).

3. Resuits

Figure 4 (top) shows Ttot, TT and TE during baseline, 0.5 mA of stimulation and 1 mA
of stimulation. Rib and abdominal movements, and volume during the 0.5 mA of stimulation
on the left amygdala are shown in Figure 4 (bottom).
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Figure 4. Ttot, TI and TE during baseline, 0.5 mA of stimulation and 1mA of stimulation (top). Chest and
abdominal movements and volume during stimulation of the left amygdala (bottom).
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4. Discussion

In this chapter, we have focused on the role of the amygdala during anxiety and
anxiety related respiratory changes in humans. A number of investigators have studied neu-
roanatomical correlates of anxiety using various modality in humans'®. In animals, many
reports show the effect of the electrical stimulation of the amygdala on respiratory timing,.
These studies prove that the amygdala has a role for fear and anxiety, and the physiological
outputs related to these emotions. From these studies and our data, our interest focuses on
three questions. The first two are related to the behavioral aspect. What does an increase in
respiratoy frequency during anxiety mean, and is this tendency determined by individual
trait? These respiratory timing changes were dominantly affected by anxiety more than by
metabolism regulation. As we mentioned, the amygdala has a role for fear conditioning. The
amygdala immediately evaluates the outer stimulation and produces various physiological
changes to protect ourselves. In respiration, conditioning was observed in ventilatory
responses to auditory stimuli after pairing with hypoxic stimulus'! and in an anticipatory
of physical exercise!?, and these responses involved respiratory feed forward mechanism.
However, it is unknown whether the conditioning process is determined by individual trait
or whether the personality trait dominantly affect respiratory frequency before conditioning.

Second, if activity of the amygdala elicits frequency changes in respiration, what is the
relationship between the amygdala and other respiratory related areas? One study found that
the central nucleus of the amygdala (ACE) contributes to excitation of the inspiratory cycle,
possibly through the projection to the parabrachial nucleus; this study also demonstrated
that the respiratory entrainment to ACE stimulation occurs during the alert state!®. The
lateral part of the ACE projects to the medial part of the central nucleus, restricted parts
of the bed nucleus of the stria terminals, and the parabrachial nucleus in the pons'. From
these studies it is reasonable to assume that the respiratory outputs modulated by either
direct electrical stimulation or emotional stimulation of the amygdala is conducted through
the route of the amygdala-parabrachial nucleus.

In this chapter, we report the results from only one case of amygdala stimulation on
respiration; however, emotional breathing mediated from the amygdala might be related to
the movement of the chest rather than the abdomen which would explain the tightness of
the chest when one feels anxiety.
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Immediate Effects of Bilateral Carotid
Body Resection on Total Respiratory
Resistance and Compliance in Humans

Benjamin Winter and Brian J. Whipp

1. Introduction

In 1962, Nadel and Widdicombe! conclusively demonstrated a reflex increase in airways
resistance (Raw) in response to carotid body stimulation in the dog. This effect could
be eliminated by blocking either the glossopharyngeal or vagus nerves, i.e. the afferent
or efferent limbs of the reflex respectively. That the peripheral chemoreceptors not only
act reflexly on respiration but also cause reflex bronchoconstriction was also stressed by
Widdicombe? in his review of “Chemoreceptor Control of the Airways.” This is among the
reasons often cited as a basis for potential benefits that might accrue from bilateral carotid
body resection (BCBR) in patients with severe chronic obstructive pulmonary disease
(COPD).}

However, there is no convincing evidence that this reflex is actually operative in
humans and, even were it to be so, whether it is sufficiently potent to change Raw in the
face of the numerous other factors which lead to airflow impairment in such patients. What
evidence is available, however, suggests that this might be the case. For example, Vermeire
et al. have demonstrated that Raw (determined plethysmographically) was reduced signif-
icantly in a group of COPD patients following BCBR (although this was not apparent in
their flow-volume analysis). In addition, Whipp and Ward® reported a small but significant
increase in forced expiratory volume in 1 second (FEV)) after BCBR, without an increase
in total lung capacity (TLC), in a group of 146 patients with severe COPD, confirming
the previous report of Winter.® Although such results are suggestive of improved Raw as a
result of BCBR, they are not conclusive evidence because of other secondary factors that
could influence Raw, such as altered blood and alveolar gas tensions’ and increased mucus
expectoration.’

Benjamin Winter + (deceased), Garfield Hospital, Monterey Park, California, 91754. Brian J.
Whipp ¢ Department of Physiclogy, St George’s Hospital Medical School, London SW17 ORE, UK.

Post-Genomic Perspectives in Modeling and Control of Breathing, edited by Jean Champagnat, Monique Denavit-
Saubié, Gilles Fortin, Arthur S. Foutz, Muriel Thoby-Brisson. Kluwer Academic/Plenum Publishers, 2004.
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Table 1. Pulmonary function and arterial blood gases and pH pre- and post-BCBR.

FEV, MVV RV TLC PaO, PaCO,
% pred % pred % pred % pred Mm Hg mm Hg pHa

Pre 31.9+18 31011 260+ 71 128 £ 19 57.0+124 403+45 7.43+0.03
Post 38.6 £20 332416 230+ 61 125 %21 50.1+11.9 426+32 7.40£0.04

In an attempt to clarify this issue, we therefore examined total respiratory resistance
(Rrs) and compliance (Crs) breath-by-breath in 32 consecutive patients immediately prior
to and immediately following BCBR, using a customized ventilator.

2. Methods

Thirty-two patients with severe COPD were studied (approved by the Surgical Com-
mittee of Garfield Hospital): 23 males, 9 females (63 + 10 yr, S.D.) (Table 1). Prior to
electing to undergo BCBR surgery, all patients had been under the care of their physicians
and consequently had a range of prior treatment regimens; in each case, their disease had
failed to respond to conventional medical therapy. On admission, patients underwent a de-
tailed history, physical examination, clinical laboratory tests, chest X-ray and ECG. Patients
with evidence of cardiac failure (e.g. dependent edema, enlarged liver, ascites) were im-
mediately digitalized and rapidly diuresed with appropriate dosage of diuretics. Pulmonary
function tests and arterial blood-gas analyses were performed, and routinely repeated on
the second post-operative day, at which time patients were discharged.

BCBR was performed as described by Winter:® this technique preserves barostasis
by avoiding the carotid sinus baroreceptor afferents which predominantly course in the
lateral aspect of the intercarotid nerve plexus in humans.® After induction (sodium pentothal
and anectine; no pre-medication), endotracheal intubation was undertaken with general
anesthesia being maintained with nitrous oxygen and oxygen (range: 30-60%) at light
planes of anesthesia, so that patients could be awakened quickly on conclusion of BCBR.

Once the patient was stable, the endotracheal tube was attached to a specially-
designed servo-ventilator (Elema-Schonander 900) for ventilation during BCBR surgery.
The ventilator’ provided a constant inspiratory flow (v;) profile that allowed the necessary
total respiratory system pressure (Ptot[rs]) to overcome flow resistance (Rrs) and elastic re-
coil (Crs) to be determined. Respired flow and pressure were displayed throughout (Siemens
Mingograph). At intervals, v; was abruptly stopped, but with the thoracic volume main-
tained (i.e. expiration was not allowed) so that airway pressure fell as the flow-resistive
component (Presfrs]) decreased to zero, leaving only the pressure necessary to overcome
the system’s elastic recoil pressure (Pst[rs]) (Fig. 1). Inspiratory (t;) and expiratory (tg)
durations were 40% and 60% of the total (tr), respectively; the constant-flow component
of inspiration was 25% of tr, and the zero-flow component 15%.

In healthy lungs, as Ptot[rs] drops very quickly to [Pst(rs)] when v; ceases, the
Pres[rs] component is easily determined (Fig. 2). In COPD patients, however, the degree of
obstruction often varies in different lung compartments, and the resulting difference in time
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Figure 1. Schematic of the airway pressure and flow generated by the ventilator. With cessation of flow, pressure
decreases to a nadir (Pres{rs]), reflecting the thoracic static recoil characteristics at that lung volume.?
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Figure 2. On-line recording of pressure and flow during ventilation pre- and post-BCBR. Note the decline in

pressure (AP)) with flow cessation (Av); the remaining pressure (AP, ) reflects static recoil.

constants (resistance x compliance) can resuit in differences in regional emptying. An end-
expiratory pause (EEP), measured as a percentage of tr, was therefore used as a standard to
mark end-expiration. The EEP needs to be of sufficient duration to allow a pressure plateau
to be established (Fig. 2) and to avoid pressure gradients due to regional flow within the
system.

Pre-BCBR measurements during BCBR surgery were standardly initiated within
15 min following induction, i.e. after the carotid bifurcations had been exposed but be-
fore any interference with the region. The surgical procedure to remove both carotid bodies
took ~15 min, and the post-BCBR measurements were made ~5 min after the resection.

Each subject served as his/her own control—a sham-operated control group was
naturally not feasible. Statistical significance was established using a paired-differences
Student’s t-test, using a level of p < 0.05 for discrimination of significant changes.
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Figure 3. Effect of BCBR on total respiratory compliance: post-BCBR compliance vs. pre-BCBR compliance
(upper panel); change in compliance (post- minus pre-) vs. pre-BCBR compliance (lower panel).

3. Results

All patients had severe COPD, with FEV; and maximum voluntary ventilation (MVV)
~30% of predicted, and both residual volume (RV) and TLC being significantly increased
(~200% and ~130% of predicted, on average) (Table 1).

The influence of BCBR on Crs was highly variable among the subjects, with the
changes not being significant for the group (Fig. 3).

Pre-operatively, Raw was 20.7 + 7.9 cm H,O/L/s. However, it should be noted that
this measurement included the series resistance of the endotracheal tube and its attachment
to the ventilator (which, unfortunately, were not measured at the time of the study) and
hence does not represent airways resistance per se. Nevertheless, there was a reduction in
mean Raw of some 25% following BCBR (to 16.8 4 6.8 cm H;O/L/s).

The change in Raw among subjects was highly variable, however (Fig. 4). In fact, for
subjects in whom Rrs was less than 20 cm H,O/L/s pre-BCBR, there was no significant
change. However, for subjects with levels greater than 20 cm H,O/L/s pre-BCBR, the change
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Figure 4. Effect of BCBR on total respiratory resistance: post-BCBR resistance vs. pre-BCBR resistance (upper
panel); change in resistance (post- minus pre-) vs. pre-BCBR resistance (lower panel).

in Rrs consequent to BCBR was highly significant. The least-squares linear regression
between pre- and post-BCBR Rrs (Fig. 4) resulted in a slope of 0.77, which was significantly
less than 1.0 (95% confidence interval: 0.61-0.94) and a Y-intercept of 1.0, which was not
significantly different from zero (95% confidence interval: —2.7 to 4.7).

4. Discussion

The carotid bodies in humans subserve an important role in both ventilatory
and cardiovascular control. They are responsible for the ventilatory response to acute
hypoxia,!®!11> some 20-30% of the ventilatory response to acute hypercapnia in
euoxia.!>13 have a significant role in the kinetics of the ventilatory response to moder-
ate exercise!*!3 and play a dominant role in regulating pHa in response to acute metabolic
acidemia during exercise.!* !¢ The carotid bodies also play a significant role in the tolerance
to breath-holding!” and in the heart rate and blood pressure response to acute hypoxia.'>!#
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It has been suggested that the carotid bodies may also be the afferent source of a reflex
which results in bronchoconstriction. This reflex has been demonstrated in the dog.! When
the carotid bodies were stimulated by hypoxia or nicotine bitartrate, reflex bronchoconstric-
tion ensued which could be abolished by either sectioning the glossopharyngeal or cooling
the vagus nerves that serve as the afferent and efferent pathways of this reflex, respectively.
Whether such a reflex is functional in humans, however, is uncertain. Suggestive evidence,
from experiments on pulmonary mechanics in subjects who have had both carotid bodies sur-
gically resected, demonstrates improvement in FEVf‘6 or plethysmographically-determined
Raw.* However, while suggestive, these findings do not provide sufficient support for the
operation of a reflex directly influencing Raw. Several other factors, such as blood and
alveolar gas tensions, acid-base status and the amount, location and consistency of airway
mucus could also be involved.

The design of the current study obviates many of these concerns. The magnitude and
pattern of ventilation and the inspired gas concentrations remained constant throughout the
experiment (obviating offsetting bronchodilator effects of increased tidal volume?!®), and
the acute changes in Rrs were computed immediately prior to and after BCBR. That is, any
slower secondary influences on Raw would be minimized.

While our results naturally do not include sham-operated controls, there was a signif-
icant reduction in Rrs for the group as a whole following BCBR (Fig. 4). The magnitude of
the decrease in Rrs was greatest in the subjects in whom Rrs was highest pre-operatively.
In contrast, respiratory system compliance was not significantly affected by the procedure,
suggesting that the tissue-flow component of the total resistance was not responsible for the
decrease in system resistance. Our results are therefore most consistent with the operation
of a reflex involving afferent signals from the carotid bodies leading to a component of
bronchoconstriction in these subjects with severe COPD.
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Memories of Yoshiyuki Honda, MD, PhD

John W Severinghaus

In 1962, in connection with a World Congress of Anesthesia in Kyoto, my wife Elinor and
I visited Yoshi Honda in Kanazawa, with an invitation to speak on blood gas analysis. He
patiently translated each sentence of my lecture for the audience, and then showed us his
department and laboratory, followed by a tour of the ancient city and its amazing aqueduct
system. Even at that time he was the respiratory physiologist in Japan best known in the
US from his publications in English.

A few years later I helped recommend him for the Professorship in Chiba, based on
my review of his publications and our discussions in Kanazawa. His special reason to move
was to have access to the patients who had undergone bilateral carotid body denervation in
attempts to relieve asthma and chronic respiratory distress. He became the world’s authority
on the various pathophysiologic effects of those people.

I participated in studies of the spinal fluid acid base balance of that group in the
1970s, bringing my portable blood gas electrode system with me. Spinal fluid pH proved
to be normal on the average, even in those with chronic hypercapnia.

Benjamin Winters, a surgeon in southern California, had been denervating carotid
bodies on patients with severe dyspnea. He reported relief and gratitude of many patients,
and no evidence of prompt death from respiratory failure. Julius Comroe proposed that the
NIH support a study of these patients, before and after denervation, My associates and I
organized a small conference to plan the study, to which Dr. Honda came. The proposal
met an enthusiastic response from the NIH study section but was vetoed by the Heart
Lung Council as an unethical study. The result was that Winters was expelled from the
California Medical Society, and his license revoked, without any contact with the group
of respiratory physiologists who had begun to investigate those patients. Ignorance and
unjustified criticism and fear blocked good research. Many of the bilaterally denervated
patients in Japan survived for many years, and Yoshi and associates conducted valuable
studies of their performance and regulation of respiration. There remains no doubt that
humans can survive for years despite pulmonary obstructive dyspnea that, before resection,
proved incapacitating.

In 1978, Honda invited me again to speak in Japan with support from industry. I was
living in the Netherlands on sabbatical, and arranged to fly from Amsterdam to Tokyo, and
then to South Africa for another professional visit. At that time the Dutch did not need a visa
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Tokyo 1987, I. Severinghaus, Y. Honda, T. Aoyagi.

to enter Japan, but Americans did. My Dutch travel agent failed to warn me, and I arrived at
Narita without visa. Yoshi had come to meet my plane, but found me at the airport passport
barrier, where I was detained. I was told I would have to fly to some other country, perhaps
Seoul, get a visa and then come back. However, Yoshi went to the legislature and arranged
within 24 hrs to get 2 special law passed to admit me. I stayed a day at the airport hotel, not
permitted to leave, and was warned never to do that again.

The conference, which Dr. Honda had organized, was unique. Some 20 Japanese
investigators presented papers in English at a Japanese Respiratory Physiologic society
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Ayoagi explains his pulse oximeter theory to Honda and me, 1987.

meeting in Tokyo, at which only two non-Japanese physiologists were present, Professor
Hans Loeschcke from Germany and I. Our role was to be the critics for each paper, both
for its science and English presentation. The best of these papers were then to be presented
at international meetings at a later date.
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In 1985 the first international conference on pulse oximetry was organized by Prof
Jimmy Payne of the Faculty of Anaesthetists, supported by Ohmeda Co, in a London suburb,
and I was invited to discuss the history of the discovery. The published literature suggested
that it had been invented by a Japanese surgeon, a Dr. Nakayama, and I failed to obtain direct
information. When my incorrect history was published, Yoshi took the trouble to obtain
and send me the real story, identifying the actual inventor, Takuo Aoyagi, a bioengineer
working for Nihon Kohden Co in Tokyo. The later editions of this history, thanks to Honda,
revealing the inventor, resulted in Aoyagi being permitted to return to his research from
an unproductive desk job. Aoyagi eventually obtained his PhD. He then invented what he
called the Pulse Spectrophotometer, a multi wavelength version of a pulse oximeter which
can use an IV injection of indocyanine dye to measure cardiac output, plasma volume and
liver blood flow. Aoyagi told me that none of these career changes would have been possible
had not Yoshi Honda identified him, notified me, and thus made Aoyagi’s name famous to
the world and especially to his boss who had not appreciated his revolutionary discovery.



Memories of Dr. Yoshiyuki Honda

Yoshikazu Sakakibara

Dr. Yoshiyuki Honda died of acute heart failure on the morning of August 1, 2003 in the
middle of his successive seven-day experiment on dyspnea induced by various kinds of
combined administrations of hypercapnia and hypoxia. In fact, he fell in the battle that he
had been pursuing his whole scientific life, for half a century—>52 years.

Dr. Honda graduated from Kanazawa Medical College in 1950, in the old capital
city in the northwest region of Japan. He obtained his medical license in 1951 and then
started his clinical work as a pediatrician in a nearby small town. He soon left this job
and came back to the physiology laboratory of his home college to devote himself to
his endless study of physiology. His first task was to directly measure arterial blood pH.
To that purpose he constructed a pH meter with an electrode made of pH sensitive glass
tubing that he purchased' himself. The dynamic profile of the pH changes in concert with
respiration attracted and impressed him greatly, and from this he drew motivation to become
arespiratory physiologist. The first paper on his experimental results was published in 19571,

He started a collaboration between Kanazawa and Chiba Universities on systematic
investigations of patients with resected carotid bodies. During the course of this collabora-
tion, Dr. Honda received the chair of Professor of Physiology at Chiba University in 1974.
The idea for this work was originally proposed by Dr. John W. Severinghaus in 1967. Dr.
Honda built the experimental setup for the project in his laboratory room. The patient was
reclined on a second hand dental chair. Rubber tubing connected the mouth-piece, spirom-
eter, Douglas bag, an electric cleaner to wash out the inside of the system, and cylinders
of CO,, O,, N, and several calibration gases. The set-up also involved advanced O> and
CO, sensors and other electric devices such as amplifiers, calculators, and a recorder. All of
these took up substantial space in the cramped experimental room and, in total, presented the
appearance of a factory. Many patients and subjects first looked astonished when entering
this room, but almost all were then brave enough to perform the subject’s role in the chair.
Experiments were repeated and repeated. I can see clearly even now in my mind’s eye the
scene of Dr. Honda paying careful attention to the O, sensor on the days of experimentation.
Throughout the studies he documented on such patients”, he was particularly impressed by
the fact that the carotid body functions were often different from those reported in other
animal species. Dr. Honda always insisted in a convincing manner that the systematic inves-
tigation on humans as a whole is indispensable and that active and frank communications
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must be established among different laboratories and departments. Since then, he devoted
almost all of his scientific life to the unraveling of the mechanisms of the chemical control
of respiration. His attention was directed at every aspect of the ventilatory control system
on the basis of experimental studies as well as clinical cases, from high mountains to the
deep sea, and from exercise to sleep. As a consequence, he published a number of new find-
ings and presented them at many international symposia. Thus, many Japanese researchers
might well have viewed him the leader of this field in Japan. He, himself pointed out? that
all of these findings were the result of the kind and generous collaboration of many people
from different areas and departments.

After he retired from Chiba University in 1992, he was engaged in publishing for the
several years, but then he resumed his research activity in order to examine the relationship
between respiratory sensation and ventilatory responses during hypoxic and hypercapnic
challenges. He improved the visual analog scale (VAS) to better assess the dyspneic sensa-
tion, and he modified Read’s rebreathing method in order to facilitate progressive hypoxia
under steady and different levels of hypercapnia, and vice versa. In 1998, as soon as he
started the new experiments, he noted that the hypercapnic VAS dyspnea slope showed
only a leftward shift with decreasing SaQ,, whereas the ventilatory responses became
steeper. This result was submitted to Respir. Physiol. Although this journal finally accepted
his paper (2001), there were hard and long discussions between Dr. Honda and the referees.
In addition, in the summer of 2000 during the time of these debates, and on the evening
of the day that his summer experiments were just completed, he suddenly lost his wife
due to brain hemorrhage. Regret and grief struck him acutely. Still, even in the middle of
such tragic circumstances he persevered. Finally, several months after his wife’s death he
received the letter of acceptance from the journal.

Last summer his colleagues from different universities gathered for experiments,
as was the usual case for several years. Dr. Honda designed the experiments to elicit a
confirmation of the behavior of the respiratory sensation rated with VAS with relation to
ventilatory responses during the combined stimuli of O, and CO,. But the experiments
suddenly terminated in the moming of the fourth day.

As these brief memories suggest, Dr. Honda was a real pioneer. It must also be stressed
that he never once begrudged spending time and effort to offer educational and moral sup-
port to graduate students and young researchers or doctors. Thanks to his support and
encouragement, many young researchers got the chance to study in Bochum, Pennsylvania,
Strasbourg, Lhasa and Oxford, and also obtained important positions at institutes and uni-
versities.
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Bodies Chemoreception



Chemosensory Control of the
Respiratory Function

Working Towards Understanding the Role
of ATP-Mediated Purinergic Signalling

Alexander V. Gourine, Nicholas Dale, K. Michael Spyer

1. Introduction

Respiratory drive is sensitive to small changes in arterial PO, and PCO, which are sensed
by the peripheral chemoreceptors located within the carotid and aortic bodies and by central
chemoreceptors localised within the brain (Gonzalez et al., 1994; Daly, 1997; Nattie, 1999;
Prabhakar, 2000). In adult mammals type I (glomus) cells of the carotid body are the primary
peripheral chemosensitive elements which detect changes in arterial PO, (Gonzalez et al.,
1994; Prabhakar, 2000) and transmit this information to the afferent nerve fibres of the
carotid sinus nerve, which in turn relays to the brainstem respiratory centres to produce
adaptive changes in ventilation. Levels of PCO, are monitored predominantly by the central
chemoreceptors localised within the medulla oblongata (primarily at, or in close proximity
to, the ventral medullary surface [Loeschcke, 1982]), as up to 80% of the CO;-evoked
ventilatory response is mediated by the action of CO; at the brainstem chemosensitive sites
(Heeringa et al., 1979).

There has been growing interest in the role of ATP-mediated purinergic signalling
in the nervous system. Extracellular ATP acting through ionotropic P2X and metabotropic
P2Y receptors has numerous physiological functions in the brain and periphery (North,
2002). Over the last several years we have been studying extensively the role of puriner-
gic signalling in central and peripheral mechanisms of chemosensitivity. As a result of
these studies a unifying hypothesis of central and peripheral chemosensory transduction
which involves ATP as a common key mediator has been proposed. We suggest that in
the ventrolateral medulla (VLM) ATP is produced following CO,/H*-induced activation
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of central chemosensory elements (neuronal and/or glial) and acts within the respiratory
network to produce physiologically relevant changes in ventilation. In the carotid body,
ATP contributes in a significant manner to the transmission of the sensitivity of the carotid
body to changes in arterial PO, and may be considered as a key transmitter released
by chemoreceptor cells to activate endings of the sinus nerve afferent fibres. This short
review discusses the data obtained in experiments in vivo and in vitro supporting this
hypothesis.

2. Evidence

2.1. ATP Induces Changes in Central Respiratory Drive When
Applied into the VLM or onto the Ventral Surface of the Medulla

The effects of P2 receptor agonists and antagonists on central respiratory drive have
been examined in anaesthetised and artificially ventilated rats. ATP, the stable ATP analogue
&, -methylene ATP (o, 3-meATP) and P2 receptor blocker suramin were injected into the
rostral VLM, an area of the medulla which plays akey role in the generation and patterning of
respiration. The effect of this treatment on resting phrenic nerve discharge was investigated
(Thomas et al., 2001). Unilateral microinjection of ATP into the VLM was shown to reduce
in a dose-dependent manner, or to abolish totally, phrenic nerve activity. This effect of
ATP was mimicked by microinjection of o, 3-meATP into the same brainstem site. Whilst
suramin had no effect on resting respiration it blocked the effects of ATP microinjected into
the VLM.

By contrast, application of ATP onto the ventral surface of the medulla resulted in
an immediate increase in phrenic nerve discharge in anaesthetised rats which were either
artificially ventilated or spontaneously breathing (Gourine, Dale and Spyer, unpublished
observations). This effect of ATP was reduced by suramin and was augmented by the
adenosine receptor blocker 8-phenyltheophylline.

These data indicated that ATP-mediated purinergic signalling may play a role in the
medullary mechanisms of respiratory control. An important observation was that CO,-
evoked augmentation of respiration can be mimicked by application of exogenous ATP to
the ventral medullary surface—the primary central chemosensitive site. However, studies
involving microinjection or application of ATP are not sufficient to determine its functional
role. The latter can be revealed by experiments in which P2 receptors in the VLM are
blocked by specific antagonists applied either by microinjection or ionophoretically and
the effect of this treatment on basal respiration and respiratory responses to chemosensory
stimulation are monitored.

2.2. Blockade of P2 Receptors Within the VLM Attenuates
the Respiratory Response Evoked by Hypercapnia

In a series of experiments performed in anaesthetised and artificially ventilated rats
the effect of P2 receptor blockade within the VLM on changes in phrenic nerve activity
evoked by rising levels of inspired CO, have been studied. It was found that P2 receptor
antagonist suramin, when microinjected into the VLM, attenuates the increase in phrenic
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nerve discharge evoked by rising levels of inspired CO, (Thomas et al., 1999). A similar
effect was observed after desensitization of certain P2X receptors within the VLM with
o, 3-meATP.

These results provided the first evidence that ATP-mediated purinergic signalling may
play an important role in the VLM mechanisms responsible for the increase in ventilation
during hypercapnia. However, more detailed electrophysiological studies are required to
define this role more precisely.

2.3. Blockade of P2 Receptors Reduces CO,-Evoked Activation of
the VLM Pre-Inspiratory and Inspiratory Neurones

In anaesthetised and artificially ventilated rats the activity of the respiratory neu-
rones within the VLM has been recorded and the effect of P2 receptor antagonists suramin
and pyridoxal-5'-phosphate-6-azophenyl-2’ 4'-disulphonic acid (PPADS) on changes in
the activity of VLM respiratory neurones during hypercapnia has been determined. Mi-
croionophoretic application of suramin or PPADS completely blocked hypercapnia-evoked
increases in the activity of pre-inspiratory and inspiratory VLM neurones (Thomas and
Spyer, 2000).

It was concluded from these data that during hypercapnia, ATP acting on certain
P2 receptors is responsible for the increases in activity of medullary pre-inspiratory and
inspiratory neurones and, therefore, mediates CO»-evoked increase in central respiratory
output. The subtypes of the P2 receptor responsible for the increases in activity of VLM
inspiratory neurones during hypercapnia remain to be determined.

2.4. VLM Respiratory Neurones Express P2X Receptors

Expression of P2X;, P2X,, P2Xs and P2X,, receptor subunits has been demonstrated
in the VLM (Kanjhan ef al., 1999; Yao et al., 2000; Thomas et al., 2001; Yao et al., 2003).

To characterise the profile of P2X receptor subunits on individual VLM respiratory
neurones we determined in particular whether VLM respiratory neurones express P2X; and
P2X; receptor subunits. P2X, receptor subunit immunoreactivity was detected in ~50%
of expiratory neurones and in ~20% of neurones with inspiratory-related discharge: pre-
inspiratory and inspiratory (Gourine et al., 2003). In contrast, no identified VLM respiratory
neurones were detectably immunoreactive for the P2X, receptor subunit (Gourine et al.,
2003). Microionophoretic application of ATP increased the activity of ~80% of expiratory
neurones and of ~30% of VLM neurones with inspiratory-related discharge and these
effects were abolished by the P2 receptor blocker suramin (Gourine ef al., 2003).

These data indicate that a significant proportion of VLM neurones that display rhyth-
mic respiratory-related activity express P2X, receptor subunits and increase their discharge
in response to exogenously-applied ATP. These observations also suggested that activation
of the P2X, receptors during hypercapnia may contribute to the increases in activity of the
VLM respiratory neurones that express these receptors.

However, the unexpected finding of that study was that in the VLM only about 20%
of inspiratory neurones contain P2X, immunoreactivity, indicating that the proportion of
VLM neurones with inspiratory-related discharge that express P2X, receptor subunit is
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smaller than the proportion of these cells that are excited during hypercapnia. An earlier
study showed that CO, excited 85% of inspiratory and 66% of pre-inspiratory neurones
in the area of rostral VLM (Thomas and Spyer, 2000). These data taken together led us
to an obvious conclusion that P2X receptors that contain P2X, subunits are unlikely to
be the sole factor responsible for CO,-induced excitation of the VLM pre-inspiratory and
inspiratory neurones. We suggest that P2X receptors other than, or in addition to, P2X5, or
P2Y receptors may be involved in mediating hypercapnia-induced changes in the activity
of VLM neurones with inspiratory-related discharge.

2.5. ATP is Released Rapidly on the Ventral Surface of the Medulla
Oblongata During Hypercapnia

The hypothesis of purinergic signalling involvement in chemosensory transduction
within the VLM has recently received its strongest supporting evidence with our direct
real-time measurement of ATP release during hypercapnia.

In anaesthetised and artificially ventilated rats we have demonstrated, using amper-
ometric enzymatic ATP biosensors (Llaudet et al., 2003), that hypercapnia induced an
immediate and profound increase in the concentration of ATP on the surface of the VLM
(Gourine, Llaudet, Dale and Spyer, unpublished observations). This increase in ATP con-
centration coincided with the enhancement in the amplitude of the phrenic nerve discharge.
Interestingly, ATP release from the ventral surface was also observed during hypercapnia
in peripherally chemodenervated animals (vagi, aortic and carotid sinus nerve sectioned).
Further in vitro experiments revealed that CO,-induced acidification (decrease in pH from
7.4 to 7.0) evoked ATP release from horizontal slices that contained the ventral surface of
the medulla (Gourine, Llaudet, Dale and Spyer, unpublished observations).

2.6. Hypothesis: A Role for ATP in Central Chemosensory
Transduction

The evidence obtained to date in our laboratories suggest that ATP is released into
the extracellular fluid in the VLM during hypercapnia due to activation of central chemore-
ceptors. We propose that during hypercapnia a rapid increase in extracellular concentration
of ATP and its action on P2 receptors localised in the close proximity to the VLM surface
is responsible for the increases in activity of medullary inspiratory neurones and, therefore,
for the overall augmentation of the central respiratory output. The cellular sources of ATP
released during hypercapnia as yet remain to be identified.

2.7. ATP Induces Rapid Activation of the Carotid Sinus Nerve
Chemosensory Afferents

The effects of ATP and its stable analogue ,3-meATP, on sinus nerve activity in
the in vitro mouse carotid body/sinus nerve preparations have been determined (Rong
et al., 2003). It was found that both ATP and o, 3-meATP evoked an immediate and marked
increase in the carotid sinus nerve discharge. This effect of ATP was blocked by P2 receptor
antagonist PPADS. Analysis of the chemosensory afferent responses evoked by ATP and
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o, B-meATP in preparations taken from the wildtype mice and from the mice deficient in
either P2X,, P2X3, or both receptor subunits, suggested that sinus nerve terminals contain
functional homomeric P2X; and P2X; receptors as well as heteromeric P2X, /3 receptors
(Rong et al., 2003).

2.8. P2X; Receptor Subunit Deficiency Results in an Attenuation
of the Ventilatory Response to Hypoxia

Adult conscious mice lacking P2X5, P2X; or both P2X subunits (Cockayne et al.,
2000; 2002) were exposed to graded levels of hypoxia and the respiratory rate and tidal
volume were monitored by whole body plethysmography. Whilst the resting ventilation
was identical in all groups of animals, during hypoxia P2X, subunit deficient mice showed
markedly diminished ventilation as compared to their wild type counterparts (Rong et al.,
2003). Interestingly the ventilatory response to hypoxia was not atfected by the deficiency
of the P2X; receptor subunit.

These data provide clear evidence that P2X receptors that contain P2X, receptor
subunit, with or without P2X3 subunit, play a crucial role in the mechanisms responsible
for the increase in ventilation during hypoxia. As in adult mammals arterial PO, levels are
monitored primarily by the carotid bodies it was imperative to determine whether carotid
body function is affected by the P2X, receptor subunit deficiency.

2.9. P2X; Receptor Subunit Deficiency Impairs Carotid
Body Function

To investigate the functional role of P2X receptors in the carotid body, we recorded
electrophysiologically the activity of the carotid sinus nerve in the carotid body/sinus nerve
preparations taken from mice deficient in P2X,, P2Xz or both subunits and from their
respective wild type control mice (Rong et al., 2003). These experiments revealed that
hypoxia-induced increases in the carotid sinus nerve discharge were markedly reduced in
mice lacking P2X, subunit and was even smaller in mice deficient in both P2X; and P2X3
receptor subunits. However, the afferent responses of the sinus nerve to hypoxia were not
affected in mice lacking P2X; receptor subunits,

These results were consistent with the ventilatory observations described above and
clearly indicated that in the carotid body ATP acting via P2X receptors that contain P2X,
receptor subunit is a key mediator responsible for the hypoxia-induced increase in the carotid
sinus nerve activity.

2.10. Blockade of P2 Receptors Abolishes Hypoxia-Induced
Activation of the Carotid Sinus Nerve Afferent Fibres

We further suggested that if oxygen-sensitive carotid body elements release ATP
as the main transmitter to stimulate sinus nerve afferent terminals via interactions with
P2X receptors, then P2X receptor antagonists should attenuate the increase in sinus nerve
activity evoked by hypoxia. This was indeed the case. The P2 receptor antagonist PPADS
reversibly reduced sinus nerve background discharge, and markedly attenuated increase in
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firing induced by hypoxia. At a high concentration (100 uM), PPADS induced profound
and irreversible reduction in the background activity, and abolished the hypoxia-induced
increase in afferent discharge (Rong et al., 2003).

These results were in accord with the data obtained using carotid body/sinus nerve
preparations taken from the P2X, receptor subunit deficient mice and supported the hy-
pothesis that in the carotid body ATP may indeed act as a main transmitter to activate sinus
nerve afferent fibres during hypoxia. However, the presence of the P2X receptors in the
mouse carotid body remained to be documented immunohistochemically.

2.11. P2X; and P2X; Receptor Subunits are Present on the Afferent
Terminals of the Carotid Sinus Nerve

Consistent with previous studies in rats (Prasad et al., 2001), we have found that in
mice both P2X,; and P2X; receptor subunit immunoreactivities are present in the carotid
body (Rong et al., 2003). Interestingly, the patterns of staining for P2X, and P2X; receptor
subunits were similar, and when observed under the confocal microscope both appeared
to be on the afferent terminals surrounding individual glomus cells or their clusters (Rong
et al., 2003).

2.12. ATP is Released Rapidly in the Carotid Body During Hypoxia

In the isolated carotid body/sinus nerve preparation of the rat and mouse we have
shown using amperometric enzymatic biosensors (Llaudet et al., 2003) that a decrease in
PO; in the perfusate induces rapid release of ATP from the carotid body (Gourine, Rong,
Llaudet, Dale and Spyer, unpublished observations).

2.13. Hypothesis: A Role for ATP in Peripheral Chemosensory
Transduction

Our data indicate that in the carotid body, P2X receptors that contain the P2X, subunit
play a crucial role in transmitting information about PO, levels in the arterial blood, and
are therefore essential for a normal ventilatory response to hypoxia. Given that P2X, and
P2X; immunoreactivities were detected on sinus nerve terminals rather than on the glomus
cells, we suggest that during hypoxia, oxygen-sensing glomus cells release ATP as the key
mediator to activate afferent terminals of the sinus nerve via interaction with P2X receptors
that contain the P2X, subunit, with or without P2X; subunit.

3. Conclusion: A Unifying Hypothesis

The results obtained in our laboratories over the last years and discussed above provide
convincing evidence in favour of ATP-mediated purinergic signalling having a pivotal role in
chemosensory control of the respiratory function. Given the available evidence we propose
a unifying hypothesis of central and peripheral chemosensory transduction which involves
ATP as a common key mediator.
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Indeed, ATP applied to the ventral surface of the medulla (the primary central
chemosensitive site) evokes a rapid increase in phrenic nerve activity, while ATP applied
to the carotid body (the primary peripheral chemosensitive site) evokes rapid excitation of
the carotid sinus nerve afferents. Blockade of the P2 receptors within the VLM attenuates
the respiratory response evoked by hypercapnia, while blockade of the P2X receptors in the
carotid body (or their elimination in the knockout mice) greatly diminishes the ventilatory
response to hypoxia and impairs carotid body function. Ionotropic, P2X receptors for ATP
are expressed by the VLM respiratory neurones as well as by the peripheral chemosensory
afferent neurones, which relay information to the brainstem. Finally, ATP is released during
chemosensory stimulation: from the ventral surface of the medulla during hypercapnia and
from the carotid body during hypoxia. ATP is released at these sites at the right time and in
sufficient quantities to evoke adaptive changes in ventilation. The cellular sources and the
mechanisms underlying release of ATP in response to a decrease in PO, and/or increase in
PCO,/[H"] as yet remain to be investigated in detail.
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Brainstem NHE-3 Expression and
Control of Breathing

Martin Wiemann, Heidrun Kiwull-Schéne, Stilla Frede,
Dieter Bingmann, and Peter Kiwull

1. Introduction

Intracellular acidification by selective inhibition of the Na* /H* exchanger type 3 (NHE-3)
has been shown to enhance the bioelectric activity of CO./HT sensitive neurons cul-
tured in virro from the ventrolateral medulla oblongata of newborn rats (Wiemann
et al., 1998, 1999; Wiemann and Bingmann, 2001). Recently, we demonstrated NHE-3
immunoreactive neurons in brainstem areas with prevalence for central chemosensitivity
in adult rabbits (Kiwull-Schéne et al., 2001). During anaesthesia, NHE-3 inhibition by the
brain-permeant substance S8218 (Aventis Pharma) significantly lowered the arterial thresh-
old PCO; for central apnea upon mechanical hyperventilation, both under normal blood gas
conditions and after prolonged respiratory acidosis (Kiwull-Schéne et al., 2001, 2003). This
could be of clinical importance, since there is evidence that increased Na* /H™ antiporter
(NHE) activity may predispose patients to sleep apnea (Tepel et al., 2000).

Now, we studied medullary NHE-3 mRNA in rabbits by RT-PCR, to explore whether
brainstem NHE-3 plays a role for the adjustment of individual arterial base-line PCO;
(PaCO,) during wakefulness.

2. Methods

Experimental procedures in vitro concerning the conditions for organotypic culturing,
measurement of intracellular pH (pHi), recording from ventrolateral neurons under normo-
and hypercapnic conditions, as well as the characteristics of S1611 have all been described
(Wiemann et al., 1999). To stain NHE-3 expressing cells a mouse monoclonal anti rat NHE-3
antibody (Chemicon, MAB3134, diluted 1:100) was applied to paraformaldehyde (PFA)
fixed cultures (4% PFA in 0.1 M sodium phosphate buffer). A biotinylated anti-mouse IgG
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Figure 1. Prevalence and function of the Na* /H* exchanger type 3 (NHE-3) in vifro. A drop of pHi is to be
expected upon inhibition of ongoing NHE-3 activity (inset upper right). (A) NHE-3 immunoreactive neurons of the
ventrolateral meduila oblongata (arrows) detected in organotypic cell cultures from new-born rats. (B) Intracellular
acidification of two chemosensitive neurons by the NHE-3 inhibitor $1611. (C) Similar responses of neuronal
discharge to either hypercapnia or pharmacological NHE-3 inhibition.

and the ABC kit (Vector Laboratories) were used to obtain a dark color reaction based on
peroxidase and 3,3'-diaminobenzidine as a chromogene (Fig. 1A).

Brainstem NHE-3 expression was assessed by standard RT-PCR, using primers spe-
cific for rabbit NHE-3 mRNA to obtain a 645-bp DNA fragment (Kiwull-Schone et al.,
2001). PCR products were visualized under UV light and bands were quantified from dig-
ital images after background subtraction. By this, optical signals were linearly converted
into arbitrary units. NHE-3 expression was normalized to the expression of glycerine-
aldehyde-phosphate-dehydrogenase (GAPDH) which was determined in parallel according
to published protocols (Platzer et al., 1994).

Healthy adult male rabbits (2.4-3.9 kg) were kept in a metabolic cage on stan-
dard alkali-rich pellet feed. Food and water were given ad libitum. Daily food consump-
tion, water intake and urine excretion were supervised. Using local skin anaesthesia,
blood was taken from the central ear artery while the animals inhaled oxygen enriched
air (F{O, ~ 0.60). Samples were analyzed for oxygen and CO, partial pressures (PaO,,
PaCO,) and pH (pHa) by conventional equipment (ABL 5 Radiometer, Denmark). Anaes-
thesia was performed by intravenous sodium pentobarbital (about 60 mg/kg) before an-
imals were sacrificed to quickly remove and snap freeze brainstem tissue from the obex
region.
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3. Results

3.1. Prevalence and Function of NHE-3 in Newborn Rat Cell Cultures

Figure 1A demonstrates the incidence of NHE-3 in the ventrolateral brainstem of
new-born rats, namely NHE-3 immunoreactive neurons. In this ventrolateral area of the
brainstem many neurons show a sustained increase of their bioelectric activity in response
to CO,. Likewise, these neurons can be acidified by specific NHE-3 inhibition by 0.05-0.1
pH (Fig. 1B). This is within the physiological range and leads to an increase in action
potential frequency which strongly resembles the response to hypercapnia (Fig. 1C).

3.2. Prevalence and Function of NHE-3 in Adult Rabbits

Since the described in vitro findings suggest a significant role for NHE-3 in central
respiratory chemosensitivity, the NHE-3 expression was studied in the brainstem of rabbits,
whose blood gases were determined during wakefulness. Figure 2 shows the inter-individual
variability of NHE-3 mRNA, compared to the uniform results for the reference marker. Mean
values and ranges are given by Table 1. Within these ranges, the ratio NHE-3/GAPDH
was significantly proportional to PaCO, and inversely correlated with PaO, (Fig. 3). No
significant correlations were found between brainstem NHE-3 expression and either arterial
pH or (calculated) actual bicarbonate (HCO3™a).

4. Discussion

This study shows for the first time that brainstem NHE-3 expression (assessed by
RT-PCR) not only varies among different animal individuals but also that NHE-3 levels
correlate with arterial PCO» and PO, values. Because measurements of breathing parameters

NHE-3

Tl

Figure 2. Variability of the expression of the Nat /H* exchanger type 3 (NHE-3) in the brainstem of rabbits.
For 11 animals original RT-PCR products and their quantifications are shown of NHE-3 (filled bars) and of the
reference gene GAPDH (empty bars). For printing reasons, the optical signal of GAPDH was amplified.

Signal Intensity of NHE-3 and
GAPDH (arbitrary units)
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Table 1. Means and ranges for NHE-3, blood gases and acid-base data.

Variable Means + SEM Range

PaOy [mmHg] 2114+ 16.2 122.2-306.0
PaCO, [mmHg] 364413 30.3-45.8
pHa 7.428 £0.011 7.350-7.470
HCO3 a [mM] 23.5+09 17.4-27.5
NHE-3 [units] 1202 + 141 573-2076
GAPDH [units] 960 £ 17 836-1033
NHE-3/GAPDH 1.27+0.16 0.60-2.17

Data for 11 rabbits during wakefulness breathing oxygen enriched air (F10; ~ 0.60).
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Figure 3. Significant correlation between brainstem NHE-3 expression and arterial blood gases in awake rabbits.
Arterial CO, (A) and O; (B) partial pressure as linear functions of the NHE-3 over GAPDH ratio.

may suffer from the use of anaesthetics, it is of major importance to note that the variations of
NHE-3 expression measured here could be correlated with the spontaneous base-line values
of PaCO, during wakefulness: Animals with low NHE-3 expression showed low levels of
PaCO; and vice versa. This finding appears analogous to the reduction in apnoeic threshold
PaCO; that was obtained by selective NHE-3 inhibition in anaesthetized and artificially
ventilated rabbits (Kiwull-Schéne et al., 2001, 2003). Therefore, this study further highlights
the possible role of NHE-3 as to be a key molecule of pHi regulation within neurons being
actively involved in the setting or in modifying the central respiratory drive.

Variations in ventilation were already demonstrated in 1968 by Honda, who analysed
the end-tidal PCO, of conscious rabbits during hyperoxia. He found standard deviations
of ~4.9 mmHg and ranges of ~15 mmHg which were comparable to our study. Thereby, the
corresponding values for pulmonary ventilation between the highest and the lowest PCO,
were more than doubled, clearly indicating a considerable variability also of the central
respiratory controller. Inter-individual variations of end-tidal and arterialized capillary PCO,
have been investigated also in humans breathing normal room air (Crosby and Robbins,
2003). After considering a great number of possible causal factors, such as diurnal changes in
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vigilance, metabolic rate, acid-base condition or variations in respiratory and renal controller
functions, the authors concluded that renal and respiratory controllers for pH were not
independent. This may be of special importance with respect to NHE-3 which is the main
sodium-proton-exchanger of the proximal tubulus and. thus, fundamentally involved in
acid-base regulation of the kidney (Schultheis et al., 1998). Further studies should clarify
whether NHE-3 is equivalently regulated in brainstem and kidney.

There is growing evidence from studies in vitro and in vivo that the intracellular pH
of ventrolateral and other brainstem neurons is the adequate signal to elicit respiratory
responses (Ritucci et al., 1998; Wiemann et al., 1998, 1999, 2001; Nattie et al., 2002).
Accordingly, pHi has been termed the proximate stimulus of central CO,/H* receptors
(Filosa et al., 2002) to express its central transmitting role. There are still unknown signal
transduction processes comprising cytoplasmic factors as well as potassium and/or calcium
channels which are certainly important for the firing behaviour of neurons (Wiemann and
Bingmann, 2001). It appears plausible that even a partly individual orchestration of all these
constituents may underlie inter-individual differences in respiratory drive and ventilation.
However, the finding that a single gene product such as NHE-3 clearly correlates with base-
line ventilation, suggests a causal relationship between steady state pHi and pHi regulation
of central NHE-3 expressing neurons and ventilation.

In our study, a contribution of the peripheral chemoreflex controller can be excluded,
since the animals inhaled oxygen enriched air, eliciting arterial PO, values considerably
above the normoxic level of 100 mmHg. Nevertheless, also these hyperoxic values of PaO,
showed a significant inverse dependence of brainstem NHE-3 expression. Although the
possiblerole of metabolic rate and acid base regulation of the kidney should not be neglected,
it is much more likely that the NHE-3 expression in central chemosensitive areas primarily
determines pulmonary ventilation with corresponding changes in PaCO, and PaO,.

Together, our findings suggest that the sodium/proton exchanger subtype 3 in brain-
stem chemosensitive neurons is at least one of the factors determining the set point of
the respiratory control system and thus causally related to the inter-individual variation of
ventilation in awake rabbits.

5. Acknowledgment

This article is dedicated to Professor Dr, Yoshiyuki Honda (1926-2003) with deep
respect in memory of his life-work on the control of breathing.
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Functional Connection From the
Surface Chemosensitive Region

to the Respiratory Neuronal Network
in the Rat Medulla

Yasumasa Okada, Zibin Chen, Wuhan Jiang, Shun-ichi Kuwana,
and Frederic L. Eldridge

1. Introduction

Although the ventral medullary surface (VMS) has previously been assumed to be the main
site for central respiratory chemoreception in mammals, it has recently been argued that
chemosensitive sites are widespread in the lower brainstem, including the deep medullary
regions! 3 (also see the reviews*~°). However, c-fos immunocytological studies have shown
that CO,-activated cells are primarily located in the superficial ventral medulla.”~® We have
also recently suggested that the small cells surrounding fine vessels in the most superficial
layer of the ventral medulla are the CO, chemoreceptor cells.!® We also assume that there
must be a neural connection from the VMS to the respiratory rhythm and pattern generating
neuronal network, e.g., to the ventral respiratory group (VRG) region of the medulla. Here
we analyze the respiratory output responses to local electrical or chemical stimulation at
various sites in the VMS to establish a functional connection from the VMS to the respiratory
neuronal network.
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2. Methods

2.1. Preparations

Adult Sprague-Dawley rats (n = 12) were anesthetized first with diethyl ether in-
halation, and then placed in a supine position on a stereotaxic holder. The femoral vein
and femoral artery were catheterized for infusion and blood pressure measurement, respec-
tively. A mixture of urethane (500 mg/kg) and chloralose (10 mg/kg) was administered
intravenously, and the trachea had been cannulated. The animal was vagotomized, pe-
ripheral chemodenervated, paralyzed with gallamine triethiodide (3 mg/kg, intravenous
injection), and artificially ventilated with 100% O,. End-tidal PCO, (PErCO;) was con-~
tinuously monitored with an infrared CO, analyzer. The ventral medulla was exposed as
previously described.!! The phrenic nerve was exposed in the neck, immersed in a paraf-
fin pool, and placed on a bipolar silver electrode. The phrenic neurogram was half-wave
rectified, integrated and recorded.

The surgical procedure for the isolated brainstem-spinal cord preparation has been
described elsewhere.'? 13 In brief, Sprague-Dawley neonatal rats (1-4 day-old; n = 16) were
used. The rat was deeply anesthetized with diethyl ether, and the brainstem with cervical
spinal cord was quickly isolated in a dissecting chamber filled with oxygenated mock
cerebrospinal fluid (mock CSF). The pons and cerebellum were ablated. The preparation
was transferred to a recording chamber and fixed with miniature pins on a silicon rubber
base with the ventral side up. The preparation was then superfused at 26°C with oxygenated
mock CSF, which was equilibrated with a gas mixture (2% CO; in O;; mock CSF pH =
7.8). With this “alkaline” superfusate, the tissue pH of the superficial (<400 m) medullary
layer was maintained in the physiological range.!* The composition of the mock CSF was
(in mM): 125 NaCl, 4 KCl, 2 CaCl,, 1 MgSO., 0.5 NaH,PO4, 26 NaHCO; and 30 glucose.
Central respiratory output was recorded from the C4 ventral roots with a glass suction
electrode and integrated. The respiratory frequency was counted, based on the C4 burst
frequency.

2.2. Electrical Stimulation

Electrical stimulation experiments were conducted only in in vivo preparations. The
PETCO, was adjusted to between 36 and 38 mmHg. A metal microelectrode (tip diameter 1
m) mounted on a micromanipulator was inserted into the ventral medullary tissue in various
regions, and the microelectrode tip was placed in the most superficial layer (at a depth of 50
m from the surface). Stimulation trains (intensity 2—-10 V, duration 0.5 ms, frequency 25-50
Hz) were delivered for 60-90 sec through the microelectrode, and the phrenic responses
to electrical stimulation were analyzed. Each response was judged as strongly positive or
weakly positive, when either respiratory frequency or the amplitude of integrated phrenic
neurogram increased more than 10% and 5%, respectively. At some positive response sites,
we compared the responses induced by stimulation at various depths (at 50, 500, 1000 and
2000 m deep from the surface).
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2.3. Chemical Stimulation

Chemical stimulation experiments were conducted in both in vive and in vitro prepara-
tions. In the in vivo experiments, the animal was hyperventilated and PETCO, was maintained
near the apneic threshold (about 28 mmHg) so that even weak chemical stimulation could
evoke a respiratory response. Mock CSF equilibrated with 100% CO, was microinjected
through a glass micropipette (tip diameter 3—4 m) with a pneumatic injector (Picospritzer-
I, General Valve, Fairfield, NJ) at various sites in the superficial layer (at a depth of 50 m
from the surface) of the ventral medulla. We controlled the microinjected volume (1-2 nl)
by observing the change of the meniscus of the intra-pipette solution. In the in vitro experi-
ments, chemical stimulation was conducted as in the in vivo experiments by microinjecting
mock CSF (volume 3—4 ni) equilibrated with 100% CO;, into the superficial ventral medulla.
Larger volumes (10-50 nl) were injected when testing the dose-response relationship. The
response to chemical stimulation was judged as positive in both in vivo and in vitro ex-
periments when either respiratory frequency or the amplitude of integrated phrenic activity
increased more than 10%, or when respiratory activity appeared in apneic preparations.

3. Resuits

3.1. Electrical Stimulation of VMS Regions

Increases in phrenic activity were elicited when we stimulated various sites in the
superficial midline, parapypramidal and ventrolateral medullary regions (Fig. 1). The
response pattern was characterized by a gradual increase in the amplitude of the integrated
phrenic activity during electrical stimulation and a gradual recovery to the control level

Figure 1. Responses of phrenic activity to electrical stimulation of the VMS in the in vivo adult rat. At the
midline medullary region shown as *, the effect of stimulation at various depths from the surface was analyzed,
and responses A, B, C and D correspond 1o depths of 50, 500, 1000 and 2000 m from the surface, respectively.
The responses were stronger when stimulation was conducted at more superficial sites. Closed circles: sites with
strongly positive responses. Triangles: sites with weakly positive responses. Open circles: sites with negative
responses. Horizontal Bars: duration of electrical stimulation.
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Figure 2. Responses of phrenic activity to microinjection of CO; enriched mock CSF into the VMS in the
in vivo 1at. The rat was hyperventilated and maintained near the apneic threshold. In trial B, the rat was apneic
before the microinjection. Closed circles: sites with positive responses. Open circles: sites with negative responses.
Arrows: injection. Injection sites A, B and C correspond to the recordings A, B and C, respectively.

after withdrawal of the stimulus, similar to the after-discharge elicited by carotid sinus
stimulation.'> The responses were stronger when we stimulated the more superficial sites
(Fig. 1).

3.2. Chemical Stimulation of VMS Regions

When we chemically stimulated the VMS regions by microinjection of CO,-enriched
mock CSF at various ventral medullary sites in in vivo and in vitro rats, we found that
respiratory output increased when the superficial midline, parapyramidal and ventrolateral
regions (especially at the rostral medullary level) were stimulated. These responses were
commonly observed in both in vivo and in vitro preparations (Figs. 2 and 3).

4. Discussion

4.1. Critique of Methods

Although there have been several previous reports on electrical'*~!8 and chemical %%
stimulation of the VMS, we have for the first time compared the ventilatory responses to
electrical and chemical stimulation of the VMS sites. We also have systematically mapped
the positive response sites in the VMS using both in vivo and in vitro preparations.

Electrical stimulation evokes non-specific neural excitation, and stimulates both
the cell body and nerve fibers passing around the tip of the stimulating microelectrode.
Therefore, we cannot conclude from our electrical stimulation data either that positive
response sites are chemosensitive or that there are chemoreceptor cell bodies at positive re-
sponse sites. However, electrical stimulation has an obvious advantage over other chemical
stimulation techniques; the stimulant does not diffuse out and it is possible to define the
stimulated site only at the tip of the stimulating electrode.?!
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Figure 3. Responses of C4 activity to microinjection of CO»-enriched mock CSF into the VMS in the in vitro
preparation. Closed circles: positive response sites with an increase in respiratory frequency. Open circles: negative
response sites. Arrows: injection. At the site shown by *, responses to chemical stimulation with various injection
volumes were compared to confirm the dose-response relationship. Injection volumes were at A 4 nl, B 10 nl and
C50nL

Chemical stimulation with CO; has the advantage that CO» is the most physiological
stimulant when stimulating respiratory chemoreceptors. However, in the in vivo animal
experiments, injected CO, will rapidly diffuse to the surrounding tissue and injected CO,
may be partially transported via blood circulation to discrete regions. Therefore, we cannot
rule out the possibility that the injected CO; has stimulated regions at a distance from the
injected site. Indeed, in one trial of the stimulation experiments of the midline regions, we
have observed a delayed response (Fig. 2C). This delayed increase of respiratory activity
might be induced by stimulation of distant chemosensitive regions by transported CO,.
Therefore, we have conducted experiments using an iz vitro brainstem-spinal cord prepara-
tion to rule out possible CO, transportation through blood circulation. The results obtained
from these in vivo and in vitro experiments were in close agreement, including the positive
responses in the midline region.

4.2. Significance of Electrical and Chemical Stimulation of VMS

In the present study, we electrically and chemically stimulated the VMS. We observed
that stimulation of the midline, parapyramidal and ventrolateral regions induced respiratory
augmentation and that sites with positive responses to chemical stimulation were located
preferentially in the rostral medulla, while sites that were responsive to electrical stimulation
were distributed more evenly throughout the rostro-caudal axis. These results confirm the
presence of a functional connection from the VMS to the respiratory neuronal network and
also suggest that CO, chemoreceptors predominate in the rostral medulla rather than in the
caudal medulla. This idea is compatible with our recent suggestion that CO, chemoreceptor
cells are located in the midline, parapyramidal and ventrolateral medullary regions of the
rostral VMS. !

There have been several anatomical reports that identify a neuronal connection be-
tween VMS and the VRG region using tract-tracing techniques.>*%* It also has been reported
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that respiratory neurons that were stained intracellularly showed their dendritic projection
to the VMS.?* Kawai et al.2’ observed that dendrites of CO,-excitable neurons reached
the VMS, but those of CO,-inhibitory or CO,-insensitive neurons did not. The results
in the present study are compatible with these previous morphological studies and rein-
force the idea that a neural connection exists from the VMS to the respiratory neuronal
network. Further studies will be necessary to identify the connection from superficially
located chemoreceptor cells to the deep respiratory neuronal network at the cellular Jevel.
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Chemosensory inputs and Neural
Remodeling in Carotid Body and
Brainstem Catecholaminergic Cells

Christophe Soulage, Olivier Pascual, Jean-Christophe Roux,
Monique Denavit-Saubié and Jean-Marc Pequignot

1. Introduction

Exposure to hypoxia elicits an immediate increase in ventilation in order to face the tissue
oxygen deficit. The acute response to hypoxia develops gradually over several days despite
a constant level of isocapnic hypoxia, before reaching a steady state level which has been
termed ventilatory acclimatization to hypoxia (VAH). The functional acclimatization to
hypoxia reveals a striking plasticity of the chemoreflex, which takes place within the first
days of exposure and can be prolonged for weeks, months or years. There is clearcut evi-
dence that the peripheral arterial chemoreceptors play a major role in initiating the ventila-
tory acclimatization to hypoxia. However, this does niot preciude a role for central structures
involved in the translation of chemosensory inputs and modulating the integration of carotid
chemo-afferent inputs. Early and recent studies have shown that the ventilatory plasticity in-
duced by sustained hypoxia is associated with changes in the morphology and phenotype of
the carotid chemoreceptors, increases in neurotransmitter biosynthesis and release, modu-
lation of neuroreceptor expression in the carotid body and increased firing rate of the carotid
chemo-afferent neurons. More recent studies demonstrated that the neuroplasticity also takes
place during long-term hypoxia in restricted areas of the central nervous system, which have
been involved in respiratory and sympathetic responses to hypoxia. This short review is de-
voted to the neurochemical plasticity induced by sustained hypoxia in the carotid body and
in brainstem structures involved in translation of the peripberal chemosensory inputs, and
their possible role in triggering or modulating ventilatory acclimatization to hypoxia.
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2. The Carotid Body During Acclimatization to Hypoxia

The VAH is almost exclusively dependent on the carotid bodies as demonstrated by
two studies carried out on sheep that showed that VAH is not achieved after chemoden-
ervation (Smith et al., 1986), but can be induced by perfusion of the carotid bodies with
hypoxic normocapnic blood (Busch et al., 1985). The fall of arterial oxygen tension in
hypoxia induces a cascade of events leading to the associated anatomical, neurochemical
and functional changes within the carotid bodies (Figure 1). Major features of chronically
hypoxemic carotid bodies are a marked hypertrophy and an enhanced content, turnover
and synthesis of catecholamines (dopamine and norepinephrine) that are among the most
important neuromodulators stored in the carotid body. In adult male rats living at high
altitude (La Paz, Bolivia, 3600 m), the content of norepinephrine and dopamine were re-
spectively 24 and 43-fold higher in the carotid bodies compared to age-matched rats at
sea level, while the activity of tyrosine hydroxylase, the rate-limiting enzyme in cate-
cholamine synthesis, was almost 6-fold higher in high altitude native rats (Joseph et al.,
2000). The component of carotid body hypertrophy in chronic hypoxia is an increased
number and volume of chemosensitive cells, increased number of fibroblasts located in
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Figure 1. Schematic drawing illustrating the plasticity of carotid body under chronic hypoxia. CB, carotid body,
CSN, carotid sinus nerve.
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the conjunctive walls surrounding the carotid body and increase vascularity caused both
by vasodilatation and ingrowth of new blood vessels (Bee & Pallot, 1995; Pequignot &
Hellstrom, 1983). Additionally glomic cells are submitted to ultrastructural changes in
chronic hypoxia, which include an increased volume density of mitochondria and enlarge-
ment of dense-core vesicles that store dopamine and norepinephrine. There is also a gradual
transformation of the morphological appearance of glomic cells, that shifts from a bimodal
pattern (with both small- and large- vesicles cells) to an unimodal pattern exhibiting mainly
large vesicles cells (Pequignot et al., 1984) and a global phenotypic transformation char-
acterized by a very large increase in the proportion of noradrenergic cells (Verna et al.,
1993).

Among the numerous neuroactive factors synthesized by carotid body glomic cells,
the role of dopamine has been particularly studied during chronic hypoxia. Dopamine is
found at high concentrations and has been recognized as a potent inhibitory neuromodulator
of carotid body chemotransduction both under acute hypoxia or following VAH (Gonzalez
et al., 1994). A proper acclimatization to hypoxia is very important and determines the
overall ability to cope with hypoxia. Our own observations in rats inbred at 3600 m above
sea level (Bolivian Institute for Altitude Biology—IBBA, La Paz, Bolivia) revealed that
following surgical chemodenervation, the hematocrit rises from a baseline level around
50% to almost 70% within a few weeks. These hematological changes were accompanied
by increasing mortality. The process of ventilatory control under acute or chronic hypoxic
stimulation is gender-dependent (Joseph et al., 2000), with males having a blunted respira-
tory response under the chronic hypoxic conditions in La Paz. Gonadal steroids are critically
involved in this gender discrepancy. Recent findings from our laboratory showed that this
effect is dependent on an action of ovarian steroids that stimulate breathing by reducing the
inhibitory dopaminergic drive in the carotid body (Joseph et al., 2002).

3. Neurochemical Acclimatization to Hypoxia in the Central
Nervous System

In long-term hypoxia, the central translation of peripheral chemoreceptor inputs may
be modulated by the plasticity of brainstem cardiorespiratory structures located in the
nucleus tractus solitarii (NTS) and the ventrolateral medulla (VLLM). In the rat, the afferent
chemosensory fibres arising from the carotid body are contained in the carotid sinus nerve
(CSN) and project primarily into the NTS within the dorsal medulla caudal to the obex.
Chemosensitive neurons of caudal NTS project onto the VLM. The solitary complex and the
VLM contain premotor neurons of the dorsal and ventral respiratory groups, respectively.
The NTS and VLM also contain the catecholaminergic cell groups, A2C2 and A1Cl1,
respectively, which are adjacent to, or intermingled with the respiratory neurons (Ellenberger
etal., 1990; Pilowsky et al., 1990). The respiratory neurons do not synthetize catecholamines
(Pilowsky et al., 1990). However, they possess adrenergic receptors (Champagnat et al.,
1979) and receive close appositions from TH-immunoreactive neurons (Sun et al., 1994).
Carotid body stimulation induces neuronal activation in brainstem catecholaminergic areas.
A2 neurons in the caudal NTS are activated by long-term hypoxia, as shown by increases
in noradrenaline turnover (Soulier et al., 1992), tyrosine hydroxylase (TH) activity (Soulier
et al., 1995) and TH mRNA level (Dumas et al., 1996). The changes in the amount of



56 Soulage C. et al.

150% ¢

—_
~
o
N

[ — e
— N W
(=] S O
N R RN

Tyrosine hydroxylase protein
(% of normoxic controls)

100%
100% 150% 200% 250% 300% 350%
Ventilation (% of normoxic controls)

Figure 2. Relationship between the content of tyrosine hydroxylase protein in the caudal subset of A2C2 cell
group and ventilation after 14 days of hypoxia. The two parameters measured in the same animal were significantly
correlated (1= 0.76, P<0.01). Modified from Schmitt et al. (1994).

TH protein correlate with changes in ventilatory output after acclimatization to hypoxia
(Schmitt et al., 1994, see Fig. 2).

Carotid-chemodenervated rats can develop ventilatory responses to acute and long-
term hypoxia and these functional responses were associated with upregulation of TH in
brainstem catecholaminergic neurons (Dumas et al., 1996). These functional and molecu-
lar approaches showed that chronically CSN-transected rats can respond to hypoxia, sug-
gesting that central O,-chemosensitive mechanisms may develop independently of carotid
chemosensory inputs to the brainstem (Roux et al., 2000). The brainstem plasticity of TH
gene expression during long-term hypoxia in CSN-transected rats seems to be due to prop-
erties of the central neurons rather than to increases in synaptic activity due to peripheral
influences. Therefore, neurons in the NTS appear not only as the site of integration of chemo-
afferent inputs but also as the target for direct modulatory effects of hypoxia. The mechanism
by which hypoxia stimulates TH gene expression in the brainstem involves the interaction
of transcriptional factors with cis-acting regulatory elements within the proximal promoter
of the TH gene. The most widespread molecular mechanism for hypoxia-dependent regula-
tion is transcriptional induction via binding of the transcription factor HIF-1o (hypoxia in-
ducible factor 1). In cultured PC12 cells physiological regulation of TH gene transcription
by hypoxia has been shown to require activation of HIFs (Schnell et al., 2003). By using
in situ hybridization of the mRNA encoding HIF-1o and immunocytochemical detection
of the HIF-1« protein, we localized the HIF-1a expression in restricted areas of the brain-
stem of rats exposed to tolerable hypoxia (10% O2). HIF-1« is primarily and selectively
expressed under tolerable hypoxia in medullary cardiorespiratory regions, where it could
participate in the enhanced metabolic activity associated with the physiological responses to
hypoxia (Pascual et al., 2001). The glia surrounding neurons of dorsomedian and ventrolat-
eral cardiorespiratory areas was labelled after 1 hour of hypoxia. This finding suggests that
glial cells are the early responsive element of O,-sensing and then translate the stimulus to
adjacent neurons located in cardiorespiratory areas. In these regions a subset of A2C2 and
AI1C1 catecholaminergic neurons colocalized TH and HIF-1 protein, suggesting that HIF-1
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may participate in the control of hypoxia-induced expression of TH in cardiorespiratory
structures involved in integration of chemo-afferent inputs.

4. Conclusion

The available evidence suggests a pivotal role for plasticity of catecholaminergic cells
in acclimatization to hypoxia. The changes in neuronal noradrenergic function might act
as a fine tuning of the increasing ventilatory output in long-term hypoxic rats: a short-term
low noradrenergic activity in medullary areas implicated in respiratory control would be
a factor favouring the gradual increase in hypoxic ventilatory response, while the delayed
high noradrenergic neuronal activity might limit the magnitude of VAH and contribute to
the ventilatory steady-state.
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Role of Fe2t in Oxygen Sensing
in the Carotid Body

S. Lahiri, A. Roy, J. Li, S.M. Baby, A. Mokashi and C. Di Giulio

1. Introduction

Prolyl hydroxylase is an enzyme which oxidatively modifies the proline residue of hypoxia
inducible factor (HIF-1a) in the presence of oxygen in an apparently irreversible reaction.
This reaction also requires labile Fe?*, 2-oxogluterate (2-OG) and ascorbic acid. Hypoxia
retards this reaction and HIF-1« is accumulated. Similarly, Fe?* chelation mimics hypoxia-
like effect. Thus, the enzyme stands at the gateway between hypoxia and normoxia. The hy-
droxylated HIF- 1« undergoes proteasomal degradation during normoxia whereas HIF-1«,
accumulated during hypoxia, binds with B-subunits to form HIF-1 which is then transcripted
to various genes in the nucleus.

It is remarkable that during normoxia the enzymes is most active and that it is re-
tarded during hypoxia. This event provides a lynchpin for hypoxia response. Previous to
this discovery, hypoxic response was thought to start from non-events situation during nor-
moxia. Fe** chelation during normoxia prevents HIF-1a hydroxylation and proteasomal
degradation so that oxygen is not utilized, and it mimics hypoxia. All these effects of prolyl
hydroxylase have been worked out using non—excitable cells (Bunns and Poyton, 1996;
Maxwell and Ratcliff, 2003; Wang and Semenza, 1993) as shown in Fig. 1.

There are no reports known to us on prolyl hydroxylase effects on excitable cells. In
excitable cells, hypoxic effects are expected to be followed by the well known cascade of
events: cell membrane K currents are suppressed which is followed by cell depolarisation,
Ca*t influx, [Ca?™); rise, neurotransmitters release and chemosensory response. All these
events will take place within less than a few seconds (Lahiri, 2000). The same cascade
of events will take place upon iron chelation and the events will be reversed by FeSO,
administration (Daudu et al., 2002). A second event also begins almost simultaneously and
grows for up to 10 and more min (Jewell et al., 2002) and that HIF-1« is accumulated as a
result of hypoxia or of Fe>* chelation (Table 1).
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Table 1. Prolyl Hydroxylase Inhibition by Fe®* Chelation.

Instantaneous effects

Delayed effects

K*current-suppression —

Cell depolarization — Ca’* gate
Ca’* influx — [Ca?*}; rise -
Neurotransmitters release —
Chemosensory discharge

HIF-1a accumulation —
Transcription —
Genetic expression

opens —

HYPOXIA

0, / Fe** / 2-oxoglutarate /

NORMOXIA

Ascorbic acid

!

Prolyl hydroxylase

(SH-enzyme)

Proteasomal
degradation

1 |

Transcription

HIF activated

L Chirie_mr >

l B>

HIF inactivated

Figure 1. Schematic of prolyl hydroxylase effects on non-excitable cells. HIF-1a hydroxylated in normoxia in
the presence of Fe?*, 2-0G and ascorbic acid. The hydroxylated HIF-1a is degradated and hypoxia stabilized the

HIF-1c. The same will happen in excitable cells.

Thus, the prediction that prolyl hydroxylase inhibition will result in an instantaneous
excitation of glomus cell and a delayed accumulation of HIF-1a were tested according to

the above scheme.

2. Methods

These phenomena were documented in the rat glomus cells separated and cultured over
a period of hours to days. Freshly isolated glomus cells were used for electrophysiological
(Lahiri et al., 2001) and for immunofluorescence studies of HIF-1« (Baby et al., 2004).

3. Result

3.1. Electrophysiological Effects of Labile Iron Chelation in

Glomus Cells

3.1.1. K" current suppression: K*-currents were suppressed as shown by voltage clamp

experiments.
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Figure 2. Top to Bottom: K* Current suppressed. [Ca*; increased. Neurotransmitter release increased and

chemosensory discharge is also stimulated by CPX (left-hand column). All the effects by CPX were reversed by
FeSOy4 (right-hand column).

3.1.2. Cell depolarization: Cells were depolarised by current clamp experiments (not
shown).

3.1.3. [Ca*"]; increase: As a result of iron chelation [Ca®T]; increased as shown by in-
creased Fura-2 fluorescence measurements (Fig. 2).

3.1.4. Neurotransmitter release: Neurotransmitter release also increased as a result of
iron chelation (Fig. 2).
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Figure 3. HIF-1a fluorescence increased by 5.0 uM CPX in 10 min, This is comparable to the effects of hypoxia
(8 torr) as opposed to the effects of normoxia.

3.1.5. Sensory discharge: Sensory discharge increased (Fig. 2). This stimulation was
found to be mutually exclusive to hypoxic stimulation. The hypoxia stimulation of
sensory discharge was completely inhibited by ciclopirox olamine (CPX) effects
(Daudu et al., 2002). All the effects were dose dependent.

3.1.6. Effects of FeSO4on iron chelators: All the foregoing effects were immediately
reversed (Fig. 2), showing that the iron chelation effects were due to specifically for
iron,

3.2. Immunofluorescence of HIF-1

It was shown that immunofluorescence increased in the cells as a result of Fe?t
chelation and hypoxia (8 torr) treatment as opposed to the control measurement over a
period of 10 min (Fig. 3).

4. Discussion

Prolyl hydroxylase stands at the gateway between normoxia and hypoxia. It is during
normoxia, the enzyme is most active, and it hydroxylates HIF-1e to inactivation. HIF-1o
is accumulated during hypoxia. This is accomplished by two different mechanisms.

This is remarkable that normoxic event leads to degradation of HIF-1c, and that
provides a lynchpin for hypoxic response. Previous to this discovery, hypoxic response
was thought to start from non-event situation. Now it is known that normoxic response is
retarded during hypoxia. As a result, HIF-1« is accumulated during hypoxia.

These results were known from experiments on non-excitable cells. Our results
showed that it also happens in excitable glomus cells (Roy et al., 2004).

In addition, what we have shown here that glomus cells were also excited instanta-
neously by labile iron chelation just as hypoxia does. This is a new finding, and can be
considered at the frontier in oxygen sensing.

Glomus cells require cell permeant iron chelator to inactivate the labile iron. Thus,
desferrioxamine which is not cell permeant did not work for glomus cell (Daudu et al.,
2003; Ren et al., 2000).
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Labile iron in the cell functions as a Fenton reagent and participates in the generation
of reactive oxygen species (ROS). Recently, we have shown (Roy et al., 2003) that chelation
of glomus cell labile iron by CPX (5 uM) catalytically decreases (approx. 10% of control) the
level of ROS measured indirectly by the CM-H,DCFDA fluorescence. If ROS is involved,
its contribution to the oxygen chemoreception was only minimal.
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oXygen sensitivity (Mulligan E et al., 1981; Wyatt and Buckler, 2004). Also, mitochondrial
respiratory chain is required for HIF-1e accumulation (Agani et al., 2002). Accordingly
mitochondrial inhibitors also abolish HIF- 1« accumulation and therefore oxygen sensitivity
will be lost. This is consistent with the thesis presented here.
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Ventilatory Responsiveness to CO,
Above & Below Eupnea: Relative
Importance of Peripheral
Chemoreception

Curtis A. Smith, Bruno J. Chenuel, Hideaki Nakayama,
and Jerome A. Dempsey

1. Introduction

Sleep apnea is a highly prevalent problem occurring in the general working population at
rates of 2-3% in children, 3-7% in middle-aged adults and 10-15% in the healthy elderly
(>65 years old).!'> While anatomical dimensions or mechanical properties of the upper
airway are an important risk factor for sleep apnea, neural control over the magnitude and
stability of respiratory motor output to both the upper airway and chest wall pump muscles
has also emerged as a major contributor to all types of sleep apnea.*~’ Chemoreflexes
are the most important determinant of respiratory drive during sleep. Given the rapidity
with which hypopneas/apneas develop in a typical central and/or “mixed” apnea episode,
our recent work has addressed the general hypothesis that carotid chemoreceptors have a
dominant role in mediating ventilatory responses to transient increases and decreases in
CO, as commonly occurs in sleep-disordered breathing.

2. Methods

We used awake or sleeping, chronically instrumented, trained dogs. Pressure support
ventilation (PSV) was used to increase Vr and decrease PaCO; to allow determination
of the hypocapnic apneic threshold.®? Steady-state increases in FICO, were used to test
hypercapnic responses. Carotid body (CB) denervation and a vascularly-isolated, intact
CB perfusion preparation were used to address the relative contributions of peripheral
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vs. central chemoreceptors.'®!! In the latter model, the carotid body and carotid sinus
nerve remain intact. This is important because there is evidence to suggest that presence
(or absence) of carotid sinus nerve afferents can have secondary effects on the nucleus
tractus solitarius and the pre-Botzinger complex.!>!3 Absence of carotid sinus nerves may
also lead to upregulation of other peripheral chemoreceptors such as those of the aortic
bodies.!* Accordingly, it is likely that the CB denervated preparation represents a much
more complex (and unphysiological) effect on the ventilatory control system than the simple
removal of a chemosensory input.

3. Results

‘We have performed four different series of experiments to assess the role of peripheral
and central CO, responsiveness to ventilatory control above and below eupnea.

3.1. Apneic Threshold—Intact vs. CB Denervation

Hypocapnia (—4 to —6 Torr) achieved via pressure support ventilation in 4 intact
dogs during NREM sleep’ readily produced apneas and periodic breathing, typically af-
ter the second PSV breath (~11 seconds; Fig. 1, top). In contrast, following bilateral
CB denervation, Te prolongation took longer to develop (typically ~ 33 seconds) and
periodicity never occurred (Fig. 1 bottom). Thus, carotid chemoreceptors were required
for the apneas/ periodic breathing which normally occur following a transient ventilatory
overshoot.

3.2. Isolated, Perfused, and Hypocapnic CB

In 7 dogs during NREM sleep,!® the isolated CB was rendered moderately (~7
Torr below eupnea) or severely (~13 Torr below eupnea) hypocapnic by means of an
extracorporeal gas exchanger. CB hypocapnia reduced ventilation immediately, and in a
graded fashion, due largely to decreases in VT; there was little effect on timing and, therefore,
no apneas (Fig. 2). That hypocapnia at these levels had a powerful effect on the CB is
demonstrated by: A) Severe CB hypocapnia (—13 Torr) in these dogs had virtually the
same effect on breathing as did hyperoxia (PcsO, > 500 Torr; Fig. 2). B) CB hypocapnia
maintained hypoventilation over time, despite CO; retention and a concomitant systemic
(and therefore brain and central chemoreceptor) respiratory acidosis (Fig. 3).

3.3. CB Hypocapnic Effects in Hypoxia

In 6 awake dogs,'! mild (PcBO, = 48 Torr) and severe (PcBO, = 39 Torr) CB hypoxia
was superimposed on a background of CB normocapnia or severe hypocapnia (—11 Torr).
CB hypocapnia clearly reduced, but did not eliminate, the ventilatory response to CB
hypoxia (Fig. 4). Therefore, much of the inhibitory feedback effect on ventilatory drive in
hypoxia was attributable to CB hypocapnia.
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Figure 1. Polygraph records of PSV trials during NREM sleep in the same dog before and after CB denervation.

Note that, following CBX, Tt prolongation was delayed relative to the intact condition, and there was no periodicity.
(From ref. 9, with permission.)
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Figure 2. Mean data from 7 dogs in NREM sleep when the carotid bodies were maintained hypocapnic
(~7 and 13 Torr < eupnea) or hyperoxic (PceO; > 500 Torr). Note the decrease in ventilation proportional
to CB hypocapnia and the lack of effect on fb. (From ref. 10, with permission.)
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Figure 3. Mean ventilatory data in 10-s intervals for all trials (n = 14) in which blood gases were obtained
during prolonged CB perfusions with normoxic and hypocapnic blood (CB PCO; range: —12 to —18 mmHg <
eupnea) in NREM sleep. Perfusion was started at first vertical line. At right, after break, second vertical line
indicates cessation of CB perfusion. The amount of CO; retention for the 20 to 80 second interval of prolonged
CB hypocapnia is shown above the short double-headed arrow. (From ref. 10, with permission.)

3.4. Relative Contribution of Central vs. Peripheral Chemoreceptors
to Hypercapnia

Preliminary data using extracorporeal perfusion to holed the isolated CB normocapnic
showed: a) 40% of the steady-state ventilatory response to systemic hypercapnia of >30
seconds duration was attributable to CBs. b) All of the ventilatory response during the on-
transient phase (<30 seconds) of hypercapnia was due to carotid chemoreceptors. These

data suggest that CBs are responsible for initiating most types of ventilatory overshoots
during sleep.



Ventilatory Responsiveness to CO, Above & Below Eupnea 69

15 ¥ . ¥ — 15 T v Y T
PceO, =48 mmHg PceO2 =39 mmHg

Vi (£/min)
VI (£ /min)

ol i A 1 5 5 s 1 1
<30 0 30 60 90 30 0 30 60 90
TIME (sec) ~—— CB normocapnia TIME (sec)

= ==« CB hypocapnia

Figure 4. Mean ventilatory responses to mild and severe CB hypoxia against a background of CB normocapnia
or hypocapnia in the canine isolated and perfused CB model. CB hypoxia began at time = 0. In both conditions,
systemic arterial PCO, was allowed to fall as ventilation increased. Note that most, but not all, of the ventilatory
response to CB hypoxia was prevented. (From ref. 11, with permission.)

4. Discussion

In summary, we have shown that: A) CB chemoreceptors are required for the ap-
neas normally caused by transient hyperventilation or “ventilatory overshoot”. B) Periodic
breathing in sleep requires CB chemoreceptors. C) The hypocapnia-induced apneic thresh-
old is 2-fold more sensitive when the CBs are intact. D) CB chemoreceptor hypocapnia
alone causes progressive, linear reductions in ventilation below eupnea in wakefulness
and NREM sleep. E) CB chemoreceptor hypocapnia causes persistent hypoventilation
even in the face of brain respiratory acidosis. F) CB chemoreceptor hypocapnia alone
cannot cause apnea. G) CB chemoreceptor hypocapnia alone contributes to much of the
inhibitory feedback effects of hypocapnia on ventilation during hypoxia. H) Preliminary
evidence to date from the canine isolated and perfused CB model shows that the entire
transient (<35 seconds) ventilatory response to hypercapnia was attributable to the CB
chemoreceptors.

Taken together, the foregoing is relevant to ventilatory chemoreflex control in sleep
apnea because it demonstrates that the CB chemoreceptors’ dynamic responsiveness to CO,
above and below eupnea accounts for most of the ventilatory overshoots and undershoots
experienced in sleep-disordered breathing both in normoxia and hypoxia. Further, since
transient CB chemoreceptor hypocapnia alone is insufficient to initiate apnea, we propose
that an interaction between CB hypocapnia and lung stretch in response to increased V1
during the ventilatory overshoot is required to initiate apnea.
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Carotid Body Tumors in Humans Caused
by a Mutation in the Gene for Succinate
Dehydrogenase D (SDHD)

Albert Dahan, Peter E.M. Taschner, Jeroen C. Jansen, Andel van der
Mey, Luc J. Teppema and Cees J. Cornelisse

1. Introduction

Tumors of the carotid bodies (CB) are commonly associated with chronic tissue hypoxia
from altitude, cyanotic heart disease and chronic pulmonary disease.! = Here, we describe a
bereditary form of carotid body tumors, which is not related to exposure to chronic hypoxia
but is related to a missense mutation in the gene that encodes for succinate dehydrogenase D
(SDHD). SDHD is a small part of cytochrome b588 of the mitochondrial respiratory chain
complex II and an essential enzyme in the Krebs tricarboxylic-acid cycle.® These carotid
body tumors are part of the hereditary paraganglioma type I (PGL1) syndrome.” The PGL1
syndrome is characterized by slowly growing tumors derived from paraganglia in the head
and neck area (see Fig. 1) and (Fig. 2, color insert). Paraganglia are cell-clusters of neuro-
ectodermal origin that have a close relationship with the autonomic nervous system and have
the ability to synthesize catecholamines (e.g., dopamine). The most common PGL tumor
locations are the carotid bodies and the adrenal medulla. Other paraganglia which may be
affected are: the vagal bodies at the nodose ganglion of the vagal nerve, the tympanic bodies
at the promontory of the middle ear, the jugular bodies at the jugular foramen, the laryngeal
bodies in the larynx, and the aortic bodies in the wall of the ascending aorta and aortic arch.

2. The Carotid Body

The CBs contain the peripheral chemoreceptors which are an essential part of the
ventilatory control system regulating the chemical composition of the arterial blood.® They
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Figure 1. A. A male patient with a large carotid body and vagal body tumor. B. A pedigree of a family with
PGL1. The filled symbols are patients with carotid body tumors; they received the mutated allele from their father.
The dotted symbols are imprinted carrier; they received the mutated allele from their mother. Squares are males,
circles females.

are strategically located at the bifurcation of the common carotid artery which supplies
blood to the brain. The CBs respond to O, CO, and metabolic acidosis, causing brisk
respiratory responses aimed at the supply of O, and removal of CO;. The CBs further sense
low glucose, temperature and osmolarity, and there are suggestions that they are involved
in the regulation of airway resistance and brain blood flow.

The CBs contain type I and type II cells. The type I cells are involved in O,-sensing;
the type Il cells are glia-like sustentacular cells. The cells are arranged in clusters formed by
a central core of type I cells surrounded by a shell of type II cells. The full mechanisms of
O;-sensing is still poorly understood. At present it is thought that membrane ion channels are
critically involved and that low O, inhibits K* -currents through the CB type I cell membrane,
which causes membrane depolarization and consequently the influx of calcium ions and the
activation of a complex cascade of events within the type I cell. At the end of the cascade, the
cell releases neurotransmitters (ATP, acetylcholine) which activate postsynaptic receptors
located on afferent endings of the carotid sinus nerve (branch of the n. IX) that have their cell
bodies in the petrosal ganglion with their axons terminating in the nucleus tractus solitarii.
The oxygen sensitive K*-channels may be modulated by other intracellular substances
(e.g., radical oxygen species, ATP) and/or organelles (e.g., mitochondria, membrane bound
heme containing protein complexes).’

3. Genetics, Inheritance and Occurrence of PGL1

Mitochondrial complex II of consists of four subunits (succinate dehydrogenase A,
B, C and D, Fig. 3). The gene encoding for SDHD is associated with PGL1. This gene is
located on the long arm of chromosome 11. In Dutch founder families a missense mutation
causing Asp®?> — Tyr in the SDHD gene product was observed. Similarly, mutations in
SDHB and SDHC have also been associated with paragangliomas. In contrast, mutations
in the SDHA gene cause Leigh-syndrome, a severe neurological disease. '

The inheritance of familiar PGL1-associated paraganglioma is characterized by an
autosomal-dominant pattern with strong parent-of-origin effect resulting in generation-
skipping upon maternal transmission of the disease allele (Fig. 1B). After van Baars et al.!!



Figure 2. Histology of CB tumor showing typical ‘Zellballen'-pattern. The globular clusters of type I cells are
surrounded by elongated type II cells that immunohistochemically stain positive for the S-100 marker protein.
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Figure 3. The respiratory chain in the mitochondrial membrane. Complex II (succinate dehydrogynase) is part
of the oxidative pathway and oxidizes succinate to fumarate (part of the Krebs tricarboxylic-acid cycle). Complex
1I transfers an electron from succinate to co-enzyme Q (UQ), that transports the electron to the next complex. The
proton gradient in the inter-membranal space is used for the production of ATP.

noticed a preponderance for the male sex in a single large Dutch family, van der Mey
et al.> demonstrated exclusive paternal transmission of the disease in 15 extensive pedi-
grees and ascribed this phenomenon to genomic imprinting.'? Genomic imprinting refers
to a mono-allelic, reversible parent-of-origin dependent expression of mammalian genes
due to methylation of genetic control elements. In a subsequent linkage study of these
families, Heutink ef al.'* found linkage to a locus on 11q22-23, called PGL1. Mariman
et al.’® identified a second, locus PGL2 on 11q13 in a Dutch paraganglioma family which
also showed exclusively paternal transmission of the disease. Genomic imprinting, as an
epigenetic mechanism for parental influence on gene expression, is considered to play an
important role in fetal development, in particular by influencing the transfer of nutrients
to the fetus from the mother.!? In the human genome, a major cluster of imprinted genes,
including IGF2 and H19, is located at the chromosome 11p15.5 region but both SDHD
and the still unknown gene at the PGL2 locus are located outside this imprinted region on
chromosome 11. Sofar, there is no evidence that SDHD is an imprinted gene by itself since
bi-allelic expression has been found in a variety of human tissues.® Moreover, loss of the
wild-type maternal allele is frequently observed in SDHD-linked tumors,%'17 suggesting
SDHD expression in normal paraganglia. Interestingly, paragangliomas associated with
two other sub-units of the SDH complex, SDHB and SDHC, located on chromosome 1p36
and 1q21, respectively, are transmitted in an autosomal dominant fashion without parent-
of origin-effect.!®1? It is still unclear which mechanism is responsible for the exclusive
paternal transmission of SDHD and PGL2-associated paraganglioma although for SDHD,
mono-allelic expression as predicted by a classical imprinting model, seems to be unlikely.

4. Link Between Hypoxia and Carotid Body Tumors

Unlike tumor suppressor genes like TP53, APC,Rbl, BRCA1,2 etc., the SDHD pro-
tein, as well as the two other complex II subuits SDHB and SDHC, has no known function in
growth and cell cycle control, DNA-damage repair signaling or apoptosis. How functional
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inactivation of these three SDH subunits can initiate tumorigenesis is an intrigning question.
In view of the role of the carotid body in hypoxia sensing, and the reported higher incidence
of carotid body tumors in high-altitude dwellers, several authors have discussed the possi-
bility that complex II dysfunction could generate a constitutive hypoxic signal, for example
by production of reactive oxygen species (ROS) activating a mitogenic pathway.'-20:21 In
line with this hypothesis, Gimenez-Roqueplo et al.?* found increased levels of HIF-1e,
HIF-2a/EPAS1, VEGF and VEGFR1 in SDHD-associated phacochromocytoma. The con-
nection with oxygen-sensing was further explored by Astrom et al.?! by studying genotype-
phenotype correlations in relation to altitude and population genetics of PGL1. By compar-
ing the data on the Dutch PGL1 families that live at almost sea-level to those in USA that live
at approximately 260 m altitude, they found that subjects who were diagnosed with single
tumors at first clinical evaluation lived at lower altitudes than those with multiple tumors.
Germline-founder mutations in sporadic patients were also more frequently detected in those
living at low altitude. In contrast, the incidence of phaeochromocytomas was increased in
persons living at higher altitude. On the basis of these results, the investigators concluded
that altitude is a phenotypic modifier in PGL1-associated paraganglioma. They postulate
that the low altitudes and thus higher atmospheric pressure in The Netherlands reduces
the penetrance and relax the selection pressure on SDHD mutations. This would account
for the occurrence of three different Dutch founder mutations. They propose that SDHD
mutations result in a defect in O,-sensing inducing proliferation which is exacerbated at
moderately higher altitudes. Furthermore, they found that SDHD nonsense/splicing muta-
tions developed symptoms 8.5 years earlier than missense mutation carriers. They suggest
that the earlier clinical manifestation of tumors in carriers of nonsense/splicing mutations
might be an effect of the total dissolution of complex II due to the absence of a functional
SDHD protein.

A somewhat different view is presented by Eng et al.'° In addition to the the likeli-
hood that generation of ROS may activate a mitogenic pathway, they point to the possibility
that mitochondrial dysfunction also may have an inhibitory effect on apoptosis which could
equally contribute to tumorigenesis. Of further interest is the finding that germline muta-
tions in fumarate hydratase, the next step in the Krebs tricarboxylic-acid cycle to SDH, are
associated with a different tumor spectrum including uterine fibroid, cutaneous leiomyomas
and type 2 papillary-renal cell carcinomas.? It is still an open question if these two non-
overlapping hereditary tumor syndromes, associated with dysfunction of two closely inter-
acting mitochondrial enzymes share a common tumorigenic pathway or reflect a hitherto
unknown complex connection between disturbed energy metabolism and tumorigenesis.

5. Blunted Hypoxic Responses as Early Phenotypical Expression
of PGL1?

Taken into account all of the above it is of interest to speculate whether indeed there
is a defect in the mechanism of oxygen-sensing in type I CB cells of PGL1 patients. In a
first approach we tested the ventilatory response to hypoxic pulses (SpO; ~85%; duration
of hypoxia 3 min) and acute hypercapnia (against a background of normoxia and hypoxia)
in a male carrier of the PGL1 mutation who was still without CB tumor (as tested by
MRI). His hypoxic sensitivity averaged to 0.24 L/min per % desaturation. Although this
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contrasts sharply with the mean hypoxic sensitivity of a healthy, sex and aged matched
control population (1.2 L.min~'.%!; n = 50), the value of our patient was at the low range
of values observed within this population (0.2 to 2.0 L.min~'.%~!). Interestingly, this same
subject lacked the characteristic synergistic 0,-CO, interaction at the carotid body since
he was unable to increase the slope of the ventilatory CO, response from normoxia to
hypoxia. It is this latter observation which indicates a fundamental defect in the mechanism
of oxygen-sensing at the CB of this subject, possibly related to a dyfunction of SDHD.
Evidently further studies are needed, for example aimed at the question whether the blunted
hypoxic sensitivity of our patient has a similar origin as the blunted hypoxic ventilatory
response observed in chronic hypoxia.>*

6. Concluding Remarks

We believe that patients with the PGL1 syndrome may serve as an important ‘model’
to elucidate the mechanism of oxygen sensing. Furthermore, the study of this intriguing
disease will increase our insight in the link between hypoxia and tumorigenesis and tumor
metastasis.
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A SIDS-Like Phenotype is Associated
With Reduced Respiratory
Chemoresponses in PACAP Deficient
Neonatal Mice

Kevin J. Cummings, Jonathan D. Pendlebury, Frank R. Jirik,
Nancy M. Sherwood and Richard J.A. Wilson

1. Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) is an abundant neuropep-
tide within the CNS'. Mice deficient in PACAP or the PACAP-preferring receptor
(PAC1), though normal at birth, are more susceptible than littermates to death dur-
ing the neonatal period>?, with death sometimes occurring suddenly*. The reason why
PACAP signaling increases the chance of surviving the neonatal period is unknown, but
previous studies have indicated it is important for a proper physiological response to
hypothermia’.

Here we summarize our previously published data suggesting that the higher neonatal
mortality in PACAP-null mice is principally the result of defective respiratory control®.
Ventilation in PACAP deficient animals was evaluated using whole-body plethysmography
and electrocardiography (ECG). We found that PACAP deficiency leads to a reduction in
ventilation with blunted responses to both hypoxia and hypercapnia. In addition, under
anaesthetic-induced hypothermia, PACAP-null animals suffered from prolonged apnea that
preceded atrio-ventricular block. Based on these findings, as well as other characteristics
of the PACAP knockout phenotype*, we speculate that mutations within critical regions of
genes coding PACAP or PACAP-signaling components might predispose human infants to
Sudden Infant Death.
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2. Methods

2.1. Whole-Body Plethysmography

Respiration was assessed in non-anesthetized PACAP*/* +/~ and ~/~ post-natal
day 4 (P4) pups using continuous-flow, unrestrained, whole-body plethysmography with an
ambient temperature within the thermoneutral range (33° + 0.5°C). Pups were subjected
to either hypoxia (10% Oy/balance N;) or hypercapnia (8% CO»/balance air) using the
following protocol: 15 minute calm-down period, 5 minute baseline (room air) period,
S-minute hypoxia or hypercapnia treatment, and 15 minute washout (room air) period.
Data from minutes 3-5 of baseline, minutes 2-3 and 4-5 of treatment and minutes 2-3
and 14-15 of washout were analyzed. Breathing parameters studied were rate (breaths -
min~"), tidal volume (Vt) and minute ventilation (Vg). We integrated the area under the
inspiratory pressure curve as to obtain an index of tidal volume (Vt). Experiments and
analysis were completed before genotyping animals, ensuring both were performed blind.
A one-way, between-subject ANOVA was used for statistical analysis of baseline data. Two-
factor, repeated-measures ANOVA was used to assess the effect of treatment, genotype and
genotype-treatments interaction.

2.2. Electrocardiography (ECG)

Given that PACAP™/~ mortality increases with reduced ambient temperature, we
assessed the consequence of PACAP deficiency on heart function and breathing during
anesthesia-induced hypothermia. Surface ECG tracings were recorded from 10 sets of paired
PACAP*/* and PACAP~/~ littermates on P7-14. After 10 min with rectal temperature
(Tb) clamped at a normothermic level, hypothermia was induced with isoflurane. With Ty,
clamped at 30°C, and recordings were continued for an additional 10 minutes. Breaths and
heart rate (beats - min~!) were counted over minutes 6 of normothermia and hypothermia.
Breathing data were normalized (reciprocal transform). 3 of 10 PACAP~/~ animals died
upon application of anesthetic. In addition, another PACAP~/~ animal had no recordable
breathing during minute 6 of hypothermia. Data from the 6 pairs of animals remaining were
analyzed for significant differences using two-way repeated-measures ANOVA.

3. Resuits

3.1. Plethysmography: Effects of Genotype on Baseline
Respiration in Air

Genotype did not affect breathing rate (P = 0.19; Figure 1). However, —/— mice had
a smaller tidal volume (P < 0.01) than +/+ littermates resulting in a ~25% reduction in
Ve (P <0.01).

3.2. Plethysmography: Respiratory Response to Hypoxia
and the Effect of Genotype

Genotype had significant influences on hypoxia-mediated changes in rate (P < 0.001):
PACAP™/~ neonates having blunted responses in comparison to PACAP*/* littermates



PACAP Deficiency Results in a SIDS-Like Phenotype 79

A. B. G

< 250 |- 12y F 20

= w 2

‘E 200 | £ 1 - * *
v 5 * 3 150

£ 450 | » 08 E

3 £ os £ 100

@ 100 | B £

— | < 04 <

2 so | = 5a < 5

[} = . w |

m o — ! ! > (1] > 0

+H+ #- - He 4 - He 4. o

Figure 1. PACAP genotype and baseline breathing. A. Breathing rate. B. Index of tidal volume (V+). C. Index
of minute ventilation (Vg). In this and subsequent figures, mean values were obtained for two-minute windows

and bars represent S.E.M. Asterisk (*) indicates a significant difference compared to wildtype.
A. B. C.
M T A O a
- henraon| TPel 2} .l T, G: P<0.001
T m 11 e GPDOS |2 o] = 1
€ = % r 5 12 E 00
£ nig , [ i e |
E - 5 (Y] ‘; b | 1
g £ y £ ;
s '™ s e | 1.
2 - .
|l 1 | =Nk
1 e L ol
"B HT HZ W1 W2 B H1 HZ W1 W2 B H1 H2 Wi w2

Figure 2. PACAP genotype and response to hypoxia (10% O bal. N»). A, B, C as in Fig 1. Baseline (B), Early
and late Hypoxic Response (H1 and H2, respectively), Wash] (W1) (1 min. after return to air) and Wash2 (W2)
T, G, GT: P < (.05 for treatments, genotypes, and interaction between treatment and genotype, respectively.

(Figure 2). However, genotype did not affect the hypoxia-mediated increase in Vr (P =
0.54) nor the overall ventilatory response to hypoxia (i.e. Vg, P = 0.57). The genotype-
hypoxia interaction effect on rate is counteracted by the genotype effect alone on tidal
volume.

3.3. ECG: Respiratory Response to Hypercapnia and the Effect
of Genotype

Hypercapnia significantly increased breathing rate, Vr and Vg (Figure 3). Genotype
had no effect on the rate response to hypercapnia (P = 0.51). However, the increase in Vr
with hypercapnia was blunted in PACAP~/~ neonates compared with that of PACAP*/*
littermates (P < 0.005). This contributed to a reduction in the Vg response to hypercapnia
(P < 0.001), from an increase of 104% (PACAP*/*) to an increase of 59% (PACAP~/").

3.4. Effects of Conditions that Selectively Exacerbate PACAP~/~
Neonatal Mortality

Figure 4 shows the ECG from one of the pairs of animals during hypothermia. Im-
mediately after the time at which Ty, reached 30°C the heart rate is comparable between the
genotypes, the respiratory rate of the PACAP-null mouse is much less than its wild-type
littermate (compare Figure 4A2 and 4B2). After 10 minutes of hypothermia, the breathing
and heartbeat of the wild-type mice remained regular with frequencies only slightly less than
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Figure 4. ECGs during steady-state hypothermia of anesthetized P4 neonates. AI-3: PACAP+/+. Bl-4:
PACAP~/~. Al, BI: ECG of first 10 min of hypothermia. A2, B2: Expanded trace of first 15 s of hypother-
mia. B3: After 7 min 30 s of hypothermia. A3, B4: After 9 min, 45 s of hypothermia. Arrows in B2 & B3 indicate
noise in ECG, indicative of ventilatory efforts. Note: respiratory rate fell more rapidly following the onset of
hypothermia in PACAP~/~ neonates (B2) than in PACAP*/* littermates (A2).

those observed soon after the onset of hypothermia (Figure 4A3). In contrast, in PACAP-
null mice the frequency of breathing continues to decline as the duration of hypothermia
increases (Figure 4B3). Despite these dramatic effects on the respiratory rhythm, the heart
rate remained relatively stable. Only towards the end of the 10 minutes of hypothermia,
when breathing in PACAP knockout animals is vastly reduced or absent, is cardiac function
seriously compromised. Note the declining R-wave amplitude (Figure 4B1) and an uncou-
pling of atrial and ventricular firing (AV-block) (Figure 4B4). In total, 3 of 6 PACAP~/~
neonates succumbed by the end of the hypothermic treatment with AV-block. These three
mice had long duration apneas preceding AV-block, suggesting that chronic hypoxemia led
to cardiac arrest. A 4™ mouse had no detectable breathing with an absence of AV-block.
In contrast, none of the PACAP*/* neonates died, and ECG tracings remained relatively
normal, even after 10 minutes of hypothermia (e.g., Figure 4A1).

4. Discussion

A central finding of this study is that a PACAP deficiency compromises respiration in
neonatal mice. The respiratory phenotype of the PACAP-null mice precedes the vulnerable
period in post-natal development when they have a higher mortality. In addition to studying
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the effect of PACAP on respiration, we examined whether the respiratory phenotype con-
tributes to increased neonatal mortality. During anaesthetic-induced hypothermia, we found
that the PACAP-deficient neonates have prolonged apneas that can lead to AV-block and
death. Thus, the present data suggest that a respiratory phenotype, including susceptibility
to apnea, may account for the higher mortality of PACAP-null mice when housed at slightly
lower ambient temperatures.

4.1. Direct Role for PACAP in Respiratory Control?

Our data suggest that PACAP influences respiration, both during baseline conditions
and in response to hypoxic and hypercapnic challenges. The influence of PACAP may be
direct, through neuromodulation of the respiratory circuit, or it may be indirect through
augmentation of metabolism. However, differences in metabolic rate are unlikely to explain
the differential effects of genotype on the overall ventilatory response to CO,, since the
ratio of ventilation to metabolic rate is not affected by hypercapnia’. An alternate hypothe-
sis is that PACAP has a role in respiratory chemosensitivity, acting directly on elements of
the respiratory circuits to modulate their response to respiratory challenges. We note that
PACAP is widely distributed within the CNS and is located in brainstem regions implicated
in mediating the response to peripheral chemoreceptor activation, the generation of respi-
ratory thythm and central chemosensitivity (e.g., nucleus of the solitary tract, ventro-lateral
medulla, nucleus ambiguous, dorsal vagal nucleus and hypothalamus)®.

4.2. PACAP Mutations as a Genetic Background for SIDS?

Our understanding of the genetic component of SIDS remains in its infancy. Recent
advances suggest that there may be multiple genes in which congenital abnormalities pre-
dispose to SIDS. For example, a mutation in a gene encoding a cardiac sodium channel,
which almost never occurs in the adult population, is present in only 2% of SIDS victims®.
Phenotypic analysis of transgenic and knockout mice provides us with a possible strategy to
uncover other gene mutations that may play a role in the development of SIDS. But which
phenotypes should we look for?

Abnormalities in chemosensitive brainstem regions are common in SIDS victims'®
and some studies have indicated that near-miss SIDS infants have blunted arousal respon-
siveness to hypoxia and hypercapnia'"-'?, Kelly et al. (1982)"? found a higher frequency of
apneic periods in newborn sibs of SIDS victims than in normal infants. Further, mortality
resulting from a failure to arouse during suffocation when neonates are put to sleep on their
stomachs may explain the success of the back to sleep campaign. Another phenotype that
may help identify genes important in SIDS is a critical developmental period. In SIDS, the
highest rate of mortality occurs well into neonatal life (two and a half months after birth).
This distinguishes SIDS from a host of other congenital diseases where death is most likely
at, or soon after birth. Finally, a potential SIDS phenotype is likely to be more susceptible to
environmental stressors: hyperthermia and exposure to cigarette smoke are important risk
factors implicated in human SIDS',

Interestingly, PACAP-deficient mice respond poorly to environmental stress, i.e.,
hypothermia (the effect of hyperthermia has not been determined). While death at birth is a
phenotype common to several strains of knockout mice (including a number with breathing
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defects)'> 1617 there is no difference in mortality of PACAP+/+ and —/— littermates until
after 4 days postpartum. Finally, as the results herein describe, PACAP-null mice have
abnormal responses to hypoxia and hypercapnia.

We also note that a study by Boles et al. (1998)'%, examining the livers from 418
SIDS cases, found that 23% showed at least one abnormality with respect to elevated fatty
acids (8%), glucose depletion (14%) and steatosis of the liver (9%). Similar abnormalities
have been documented in the PACAP-knockout mice®. In addition, after the first post-natal
week, some PACAP knockout mice display abnormal growth*, a documented risk factor
for SIDS!*2°, Given the above data, we speculate that mutations in PACAP, or components
of the PACAP-signaling pathway, may be present in some cases of SIDS.
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Selective Alteration of the Ventilatory
Response to Hypoxia Results from
Mutation in the Myelin Proteolipid
Protein Gene

Martha J. Miller, Musa A. Haxhiu, Cindy D. Kangas, Paraskevi
Georgiadis, Tatyana |. Gudz, and Wendy B. Macklin

1. Introduction

Central nervous system myelin is formed from the lipid-rich, highly specialized oligoden-
drocyte plasma membrane, which ensheaths axons, leaving spaces only at the nodes of
Ranvier. Within the myelin sheath are many myelin-associated lipophilic proteins, the most
abundant of which are myelin proteolipid protein (PLP) and myelin basic protein (MBP).
These two proteins constitute 60~90% of myelin protein in mammalian species.'

The gene for mammalian PLP is 17 kb in size, and is located on the X-chromosome.
Myelin PLP is believed to be a tetraspan membrane protein, bearing a structural resemblance
to a number of ion channels and receptors.” Remarkably, the sequence of the PLP protein is
almost 100% conserved in mammals. Postnatal expression of PLP protein within the central
nervous system correlates with the development of myelination,® which proceeds from a
caudal to rostral direction and is complete within roughly the first two weeks of postnatal
life in the rodent hindbrain.

The cellular functions of the proteolipid protein gene are of considerable interest,
for mutations in this gene are associated with a human dysmyelinating disorder, Pelizacus-
Merzbacher disease (PMD).* In its classic form, the initial onset of the disease occurs in
the first three months of life, with slowly progressing psychomotor retardation, ataxia, and
death in the second decade of life.> The connatal type of PMD shows a more rapid postnatal
onset and is fatal in infancy or childhood. The complex pathophysiology which leads to
death in this form of PMD is poorly understood.
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Spontaneous mutations in the PLP gene have been found in rats, mice, dogs and
rabbits which exhibit many of the characteristics of the human disease PMD, and thus are
good experimental models.® Of particular interest, the majority of animals with mutations
in this gene exhibit severe CNS hypomyelination and early death.

Our group has used the MD rat as a model for the pathophysiology of plp gene
mutations. In this animal an A-T conversion in the plp gene on the X-chromosome results
in a single amino acid change in the second transmembrane segment of PLP.” After P10,
symptoms of tremor, ataxia, and seizures develop accompanied by severe central nervous
system dysmyelination and there is early death at postnatal age 21--24d.

We have focused our studies on the hypothesis that pIp mutation could produce fatal
alteration of autonomic control of breathing at a critical period in development. To test this
hypothesis, we compared resting ventilation and the ventilatory responses to hypoxia and
hypercapnia in the first three weeks of life in the affected male MD rat, using normal male
littermates for comparison). These studies were accompanied by detailed histologic study
of myelination, expression of PLP protein, and neurotransmitter receptors at the critical age
at which death occurs in the MD rat.®

2. Respiratory Output and Responses to Hypoxia and Hypercapnia
in the MD Rat

Barometric plethysmography was used to measure baseline ventilation and the ven-
tilatory responses to hypoxia (8% 02, bal N2, for 5 min) and hypercapnia (10% CO2,
30% 02, bal N2 for 10 min) at postnatal days 14, 18 and 21-24 in 18 affected MD pups
and 19 normal male littermates. At all ages studied, there was no difference in respira-
tory rate, tidal volume, and minute ventilation between affected males and normal male
littermates nor did the MD pups exhibit apnea. When the ventilatory responses to hypoxia
and hypercapnia were compared, a striking increase in late hypoxic ventilatory depres-
sion (rolloff) occurred during hypoxia in the MD rats at P21 (Fig. 1). In contrast, the
response to hypercapnia did not differ between MD and normal males at any age. Approx-
imately 70% of affected MD males died in response to a single hypoxic exposure. The
striking alteration in late hypoxic ventilatory depression suggested that the plp gene muta-
tion could have selectively altered central neural pathways in the brainstem which control
breathing.

3. Histopathology of the Brainstem in the MD Rat

Based on our physiologic studies, we hypothesized that severe late hypoxic venti-
latory depression in the MD rat could be caused by one or more of the following pro-
cesses: altered myelination, altered cytoarchitecture; or altered balance of neurotransmitters
and their receptors. We focused our investigations on the caudal brainstem at the level of
the area postrema, at which central processing of sensory input from the carotid bodies
occurs.
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Figure 1. Ventilatory response to inhalation of 8% O (balance N2) for 5 min. was normal at P14 and P18 in
the MD rat (open triangle) as compared to the normal littermates (closed squares) (A, B). At P21-24, MD rats
exhibited severe depression of ventilation in response to 8% O, in comparison to wild type males (C). At all
ages, the ventilatory response to inhalation of 10% CO; of MD and normal rats did not differ. (P14:D, P18: E,
P21-24:F). Copyright 2003 by the Society for Neuroscience.?

3.1. Myelination and Expression of PLP in Neurons in the Caudal
Medulla of the MD rat

As a marker for myelination, PLP protein immunoreactivity was compared in MD
and wild type littermates. As expected, there was a striking decrease in immunoreactive
fibers in the caudal brainstem of the MD rat, as compared to the normal male littermate
(Fig. 2 A,B). Unexpectedly, we observed immunostaining for PLP in large cells resembling
neurons in the hypoglossal nucleus. These cells were definitively identified as neurons by
double labeling with antibody against PLP and the neuron-specific antibody neuron specific
nuclear antigen (NeuN).?

To confirm that the plp gene can be expressed in neurons in the caudal brainstem
during development, we analyzed this region of the brain in the transgenic plp-EGFP mouse
developed in the laboratory of Dr. W. Macklin.’ This transgenic mouse expresses EGFP
under the control of the plp promoter. By this means, neurons expressing the plp promoter
were identified in the caudal brainstem of the normal mouse at postnatal day 12.

3.2. Glutamatergic NMDA Receptor Expression in the Caudal
Medulla of the MD Rat

Integration of afferent sensory input from the carotid bodies within the nucleus tractus
solitarius requires glutamatergic NMDA receptors on postsynaptic neurons This input is



88 Mitler M. J. et al.

Figure 2. In the caudal brainstem, immunostaining for PLP was greatly diminished in the MD rat (B) as
compared to the wild type (A). Furthermore, neurons immunoreactive for PLP were present in the hypoglossal
nucleus (B). A, B, Bar = 100. Copyright 2003 by the Society for Neuroscience.3

critical for the normal increase in ventilation in response to hypoxia.!!* > When we compared
the expression of the NMDAR!1 receptor subunit in the caudal brainstem of the MD and
normal rats at P21, we found a striking decrease in the expression of this critical receptor
subunit (Fig. 3).

In order to determine whether the decrease in immunoreactivity for NMDAR1 was
correlated with a loss of this specific receptor protein, we performed immunoblot analysis
for NMDARI, the GABAAR2 and y subunit proteins as well as PLP and MBP proteins in
whole brainstem samples from P21 MD and WT rats (Fig. 3). We found that NMDAR1
receptor protein was significantly diminished in the brainstem of the MD rat, along with
PLP and MBP. The decrease in PLP and MBP proteins has been previously described in the
CNS of animals with mutations in the plp gene, however, the downregulation of the NMDA
receptor is an entirely new finding.

3.3. Severe Hypoxic Ventilatory Depression is a Characteristic of
Animals with Early-lethal Mutations in the plp Gene

A number of spontaneous plp mutations with an early-lethal phenotype have also
been found in the mouse. These include the myelin-synthesis deficient mouse (msd) and
the jimpy (Jp) mouse.® These rodents suffer an early death between P18 and P21. The site
of mutation in the plp gene in these animals differs from the mutation in the MD rat. The
Jp mouse has a frameshift mutation which leads to a deletion of a large part of the carboxy-
terminus of the PLP protein. The MSD mouse has a single base-pair missense mutation in
exon 6 of the plp gene. We hypothesized that the shared early lethal phenotype in these
rodents could be due in part to the same development of extreme sensitivity to hypoxia, as
shown in the MD rat.
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Figure 3. In the caudal brainstem NMDARI reactive neurons were observed in the nucleus tractus solitarius,
hypoglossal nucleus, and dorsal motor nucleus of the vagus (A). In the MD rat, neurons immunoreactive for
NMDART1 were strikingly diminished in these areas (B). Boxed areas in A and B are enlarged in C-F. Upper box:
C, D; lower box E, F. In (C), immunoblot analysis shows downregulation of NMDAR1, PLP and MBP (myelin
basic protein). Copyright 2003 by the Society for Neuroscience.®

In order to test the hypothesis that dysmyelination alone could not lead to altered
hypoxic ventilatory depression, we also evaluated the ventilatory response to hypoxia in
the shiverer (shi) mouse, which carries a dysmyelinating mutation in the mbp gene, which
does not result in an early-lethal phenotype.

The ventilatory response to hypoxia was compared in the msd, jp, and shi mice at P21,
P18, and P30, respectively. Both the msd and jp mice exhibited severe hypoxic ventilatory
depression when compared to their normal littermates (Fig. 4). In contrast, the shi mouse
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Figure4. Comparison of the respiratory response to inhalation of 8% 02 (5 min) in A. jimpy (jp)(P18), B.myelin
synthesis deficient (msd) (P21), and C. shiverer (sh) mice (P60-80), and respective age-matched controls (N =2
mutant and 2 controls, respectively, in each study). A. After 2 min inhalation of 8% 02, jp mice exhibited severe
ventilatory depression. One died, the other recovered after a severe apnea. B. Both msd mice had severe depression
of breathing after .5 min of hypoxia, and died C. In contrast, sh mice exhibited a normal response.
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did not exhibit altered ventilatory response to hypoxia. Thus, we conclude that plp gene
mutations involving different sites in the molecule may lead to the same pathologic alteration
in control of breathing during hypoxia. Furthermore, dysmyelination as characteristic of
the Sh mouse does not alter the ventilatory response to hypoxia (Fig. 4,C).

4. Discussion

These studies have shown, for the first time, that early-lethal mutations in the plp
gene share a common phenotype: increased hypoxic ventilatory depression at the critical
age at which death occurs in these mutants. Furthermore, neither the ventilatory response
to hypercapnia nor thythm pattern generation were altered, indicating that the effect of pip
mutations is specific for the neural pathways that control breathing during hypoxia.

The ventilatory response to hypoxia in a 21d rat consists of an initial increase in
minute ventilation, followed by a sustained increase above baseline. In the MD rat, the
initial increase in ventilation is preserved, but is followed by an exaggerated rolloff. NMDA
receptors are critical for the normal ventilatory response to hypoxia in the adult rat'®1112
and we speculate that the almost complete absence of the NMDAR1 receptor subunit in the
medulla in the P21 MD rat may account for the inability to sustain ventilation in response
to continued hypoxia.

The mechanism by which NMDA receptors are downregulated in the MD rat is
unknown. Myelination of the CNS proceeds in a caudal to rostral direction in the rat, and is
complete by P21 in the brainstem. It is conceivable that dysmyelination in the MD rat could
alter developmental expression of the NMDA receptor. However, we failed to find alteration
of the hypoxic ventilatory response in the shiverer mouse, which has dysmyelination due
to mutation in the mbp gene.'> Thus, it appears that dysmyelination alone cannot account
for the pathophysiology of the MD rat.

Our finding that the plp promoter and MD-PLP protein can be expressed in neurons in
the caudal medulla raises the possibility that the gradual accumulation of mutant MD-PLP
protein within some neurons can alter expression of NMDAR. The nonmyelin functions of
the plp gene in neurons are currently unknown. It has been shown that MD-PLP accumulates
within the endoplasmic reticulum of the oligodendrocyte, and is poorly transported to the
cell surface, resulting in reduced myelination and cell death.'* Furthermore, the MD pip
gene downregulates its own expression, as well as the expression of the mbp gene Thus, it
is possible that misfolded MD-PLP in neuronal cell bodies similarly can alter expression
of specific neuronal genes, including NMDAR1.

The results of our study suggest that the effects of the MD plp mutation occur in
the CNS, within a specific neuronal network which controls breathing during hypoxia.
This is consistent with the known selective expression of the PLP protein in CNS myelin.
The mechanism by which the sensory network for hypoxia is specifically targeted in plp
mutations is unknown. It is possible that plp gene expression only occurs in a limited group
of neurons which are functionally linked. Alternatively, withdrawal of trophic support of
neighboring oligodendrocytes, which are dying due to MD plp expression, could lead to
altered neuronal function.

In summary, we have shown that, in addition to dysmyelination throughout the CNS,
the MD plp mutation causes pathologic alteration of the ventilatory response to hypoxia, as
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well as loss of NMDAR1 within the brainstem. The finding that all early lethal mutations
of the plp gene exhibit a similar pathophysiologic alteration of ventilation during hypoxia
may be relevant to understanding the most severe forms of Pelizaeus-Merzbacher disease.
It is conceivable that expression of the mutant PLP protein in the human disease could also
lead to a severe disturbance of respiratory homeostatic mechanisms, and contribute to early
death. Finally, these studies suggest that the pIp mutants may be excellent models in which
to investigate the mechanisms of ventilatory responses to hypoxia in the developing CNS.
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From Neurons to Neural Assemblies:
Brainstem Control of Rhythm Generation



Organization of Central Pathways
Mediating the Hering-Breuer Reflex
and Carotid Chemoreflex

Chi-Sang Poon

1. Introduction

How are respiratory reflex pathways organized centrally? Surprisingly little data are avail-
able in the literature that clearly address this basic question. It is generally assumed that
afferents from carotid chemoreceptors, vagally-mediated slowly-adapting pulmonary
stretch receptors (PSR) and other cardiopulmonary receptors modulate the respiratory
thythm through paucisynaptic central pathways that directly excite or inhibit the respiratory
oscillator. The distinct response patterns specific to differing respiratory afferents suggest
that the corresponding central pathways are not organized the same. However, precisely
how varying central reflex pathways are organized to selectively modulate the respiratory
thythm is not clear.

Because neural organization is a complex issue that is not readily amenable to
conventional experimental investigation, we used a computational modeling approach to
address this fundamental problem. Model analysis revealed some basic neural architec-
tures that are common to the mediation of the Hering-Breuer reflex (HBR) and carotid
chemoreflex (CCR), including frequency and phase filtering of the corresponding affer-
ent inputs via parallel conditioning pathways to the respiratory oscillator. In addition,
our modeling results suggested certain differences in the central organization of HBR
and CCR afferent conditioning pathways, which may account for their distinct response
patterns.

2. Working Model of Hering-Breuer Reflex Modulation of TE

One of the most well identified central respiratory afferent pathways is the reported
excitatory projection of PSR afferents via nucleus tractus solitarius (NTS) “pump cells”
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to ventrolateral medulla decrementing expiratory (E) neurons, which are critical for res-
piratory rhythmogenesis.! This excitatory paucisynaptic pathway linking PSR afferents to
E-related neurons provides a plausible explanation of the HBR prolongation of expira-
tory duration (TE). Further, by virtue of an implicit mutual inhibition of E neurons and
inspiratory (I) neurons this afferent relay model may also account for the HBR shortening
of T1.

The afferent relay model of HBR suggests some general organization principles of
central respiratory reflex pathways. Thus, respiratory afferents may selectively prolong (or
shorten) one phase of the respiratory rhythm through paucisynaptic excitation (or inhibition)
of respiratory neurons critical for that phase. In addition, through mutual inhibition of the
E and I neurons such phase-specific afferent relay pathway may also exert an indirect and
opposite effect on the other phase.

Although the afferent relay model provides a plausible explanation of the immediate
HBR effects on TE and T, it does not account for higher-order effects of HBR. As shown
in Fig. 1, during electrical vagal stimulation in rat the initial HBR prolongation of TE is
gradually offset by a bi-exponential recovery.” The slow decay component is independent of
NMDA receptors and is probably correlated with the reported synaptic accommodation of
NTS neurons during afferent stimulation.> This NMDA receptor-independent decay effect
conforms with response habituation (the simplest form of nonassociative learning).* The
fast decay component during stimulation is mirrored by a similar rapid decay of the post-
stimulation rebound decrease in TE. Both fast decay components are abolished by NMDA
receptor blockade and bilateral lesions of the pneumotaxic area in the rostrolateral pons,
evidencing a biphasic short-term potentiation (STP) effect.>* Such biphasic STP via pontine
pathway suggests a novel form of nonassociative learning called response “desensitization,”
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Figure 1. Differentiator models of HBR and CCR control of TE. Upper panels: responses in TE to low-intensity
1-min electrical stimulation of carotid sinus nerve (20 Hz, leff) or vagus nerve (80 Hz, right) in anesthetized,
paralyzed and ventilated rat (adapted from ref. 2). Lower panels: schematic of conditioning pathways that are
consistent with corresponding direct reflex and indirect differentiator effects via ventrolateral/rostrolateral pons.
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which is secondary to PSR activity but independent of the primary relay between NTS pump
cells and decrementing E neurons.*

The observed HBR response habituation and desensitization suggest that PSR affer-
ents are relayed centrally by at least two parallel pathways (Fig. 1): a direct, primary reflex
pathway with paucisynaptic connection from NTS pump cells to E neurons as previously
proposed and a secondary, indirect differentiator pathway via the pontine pneumotaxic cen-
ter. (Here, a neural differentiator is simply a neural integrator that counteracts rather than
augments the primary reflex). Both pathways are modulated by synaptic accommodation
typical of most NTS relay neurons (including pump cells)® resulting in a differentiator-like
habituation effect that attenuates the PSR input. In addition, pontine desensitization results
in a secondary differentiator effect that attenuates neurotransmission in the pontine path-
way, perhaps in a manner similar to that observed during direct stimulation of the pontine
pneumotaxic center.’ These differentiator effects provide dynamic conditioning of the PSR
input analogous to high-pass filtering.>

3. Working Model of Carotid Chemoreflex Modulation of TE

Similar differentiator-like effects are also evident in CCR. During carotid sinus nerve
(CSN) stimulation.? or acute hypoxia.® both the initial reflex shortening of TE and post-
stimulation rebound increase in TE decay exponentially, resulting in short-term depres-
sion (STD) of respiration (Fig. 1). Both decay effects are abolished by NMDA receptor
blockade. 2 or bilateral lesions of a critical area in the ventrolateral pons.®” Certain expi-
ratory neurons in this area have also been found to exhibit similar complex response pattern
following acute hypoxia, with a successive sequence of initial inhibition and subsequent
sustained excitation coincident with the reflex shortening and subsequent STD prolon-
gation of TE.® These findings suggest a model of CCR control of TE (Fig. 1) in which
respiratory STD is correlated to sensitization of a pontine pathway that promotes expira-
tory activity. The combination of reflex shortening and STD prolongation of TE results in a
differentiator-like effect that is equivalent to high-pass filtering of the carotid chemoreceptor
input.

Because of the relatively low CSN stimulation frequency (20 Hz) a habituation effect
correlated with synaptic accommodation (with short-term or long-term depression) in NTS
is not discerned during the 1-min stimulation period but is evident over a longer period.?
Thus, the conditioning pathways mediating CCR modulation of TE appear to be organized
in a similar fashion as those for HBR except the effects are opposite.

4. Working Model of Carotid Chemoreflex Modulation of Ti

In contrast to the control of TE, the CCR and HBR control of Tt may involve very
different neural architectures. Presumably, the HBR shortening of Tt could stem from
similar relay pathways mediating the HBR prolongation of TE, since E and I neuronal
responses are inverted through mutual inhibition (Fig. 1). However, the simultaneous (non-
inverted) shortening of TE and T1 by CCR implies that the corresponding relay pathways
are distinct and independent of E-I mutual inhibition.
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Figure 2. Integrator model of CCR control of phrenic activity and T1. Left: responses in amplitude of integrated
phrenic activity and TI to low-intensity 1-min CSN stimulation (20 Hz) in anesthetized, paralyzed and ventilated
rat (adapted from ref. 10). Right: schematic of corresponding conditioning pathways relayed by NTS. I-PMN,
inspiratory premotor neuron.

Typically, acute hypoxia or electrical CSN stimulation may induce STP of inspira-
tory activity characterized by incrementing phrenic nerve discharge and post-stimulation
afterdischarge.” Recently, it has been shown that this inspiratory STP is also expressed as
gradual shortening of T1 during CSN stimulation and gradual recovery post-stimulation.'°
The carotid STP response in Ti and in amplitude of integrated phrenic activity (Phr) follow
a similar integrator-like time course equivalent to low-pass filtering of carotid chemorecep-
tor input (Fig. 2). Importantly, the corresponding integrator time constants during response
onset and offset are different than those of carotid STD response in TE suggesting sep-
arate CCR control of TI and Te. The carotid STP response in T and Phr conform with
response sensitization (another form of nonassociative learning) and both contribute to an
augmentation of ventilatory output. Again, habituation of the CCR modulation of T1 could
be discerned over a longer stimulation period.?

5. Carotid Chemoreflex is not a Primary Reflex

The above working models of CCR assume that carotid chemoreceptor afferents mod-
ulate TE and Ti via separate primary reflex and secondary integrator-differentiator pathways.
But are these “primary reflex pathways” for CCR genuine reflex pathways, i.¢., comprising
of paucisynaptic neuronal projections like those for HBR? To address this question we have
developed an analytical procedure (stroboscopic interferometric filtering technique, SIFT).®
that readily distinguishes a primary reflex pathway and secondary integrator-differentiator
pathway based on their distinct responses to stroboscopic stimuli gated to either the E or I
phase. Thus, a primary reflex pathway may respond rapidly whenever the stimulus comes
on or off, whereas a secondary pathway with short-term memory generally responds more
slowly but may persist post-stimulus.

In Fig. 3A, stroboscopic CSN stimuli are seen to elicit similar integrator- and
differentiator-like responses in TE, T and Phr as with a continuous-step CSN stimulus
(Figs. 1 and 2). Moreover, the effects of the E- or I-gated stimuli on TE and T1 are strikingly
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Figure 3. Comprehensive integrator-differentiator model of CCR revealed by stroboscopic CSN stimulation.
A. Responses in TE, T1 and Phr to low-intensity 4-min CSN stimulation (20 Hz) during either E or I phase in
anesthetized, paralyzed and ventilated rat. B. Schematic of corresponding integrator-differentiator pathways which
are relayed by NTS and are separately gated to E or I phase. Note that the “primary reflex pathways” in the CCR
models of Figs. 1 and 2 are replaced by fast-responding integrator pathways. (Adapted from ref. 8)

similar, in contrast to the opposite effects that are expected of a primary reflex pathway (such
as the E-promoting and I-shortening effects of HBR). These observations suggest that the
“primary reflex pathways” depicted above for CCR are not paucisynaptic pathways but
may be comprised of occult secondary integrators with response dynamics so fast that they
are often mistaken for a primary reflex pathway except when activated with a stroboscopic
stimulus (Fig. 3B).

6. Carotid Chemoreflex Pathways are Phase-Selective

A dilemma in the above models of CCR is: even if TE and TI are controlled by
separate integrator-differentiator pathways, the corresponding effects may still interfere
with one another through mutual inhibition of E and I neurons. Thus, it is conceivable that a
conditioning pathway that serves to shorten TE would also lengthen T1 and such crossover
correlation may negate the resultant ventilatory effect.

However, analysis of the CCR data (Figs. 1-3) revealed that the TE and T1 responses
have distinct onset and offset dynamics, with no evidence of crossover correlation. This
observation suggests the possibility that CCR conditioning pathways may be individually
gated to either the E or I phase and are cutoff in the opposite phase by some intrinsic “phase
filter” (as opposed to frequency filter) similar to a traffic light at a two-way intersection.
Thus, the corresponding effects are phase-specific and do not interfere in the opposite phase.
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Such phase filtering effect may also occur in the efferent pathway where inspiratory motor
activity may be phasically gated by I and E neurons (Fig. 3B).

7. Summary

The above modeling results suggest several general and special principles of neural
organization that may underlie the central mediation of HBR and CCR:

1. The immediate HBR effects on TE and (via mutual inhibition) on TI appear to be
mediated by an identified paucisynaptic central pathway. The immediate CCR effects
on TE, T1 and Phr may be mediated by fast secondary integrator (or low-pass filtering)
pathways instead of primary reflex pathways.

2. Additional secondary differentiator (or high-pass filtering) pathways via the rostro-
lateral/ventrolateral pons may underlie the desensitization of HBR/CCR response in
TE.

3. Additional secondary integrator pathways (loci unclear) may underlie the sensitization
of CCR response in Tt and Phr.

4. These paralle] CCR integrator-differentiator pathways appear to be individually gated
to a specific respiratory phase by corresponding E or I phase filters.

5. NTS synaptic depression may underlie response habituation of HBR and CCR.
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Converging Functional and Anatomical
Evidence for Novel Brainstem
Respiratory Compartments in the Rat

Donald R. McCrimmon, George F. Alheid, Minchun Jiang,
Tara Calandriello and Anupama Topgi

1. Introduction

Central nervous system circuits controlling respiratory motoneurons have usually been
divided into a dorsal medullary respiratory group—associated with portions of the nu-
cleus of the solitary tract, a ventrolateral medullary respiratory group—mostly ventral to
the motoneurons of nucleus ambiguus, and a pontine respiratory group—associated with
portions of the parabrachial nuclear complex. When visualized via retrograde labeling of
neurons from injections within the ventrolateral medulla (Fig. 1A), the labeled aggregates of
respiratory-related neurons in the pons and medulla appear to form a practically continuous
column of cells. These are concentrated in lateral brainstem areas stretching from the cau-
dal mesencephalon, through the pons and medulla!=*. This pattern of labeling highlights
the rostrocaudal columnar organization of respiratory neurons that integrates respiratory
control across the entire extent of the rhombencephalon. A second organizational theme is
represented by a rostrocaudal segmentation of respiratory neurons within this column into
functional compartments (Fig. 1B).

Within the medulla, the ventral respiratory column (VRC) is generally subdivided
into successive rostrocaudal compartments based principally on the phasic firing patterns
of the constituent neurons (e.g. inspiratory in the rostral part of the ventral respiratory cell
group [rVRG], or expiratory in the Bétzinger complex and caudal VRG [cVRG; Fig. 1B)).

Physiological identification remains the definitive means for distinguishing between
respiratory compartments. However, with the growing availability of reliable antibodies
to neural antigens and the development of novel technical methods for the histochemical
demonstration of brainstem neurochemical markers, the ability to discriminate established,
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Figure 1. A. Retrograde labeling in the pontine respiratory column and in the ventral respiratory column of the
rat brain after a FluoroGold injection in the region of the Bétzinger/preBétzinger complex. Neurons were mapped
in multiple adjacent sections and projected onto a single sagittal plane.

B. Schematic diagram of pontomedullary respiratory regions corresponding to the retrograde labeling depicted in
Figure 1A.

C. The rostrocaudal distribution of parvalbumin immunolabeled neurons in the VRC. Labeled neurons were
counted in a 500 x 500 um? area in the VRC located just ventral to the compact part of nucleus ambiguus or at
approximately the same dorsoventral level in VRC areas caudal to the compact part of the nucleus.

D. Changes in the expiratory time (TE) resulting from DL-homocysteate microinjections in successive rostrocaudal
levels of the VRC.

Abbreviations: 5n, trigeminal nerve; 7, facial motor nucleus; adrVRG, anterodorsal part of the rosiral ventral
respiratory group; AmbC, nucleus ambiguous, compact part; arVRG anterior part of the rostral ventral respiratory
group; avrVRG, anteroventral part of the r'VRG; BotC, Bétzinger complex; cVRG, caudal VRG; Itr5, intertrigem-
inal nucleus; KF, Kolliker-Fuse nucleus; LRt, lateral reticular nucleus; MoS5, motor nucleus of the trigeminal
nerve; PBr, parabrachial nucleus; Pn, basilar pontine nuclei; preBstC, preBotzinger complex; prVRG, posterior
part of the rostral ventral respiratory group; PV, parvalbumin; RTz, retrotrapezoid nucleus; rVRG, rostral ventral
respiratory group; scp, superior cerebellar peduncle; SO, superior olive; vIPons/AS, ventrolateral pons & A5 cell
areas.

or even novel respiratory compartments is considerably enhanced. For example, the presence
of neurokinin-1 (NK1) receptors in small propriobulbar neurons serve to distinguish the
preBotzinger complex from the rostrally adjacent Botzinger complex>-® and from a popu-
lation of larger NK1 receptive bulbospinal neurons located in the anterior ventral portion of
the 'VRG*7~10_ It has also been argued that the dense somatostatin immunoreactivity
of a subset of neurons within the preBotzinger complex is sufficient to distinguish



Structural and Functional Brainstem Respiratory Compartments 103

the preBotzinger complex'!. In the same vein, preproenkephalin appears to identify
glutamatergic bulbospinal neurons in the rVRG'?. In our experiments, we sought to provide
a further neurochemical characterization of VRC neurons using antigenicity for parvalbu-
min, an additional neurochemical marker prevalent in VRC regions. :

2. Parvalbumin Bulbospinal Respiratory Neurons

Parvalbumin is a calcium binding protein that fills the role of an endogenous neu-
ronal calcium buffer and has a widespread but heterogeneous distribution within the central
nervous system'*~!5. Antibodies to this protein are widely available and antigenicity is
relatively high within neuronal cell bodies, making cell labeling relatively straightforward.
Based on normal immunocytochemistry, it was suggested'® that parvalbumin might be a
marker for respiratory neurons in the VRC. This suggestion was applied in labeling VRC
regions for a recent neurochemical atlas of the rat brainstem!’, however, direct identifica-
tion of parvalbumin in respiratory neurons had not been demonstrated. Accordingly, we
immunolabeled parvalbumin neurons in the brainstem of rats counterstained for the NK1
receptor which is prevalent in preBétzinger propriobulbar neurons®®'°, and also examined
parvalbumin in VRC neurons counterstained by retrograde labeling from injections in either
the phrenic nucleus or the VRC*. In parallel experiments!’, we mapped the cardiorespiratory
response to stimulation of VRC neurons with nanoliter injections of an excitatory amino
acid, DL-homocysteate acid (DLH). The results of these experiments ultimately provided
data complementing our anatomical analysis.

These data indicate that the majority (66%) of bulbospinal VRC neurons projecting
to the phrenic nucleus contain parvalbumin. A much lower percentage of neurons with
axons that target the VRC (22%; i.e. propriobulbar projections) are positively stained for
parvalbumin, and it is likely that some of the latter include bulbospinal neurons with local
medullary collaterals'S.

Parvalbumin immunocytochemistry in the rat is particularly effective in identifying
transitions between established VRC compartments (Fig. 2A). Since parvalbumin appears
to be preferentially expressed in bulbospinal VRC neurons, it is consequently rarely found
in VRC neuronal compartments populated mainly by propriobulbar neurons. For example,
areas such the retrotrapezoid nucleus and preBétzinger complex largely exclude parvalbu-
min neurons.

The combination of parvalbumin immunolabeling, NK1 receptor immunoreactivity,
and chemical microstimulation, suggests a novel subdivision of the r'VRG into anterior and
posterior parts (Fig. 1B-D). It has previously been indicated that NK1 receptor labeling is
not restricted to the preBotzinger region of the VRC but also labels a subset of bulbospinal
neurons®~'°. However, the NK1-receptive bulbospinal neurons have a relatively restricted
distribution. They are only found ventrally in the anterior half of the rVRG. In addition,
NK1 receptors are not found on parvalbumin positive bulbospinal neurons. Consequently,
within the anterior rVRG, parvalbumin neurons and NK 1-receptive neurons represent two
different populations of bulbospinal respiratory neurons. These appear in more or less
separate anteroventral and anterodorsal portions of the rVRG, respectively (Fig. 1B).

A functional difference between anterior and posterior aspects of the rVRG is also
consistent with the distribution of parvalbumin containing VRC neurons. The cell density
of parvalbumin neurons within the VRC peaks in the posterior part of the rostral VRG
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Figure 2. Parvalbumin immunoreactivity in the ventral respiratory column. A. Parasagittal section is shown
through the level of the compact part of nucleus ambiguus. Notably, parvalbumin neurons are evident in the
Botzinger complex (BotC) and in a column beginning in the rostral VRG (rVRG) and extending caudally into the
caudal VRG, but parvalbumin neurons are nearly entirely absent from the preBétzinger complex (preBotC). B.
Average cross-sectional areas (+SE) of VRC neuronal populations. Fluorescent labeled neurons were measured in
cleared and coverslipped wet-mounted sections to avoid shrinkage. Sizes of DAB labeled neurons were corrected
for shrinkage by a factor derived from comparison of photos of individual cells before and after dehydration (see
reference 4 for details). Abbreviations as in Fig. 1.

(Fig. 1C), aregion that appears to be mainly populated by respiratory premotor bulbospinal
neurons'®. Very few propriobulbar (third order) respiratory neurons seem to be found in
this region. Injecting an excitatory amino acid into the midst of physiologically recorded
respiratory neurons in the anterior half of the r'VRG (3 nl of 5 mM DLH) elicits bradypnea
as does an injection into the Botzinger complex’”. Stimulation of neurons between these
two regions, i.e., within the preBotzinger complex, resulted in tachypnea. However, no
effect on respiratory thythm was elicited by stimulation of the posterior half of the rostral
VRG (Fig. 1D). Similar results were observed, in part, by Wang et al®, i.e., bradypnea
and tachypnea with stimulation in the Botzinger and preBotzinger complexes respectively,
with little or no effect on respiratory thythm after stimulation in the posterior part of the
rostral VRG. The inability of DLH stimulation to reset respiratory rhythm when injected
into the posterior r'VRG is concordant with the suggestion that this region consists mainly
of bulbospinal rather than propriobulbar respiratory neurons'?, since it has previously been
reported that electrical stimulation of descending bulbospinal axons, while momentarily
disrupting breathing, does not result in resetting of the respiratory rhythm?'. This suggests
that the feedback from respiratory bulbospinal premotor neurons to the rhythm generating
circuits is low.

Finally, the comparison of immunolabeled and retrogradely labeled neurons also in-
dicates that the different populations of VRC neurons can be distinguished from one another
on the basis of cell size* (corrected cross-sectional areas; Fig. 2B). Based on retrograde
labeling alone, bulbospinal VRC neurons are slightly larger on average, than the VRC
parvalbumin cell population. Parvalbumin neurons, on the other hand, are approximately
the same size as the NK1 receptive neurons in the anteroventral 'VRG, and on average,
both of these cell types are significantly larger than propriobulbar neurons. This includes
the NK1 receptor-positive propriobulbar neurons within the preBétzinger complex*”!?
(Fig. 2B). Thus even without direct double labeling, multiple VRC neuronal classes may be
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discriminated based on the somatic size of the cell population, their neurochemical content,
and their compartmental location.
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Eupneic Respiratory Rhythm in Awake
Goats is Dependent on an Intact
Pre-Botzinger Complex

H.V. Forster, J.M. Wenninger, L.G. Pan, M.R. Hodges and R. Banzett

1. Introduction

Different views exist regarding sites within the brain responsible for eupneic respiratory
rhythmogenesis. Studies by Lumsden in the 1920’s!-? indicated that the minimum neural
substrate for respiratory thythm was the medulla but an intact pons was necessary for eupneic
thythm. Recent studies by St. John et al.** support this concept. Another concept is that the
pre-Botzinger Complex (PBC) is the site of rhythmogenesis, and in the neonatal rat spinal
cord-brainstem preparation, the minimum neural substrate for respiratory rhythm is the
PBC.? Another study on awake adult rats showed that greater than 80% destruction of PBC
neurons expressing the neurokinin 1 receptor (NK1-R) resulted in an “ataxic” breathing
pattern and attenuation of eupneic breathing and CO, sensitivity, leading to the conclusion
that “normal breathing in an intact animal requires an intact PBC”.® However, St. John
et al* contend that an ataxic breathing pattern is evident with lesions at other medullary
sites, and we’ found that lesions in rostral medullary nuclei result in transient interruptions
of eupneic breathing. In addition, pre-inspiratory neurons rostral to the PBC are capable of
generating a respiratory rhythm.®

Because of the different views summarized above, we designed studies to gain insight
into the role of the PBC in the control of breathing in the awake state. We studied goats
before and after bilateral injections into the PBC area of saporin conjugated to substance
P (SAP-SP) (neurotoxic for NK1-R expressing neurons) and then two weeks later ibotenic
acid (IA) (neurotoxic for glutamate receptor expressing neurons). A portion of the data
have been published;!*!! thus herein, we summarize the previous reports and present and
discuss findings not previously reported.
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2. Method

Goats were cared for in accordance with and protocols approved by the Medical
College of Wisconsin Animal Care Committee. Eleven adult female and 2 castrated male
goats (weight = 35-55 kg) were housed and studied in a temperature and light controlled
chamber. Except for study periods, food and water were available.

In an initial surgery, the carotid arteries were elevated, and electrodes were implanted
into respiratory muscles. Three weeks later, microtubules were chronically implanted bilat-
erally into the PBC area (just ventral to rostral nucleus ambiguous). In 4 goats, a tracheotomy
was created 3 days before the IA injections.

To monitor inspiratory flow in airway intact goats, a pneumotach was attached to
the inspired port of a breathing valve attached to a mask taped to the goat’s snout while
in tracheostomized goats the valve was attached to an inserted, cuffed endotracheal tube.
Diaphragm, upper airway, and abdominal muscle activities were recorded. Arterial blood
was sampled (arterial blood gas determination) and arterial blood pressure was measured
from a chronically indwelling catheter. Rectal temperature was recorded. Three weeks after
implanting the microtubules, SAP-SP (n = 10) or SP (n = 1) was injected bilaterally.
Measurements were made for 30 minutes before, 4 to 5 hours after the injections, and daily
up to 15 days thereafter. Then in 10 goats bilateral injections of IA were made. Seven goats
were studied for only 3 to 5 hours (see results), but 3 were studied daily for 2 weeks. Two
goats had only IA injections and they were studied for 2 weeks thereafter. Other daytime
studies assessed CO; and hypoxic sensitivity and the exercise hyperpnea.

Upon termination of the goats (3 died spontaneously and 10 were euthanized with
Beuthanasia), the brain was flushed and fixed by vascular perfusion with buffered saline
prior to removal of the medulla which was cryoprotected and sectioned (25 m). One set of
slides was stained with hematoxylin and eosin for identification of dead or dying neurons
and a second set was prepared for NK1-R immunoreactivity.

3. Results

During the first hour after bilateral injection of SAP-SP (50 pM in 10 1) into the PBC
area of awake goats, there was a 50 to 100% increase (P < 0.05) from control in the frequency
of augmented breaths (figure 1b) and there was a 50% increase (P < 0.05) in the frequency
of fractionated breaths (defined as a transient interruption of the normal respiratory rhythm
by 3 or more rapid, small complete breaths (figure 1c). Another main effect within the
first 5 hours after the injection was a discoordination of diaphragm, abdominal, and upper
airway muscle activities (figure 1d). The frequency of fractionated breaths was 10 fold
above control 10 to 15 days after the injection. Fractionated breaths were associated with
stronger than normal activity of the abdominal muscles. Often there was co-activation of
the diaphragm and abdominal muscles (figure 1d) resulting in no or minimal flow and
often the stronger abdominal contraction produced active expiration. Consequently, when
the muscles relaxed there was passively driven inspiratory flow. CO, sensitivity, eupneic
PaCO,, and the exercise hyperpnea were at control levels between 2 and 15 days after the
SAP-SP injections. Smaller doses of SAP-SP (n = 2) or injection of SP only (n = 1) into
the PBC did not alter breathing patterns.
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Figure 1. Inspiratory flow (V) and raw diaphragm and abdominal muscle activities in one awake goat before
(A) and at 1.5 (B), 2 (C), and 3 (D) hours after bilateral injection of SAP-SP into the PBC area.

Within minutes after unilateral injection of IA into the PBC area, breathing and pha-
sic respiratory muscle activity increased. (figure 2b) An hour later with an injection into
the contralateral PBC area, breathing frequency and respiratory muscle activity were in-
creased further, to a maximum (~150 breaths/min) about an hour later. In the 7 goats that
previously had large bilateral injections of SAP-SP, periods of central apnea, hypoxemia
and hypercapnia became evident. Eventually all breaths were gasp-like (decrementing di-
aphragm activity). In 3 airway intact goats, the frequency of gasps rapidly decreased and
within minutes, respiratory arrest was followed by cardiac arrest. With onset of gasps
in 4 tracheostomized animals, we began to mechanically ventilate the goats to avoid se-
vere hypoxemia and hypercapnia. Over the next 4 hours respiratory muscle activity was
minimal as long as PaCO, was at or below normal. (figure 2¢) If mechanical ventilation
was reduced resulting in hypercapnia, tonic diaphragm (figure 2d) and abdominal mus-
cle activity increased. When the ventilator was briefly shut off, there was minimal tonic
or phasic respiratory muscle activity until blood gasses changed or until the goat moved.
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Figure 2. Inspiratory flow (V) and raw diaphragm and abdominal muscle activities of one awake goat before
(A), 30 minutes after (B), and 4 to 5 hours after (C, D, E, F) bilateral injection of IA into the PBC area. The goat
was mechanically ventilated at different rates during panels C and D. Panels E and F were obtained about 20 and
80 seconds after cessation of mechanical ventilation. The larger breath and high diaphragm activity in panel F
were associated with movement of the entire body.

(figure 2e, f). Phasic respiratory muscle activity was primarily in all 3 abdominal muscles
and synchronous with diaphragm activity, resulting in inspiratory flow 180 degrees out of
phase with muscle activity, signifying a passive inspiration as described above.!! Since any
spontaneous breathing during these periods was insufficient to prevent severe hypoxemia
and hypercapnia and there was no evidence of recovery, these goats were euthanized 5 to 6
hours after the IA injection.

In 3 goats that had no or only a small dose of SAP-SP previously injected into the PBC
area, bilateral injection of IA into the PBC area initially had the same effect as described
above. However, central apneas and gasping never occurred. Rather the tachypnea was
sustained for up to 7 hours with subsequently a gradual restoration of breathing to normal.
These goats recovered with no deficits in eupneic PaCO,, CO, sensitivity or the exercise
hyperpnea over the following 2 weeks. In 3 other goats, IA injections into nuclei outside
the PBC had no acute or chronic effect on breathing.

These experiments were not designed to measure behaviour; but we did make informal
observations. The interpretation of these changes must be tempered by possible involvement
of non-respiratory motor pathways. When bilateral IA injections were made outside of the
PBC area there were no behavioural responses. In contrast, after IA injections into the PBC
area, there was a behavioural response, which varied between goats. These goats preferred
not to or were unable to maintain a standing posture with the second injection. Once recum-
bent some goats maintained the normal sternal posture for all or part of the subsequent 2 to
5 hour period. The most prevalent response was a catatonic-like motor reaction character-
ized by: a) lying on one side and resisting attempts to change posture, b) over-all diminished
motor initiative with long periods of inactivity broken by tonic-clonic whole body muscle
contractions occurring always but not restricted to periods of hypoxemia and hypercapnia,
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and c) general restlessness and staring, bulging eyes interpreted as discomfort. In goats
that fully recovered, the behavioural characteristics gradually decreased 4 to 5 hours after
the injection and a standing posture was soon evident. In the 3 airway intact goats that
died, there was no excessive reaction beyond that described above. In those goats that were
mechanically ventilated, the intensity and frequency of whole body movements increased
with time, which led to the decision of euthanasia.

4. Discussion

Others have shown that glutamate receptor agonists elicit a tachypnea when injected
into the PBC area in anesthetized rats and cats.'> ' In addition, injections of SP into the
same area elicits augmented breaths.'? The same injection at sites immediately surrounding
the PBC area do not elicit these responses. These data indicate the PBC area can be identified
physiologically. Since in our awake goats, injections of SAP-SP elicited augmented breaths
and the glutamate receptor agonist ibotenic acid induced a marked tachypnea only when
injected into a site corresponding to the PBC in rats, we believe that we have identified the
PBC in goats.

Injections of SAP-SP resulted in a 29% reduction in NK1-R expressing neurons in
the area we designated the PBC.!" The major respiratory effect was fractionated breathing
and discoordination of respiratory muscle activity. Particularly evident was abnormally
increased abdominal expiratory muscle activity associated with fractionated breathing and
discoordination of muscle activity. These effects could be due to disruption of the normal
respiratory rhythm and/or pattern generating mechanisms such as altered communication:
a) between rhythm and pattern generation neurons, b) between the bilaterally located
neurons, and/or ¢) between the PBC inspiratory and the more rostrally located expiratory
rhythm generators. Whatever the mechanism, it is clear that it is specific to a reduction
in NK1-R expressing neurons and only a moderate reduction in these neurons elicits the
effects.

In the 7 goats that had reduced NK1-R neurons, the major finding with the subse-
quent IA injections was the eventual elimination of eupneic respiratory rhythm. In goats
mechanically ventilated to sustain life, brief cessation of support resulted in no or minimal
phasic diaphragm activity. Any phasic activity was associated with hypercapnia and usually
whole body movements, (figure 2f) and it was in synchrony with phasic abdominal muscle
activity that was greater than diaphragm activity.!! We believe these findings support the
concept of an expiratory rhythm generator, which usually is inhibited by a normally func-
tioning inspiratory PBC rhythm generator.®° Interestingly, when goats were insufficiently
mechanically ventilated, the ensuing hypercapnia (figure 2c, 2d) increased tonic respira-
tory muscle activity, suggesting that chemoreceptor input to respiratory neurons remained
intact. Also of interest was that there did not appear to be any “volitional” breathing. These
findings may indicate that cortical pathways for breathing utilize the PBC for rhythm.

Since these experiments contained no formal behavioural observations, inferences
based on behaviour of the goats are only speculative; nonetheless they give us a possible
insight heretofore impossible. We report them to encourage further thought and study. We
observed signs interpreted as expressions of discomfort. There is no reason for these animals
to have experienced pain as a result of the [A injections; furthermore, these expressions
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seemed to wax as ventilation decreased and wane as ventilation was restored by mechanical
ventilation. We speculate that some of the behaviour interpreted as discomfort may have
resulted from dyspnea, specifically ‘air hunger’, the sense of not getting enough air. Air
hunger is increased by increasing PaCO, and is increased by decreased tidal volume even at
constant PaCO,.'* Although it has never been well proven, the leading hypothesis to explain
air hunger is projection of a copy of respiratory center motor activity to forebrain perceptual
areas.!*16.17 The present observations suggest that rhythmic respiratory center activity is
not necessary for the genesis of air hunger. However observations in at least one goat show
that signs of air hunger increased along with graded tonic activity of respiratory muscles. Is
there an “amplitude” component of the respiratory center that survived the destruction of
rhythmic activity, and that drives both air hunger and the amplitude of respiratory muscle
contraction?
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BDNF Preferentially Targets Membrane
Properties of Rhythmically Active
Neurons in the pre-Boétzinger Complex
in Neonatal Mice

Muriel Thoby-Brisson, Sandra Autran, Gilles Fortin,
and Jean Champagnat

1. Introduction

Neurotrophins are a class of factors known to be involved in the development, maintenance,
plasticity and survival of the peripheral and central nervous systems'. Neurotrophins are
active through high-affinity receptors having an intrinsic tyrosine-kinase activity™>. One
of these neurotrophins, the brain-derived neurotrophic factor (BDNF) has been shown to
be involved in a wide range of developmental and plasticity mechanisms and its biological
action depends mainly upon activation of the TrkB receptor sub-type and to a less extent
to the p75 receptors. BDNF binding on TrkB receptors initiates a cascade of events of
phosphorylation that activate a complex of signal proteins and the induction of several
genes®.

Mice carrying a targeted deletion in the gene encoding BDNF exhibit abnormal
breathing pattern with a depressed and irregular ventilation>°. This perturbed respiration
could arise from developmental and/or neuromodulatory deficits. Respiration is generated
by a neural network located in a sub-region of the medulla called pre-Botzinger com-
plex (PBC)"®. This network can be isolated in vitro in a transverse medullary slice while
remaining spontaneously rhythmically active. To address the possibility that BDNF can
play an acute role in the respiratory neural network we examined expression of BDNF
binding sites in PBC neurons as well as the effects of exogeneous BDNF application
on neuronal properties. We found that PBC neurons expressed TrkB and p75 recep-
tors and that BDNF affects membrane properties of rhythmically active PBC neurons
specifically.
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Génétique et Intégrative—Institut de Neurobiologie A. Fessard—CNRS, Gif sur Yvette, France. Supported by
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2. Methods

Transverse brainstem slices were obtained from 1- to 4-d-old OF1 mice as described
previously’. A 400 um thick slice containing the PBC at its rostral surface, was placed
in a recording chamber maintained at 30°C and continuously perfused with oxygenated
artificial CSF (composition in mM: 128 NaCl, 8 KCl, 1.5 CaCl,, 1 MgSO,, 24 NaHCO,
0.5 Na,HPO,, 30 glucose, pH = 7.4).

Recordings of population activity were performed using a suction electrode posi-
tionned at the surface of the slice on top of the PBC. Signals were amplified (AC amplifier
Grass 7P511), filtered (widthband between 3Hz and 3KHz), integrated (Neurolog system,
time constant 100 ms) and analyzed (Pclamp9, Digidatal320, Axon Instruments). Whole-
cell patch clamp recordings were performed under visual control using an IR-DIC micro-
scope. Neurons were selected according to their location (80—100 wm around the extracellu-
lar electrode and located ventral to the nucleus ambiguus). Rhythmic (R) and non-rhythmic
(NR) neurons were discriminated according to their discharge pattern: rhythmic neurons
were activated in phase with population activity, whereas non-rhythmic neurons were either
silent or tonically active. Patch electrodes were filled with a solution composed of (in mM):
140 K-gluconic acid, 1 CaCl,, 10 EGTA, 2 MgCl,, 4 Na,-ATP, 10 Hepes (pH 7.2).

Single-cell multiplex RT-PCR experiments were performed on identified (R or NR)
PBC neurons (n = 42) as described previously'®!!. At the end of the recording the cyto-
plasm was harvested into the recording pipette by application of a gentle negative pressure.
The content of the pipette was then expelled into a test tube in which reverse transcription
was performed. We simultaneously detected expression of BDNF, TrkB and p75 receptors
mRNAs. Primers used (from 5’ to 3, position 1 being the first base of the initiation codon):
ATGTCTATGAGGGTTCGGCG (BDNF sense, position 370), GCGAGTTCCAGTGC-
CTTTTG (BDNF antisense, 606), ACTGTGAGAGGCAACCCCAA (TrkB sense, 916),
ATCACCAGCAGGCAGAATCC (TrkB antisense, 1327), GGAGCCAACCAGACCGT-
GTG (p75 sense, 151), TCTGGGCACTCTTCACACACTG (p75 antisense, 410). These
primers generated PCR fragments of 151, 344 and 165 bp for BDNF, TrkB and p75 recep-
tor respectively. The cDNAs obtained after the first PCR were then amplified by 20 PCR
cycles (94°C, 30 sec; 60°C, 30 sec; 72°C, 35 sec) using 2.5U of Taq polymerase and 10
pmol of each of the sets of primers cited above. Thirty five cycles of a second PCR were
then performed using 2l of the first PCR products as template and the same primers as
above. Ten microliters of each individual second step PCR reaction were then run on a 1.5%
agarose gel using ¢ x 174 cut by Haelll as molecular weight markers and stained with
ethidium bromide.

3. Results

3.1. BDNF Moduiates Rhythmic Activity in the PBC

On brainstem slices in vitro (n = 18), respiratory frequency was measured by extra-
cellularly recording population activity from the PBC. BDNF bath application (100 ng/ml
during 30 minutes, n = 12) induced a significant decrease in respiratory frequency from
0.214+0.01Hzt00.16 £+ 0.01 Hz (Fig. 1A, B; see ref 11). To test whether this effect involved
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Figure 1. BDNF decreases respiratory frequency in vitro, A—Population activity (raw and integrated traces)
recorded on the PBC in control conditions (top two traces) and after 30 min exposure to BDNF 100 ng/ml (bottom
two traces). B-—Bar histograms showing the mean frequency of rthythmic activity measured in control conditions
(white bar, n = 18), in the presence of 100 ng/ml BDNF (black bar, n = 12) and in 200 nM K252a + 100 ng/ml
BDNF (gray bar,n =6). *p < 0.05.

activation of TrkB receptors, six slices were pre-treated with the tyrosine receptor kinase
inhibitor K252a (200 nM, 1 hour). As shown in Fig. 1B, BDNF effects were abolished in
the presence of the antagonist. These data indicate that BDNF modulation of population
activity in the PBC is mediated through TrkB receptor activation (see ref 11).

3.2. BDNF Affects Membrane Properties Specifically on Rhythmic
PBC Neurons

BDNF application did not modify membrane potentials of the nineteen PBC neurons
recorded: —50.3 & 5.2 mV in control conditions vs —~49.9 & 5.9 mV in the presence of
BDNF (n = 19), suggesting that BDNF-induced frequency decrease is not likely resulting
from the hyperpolarization of PBC neurons. Alternatively, BDNF might act on membrane
conductances other than those controlling resting membrane potential. Within the PBC
two types of neurons were recorded: neurons active in phase with population activity termed
thythmic neurons (R; Fig. 2A,) and neurons exhibiting tonic pattern discharge termed non-
rthythmic neurons (NR; Fig. 2B, ). In order to test whether BDNF specifically affects neurons
involved in the generation of respiratory rhythm we examined membrane properties of both
types of neurons in control conditions and after treatment with the neurotrophin. Average
I-V curves obtained from 10 R neurons exhibited significant changes only for depolarizing
pulses ranging from +10 and +30 mV (Fig. 2A,). In contrast, treatment with BDNF did
not affect average I-V curves for 9 NR neurons (Fig. 2B,).

To investigate a selective BDNF action on mechanisms controlling the respiratory
rthythm generation we also examined BDNF effects on the Th current, a conductance known
to be involved in the modulation of respiratory frequency'2. The amplitude of the Ih current
evoked by a series of hyperpolarzing voltage pulses significantly decreased in R neurons
after BDNF exposure (Fig. 2A; see ref 11). For example, for a test pulse to—120 mV
the maximum current amplitude decreased from —0.24 + 0.01 nA in control conditions
to —0.14 £ 0.009 nA in BDNF. In addition, the Th current starts to activate at voltage
more hyperpolarized in the presence of BDNF (around —80mV) compared to control
(around —60 mV). In contrast, the amplitude of the Ih current recorded in NR neurons was
unaffected by the treatment (Fig. 2B3). The Th current maximum amplitude measured for a
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Figure 2. BDNF modulates membrane properties specifically in rhythmic PBC neurons. A;—Intracellular
recording (top trace) from a rhythmic neuron simultaneously with integrated population activity (bottom trace)
Az—Average current-voltage response curves obtained from 10 rhythmic neurons in control conditions (white
circles) and in the presence of BDNF (black circles). A3—1Ih raw current traces recorded on a rhythmic neuron in
control conditions (left) and after 30 minutes exposure to 100 ng/ml BDNF (middle). Right: graph representing
the Th current amplitude plotted against voltage. Average curves were obtained from 10 rhythmic neurons tested
in control conditions (white circles) and after 30 minutes exposure to 100 ng/ml BDNF (black circles). Asterisks
represent a significant difference (p < 0.05). B—Same legend than in A for 9 non-rhythmic neurons.

step at —120 mV changed insignificantly from —0.17 £ 0.001 nA in control conditions to
—0.14 £ 0.006 nA in BDNF. Taken together these results demonstrate that BDNF is acting
specifically on rhythmically active neurons membrane properties.

3.3. Individual PBC Neurons Express TrkB, p75 and/or
BDNF mRNAs

Different responses to BDNF in R and NR neurons can result from uneven distribution
of TrkB receptors inside the PBC or from the fact the BDNF/TrkB signalling controls
specifically rhythm-related targets. We performed single cell multiplex RT-PCR experiments
on 42 neurons (27 R neurons and 15 NR neurons) in order to examine the expression of
BDNF receptors (TrkB and p75) in PBC neurons. Accordingly to what has been shown with
immunolabeling directed against TrkB receptor!! we found within the PBC 38% (n = 16)
of the neurons that expressed either one or both of the two receptors for BDNF (Fig. 3).
In each sub-group of PBC neurons we found equivallent proportion of neurons expressing
BDNEF receptors mRNAs: 11 out of 27 (40%) R neurons expressed either TrkB, p75 or both
mRNAs. Five out of 15 (33%) NR neurons expressed TrkB mRNA. None of the 15 NR
neurons tested expressed p75 mRNA.

Moreover, 29% (n = 8) and 26% (n = 4) of R and NR neurons respectively expressed
BDNF mRNA. Three neurons (2 R and 1 NR) expressed both the ligand and its receptor
(Fig. 3A). These results indicate that a source of BDNF exists within the PBC, with a
possible autocrine and paracrine actions of BDNF on PBC neurons. These data also suggest
that the expression of TrkB or p75 mRNA is not a specific marker for rhythmic neurons
within the PBC.
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Figure 3. PBC neurons express TrkB, p75 and BDNF mRNAs. A—Agarose gel analysis of the multiplex
RT-PCR products of three PBC neurons, one (left) expressing BDNF receptors mRNAs, one (middle) expressing
BDNF mRNA and one (right) expressing both the neurotrophin and its receptors mRNAs. ¢ indicates molecular
weight markers. B—Graph representing the proportion of neurons in R (left group) and NR (right group) groups
that expressed BDNF (white bar), TrkB (black bar) or p75 (gray bar) mRNAs.

4. Conclusions

The present study demonstrates that the rhythmic activity recorded at the PBC level
on spontaneously active transverse brainstem slices is modulated in vitro by exogeneously
applied BDNF'!. The presence of the neurotrophin induces a decrease in respiratory fre-
quency from 0.21 to 0.16 Hz. This decrease is associated with modifications of membrane
properties of thythmic neurons exclusively. Despite the fact that NR neurons express TrkB
mRNA, their membrane properties were unaffected by treatment with BDNF. A small num-
ber of PBC neurons expressed both the neurotrophin and its receptor mRNAs suggesting
that within the PBC some neurons (mainly thythmic) can release the neurotrophin with a
possible auto-regulation in a few subset of cells.

Among the 15 NR neurons tested in RT-PCR, 33% expressed TrkB mRNA whereas
none of the 9 NR neurons intracellularly recorded exhibited modifications of membrane
propertties after BDNF exposure. This discrepancy can be explained by two hypothesis.
First, BDNF might target in non-rhythmic neurons other membrane conductances than
those tested in the present study and that would not be specifically implicated in rhythm
generation. Second, the probes used to detect TrkB mRNA do not discriminate between
the truncated and the complete forms of the receptor arising from differential splicing. It
remains possible that NR neurons expressed truncated receptors devoid of tyrosine kinase
activity. On the other hand, expression of truncated isoform of TrkB receptor might inhibit
activation of Trk kinases in NR neurons by forming nonproductive heterodimers'®. The
presence of truncated receptors at the surface of non-rhythmic neurons might also limit
the diffusion of BDNF to inappropriate sites of action, thereby restricting its action to the
PBC region!®. Interestingly expression of p75 receptor, known to enhance the specificity
of TrkB receptor for its primary ligand BDNF'?, is found exclusively in rhythmic neurons,
suggesting that R neurons might link BDNF with a higher affinity than NR neurons.

Our findings indicate that BDNF preferentially affects PBC neurons exhibiting rhyth-
mic activity despite the fact that also non-rhythmic neurons express its receptor mRNAs. The
role, if any, of the non-rhythmic neurons in the respiratory rhythm generation is unknown.
Their identification is based on their location (closeby the extracellular electrode) and their
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discharge pattern (tonic or silent). It remains possible that the slicing procedure damaged
their processes depriving them from rhythmic inputs from other elements of the respiratory
neural network contained in the slice. In any case, the fact that BDNF did not change mem-
brane properties of NR neurons argue in favor to the fact that the BDNF-induced decrease
of the respiratory frequency is mainly mediated through action on membrane properties
of R neurons (in addition to an enhancement of excitatory synaptic currents received by
R neurons, see ref 11).
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lonic Currents and Endogenous Rhythm
Generation in the pre-Botzinger
Complex: Modelling and /n Vitro Studies

Olivier Pierrefiche, Natalia A. Shevtsova, Walter M. St.-John,
Julian F. R. Paton, and llya A. Rybak

1. Introduction

The pre-Botzinger complex (pBC), a small area in the rostroventrolateral medulla, has been
suggested to represent a “kernel” of the mammalian respiratory network' . The in vitro
preparations from neonatal rodents containing this area can, under certain experimental con-
ditions, generate an intrinsic rhythmic activity*>. This activity does not require inhibitory
neurotransmission® and, therefore, is likely to be generated by a population of pacemaker
neurons in the pBC!'~>. At the same time, the “decrementing” discharge pattern of rhyth-
mic activity in the pBC recorded in vitro differs from the pattern of respiratory discharges
observed under normal conditions in vivo (“eupnoea”) and is similar to gasping pattern”-%.
In order to establish possible relationships of the intrinsic rhythmic activity in the pBC to
the respiratory rhythmogenesis in vivo, it is important to analyse the conditions in which this
activity occurs in vitro and to compare these conditions with the rhythmogenic conditions
during eupnoea and gasping in vivo. According to the preliminary modelling studies’, the
in vitro thythmic activity in the pBC may be dependent on a relative expression of the
voltage-gated potassium and persistent sodium currents in pBC neurons. Here we present
the results of our combined modelling and in vitro studies performed to test this modelling
prediction. Our studies focused on the involvement of the potassium and persistent sodium
currents in the endogenous rhythmic activity in the pBC in vitro and on the possible relation
of this activity to the genesis of the respiratory oscillations in vivo.
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2. Modelling Intrinsic Bursting Activity in the PBC

The model of a single pBC pacemaker neuron was developed using the Hodgkin-
Huxley formalism. The model was based on the previous models> and included fast
sodium (Zygs), persistent sodium (Iy,p) delayed-rectifier potassium (I ), leakage (Zieqr),
and synaptic (I,,,) currents which together defined the dynamics of the neuron membrane
potential. The voltage-gated and kinetic parameters for Iy, and Iy,p were drawn from recent
in vitro studies of isolated pBC neurons!®, To investigate firing behaviour of a pacemaker
neuron population we modelled a population of 50 neurons with all-to-all excitatory synaptic
connections. Heterogeneity within the population was set by the random distribution of the
maximal channel conductances (gnap, §x » icak and gj;n). For more details see Rybak et al.!!

Figure 1 shows results of our simulations. We found that the population bursting ac-
tivity could be induced in the model by an elevation of the external potassium concentration
[K*], from the physiological level (3 mM) to higher levels (Figure 1A) or by chang-
ing the maximal conductances of potassium (gx, Figure 1B) and persistent sodium (gx,p,
Figure 1C) channels at the normal level of [K*],. Our modelling study has demonstrated
that rhythmic bursting activity in a population of pacemaker neurons may be triggered
(repetition) by either (1) an increase of the extracellular potassium concentration, or (2) a
suppression of the voltage-gated potassium currents, or (3) an augmentation of the persistent
sodium currents (see Figure 1).

Our in vitro studies described below have been performed with the primarily goal to
test our modelling predictions.

3. In Vitro Studies

Experiments were performed using transverse slices (700 Lm) obtained from neonatal
rats (PO-P4), deeply anaesthetized with ether. Anatomical landmarks were used for the
localisation of the pre-Botzinger region. Rhythmic activity in the slices was triggered by
the elevation of [K*], to 5~7 mM. The population activity of the pBC and the activity of
XII nerve rootlet were recorded simultaneously with suction electrodes. Raw activities were
filtered, amplified and integrated. Experiments were started with aCSF-5 (aCSF containing
5 mM of potassium). With aCSF-7, all slices generated stable rhythmic activity. Then
we replaced aCSF-7 with an aCSF containing 3 mM of potassium (aCSF-3) which was
considered as an aCSF corresponding to the normal in vivo conditions. The effects of
potassium current blockers (4-AP, 50-200 uM, or TEA, 2-4 mM) and of sodium cyanide
(NaCN, 2 mM) were examined with aCSF-3 after rhythmic activities were completely
abolished. The effects of the persistent sodium current blocker riluzole (25-50 uM) were
tested using the rhythmically active slices superfused with aCSF-7.

At 7 mM [K*],, all slices demonstrated rhythmic activity which was synchronous
in pBC and XII recordings. This activity was abolished when [K*], was reduced to 3 mM
(Figure 2A). Application of potassium channels blockers (4-AP or TEA) at 3 mM [K 1],
triggered rhythmic activity in the pBC and on XII nerve rootlet (Figure 2B). Application
of riluzole (25-50 uM), a persistent sodium channel blocker, at 7 mM [K*], abolished
rhythmic activity in the majority of slices (Figure 2C). Finally, histotoxic hypoxia induced
by application of NaCN (2 mM) also triggered synchronous rhythmic activity in pBC and
XI1I nerve rootlet at 3 mM [K *], (Figure 2D).
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Figure 1. Triggering bursting activity in the model of pBC population of pacemaker neurons. The result of each
simulation is represented by two diagrams: the top diagram is a raster plot for spike times in all 50 cells, sorted on
the ordinate axis by cell index number; the bottom diagram is a corresponding integrated histogram of population
activity (bin size = 10 ms). A. Triggering endogenous bursting activity by elevation of [K *], from 3 mM to
higher levels from left to right. An increase of [K ¥, increases the burst frequency and the level of background
asynchronous activity and decreases the burst amplitude. B. Triggering bursting activity by reduction of the mean
value of Zx in the population. The mean value of gx is reduced from 50 nS to lower values from left to right.
C. Triggering bursting activity by augmentation of the mean value of gx,p in the population from 4 nS to higher
values from left to right.

4. Discussion

This study reveals that rhythmic activity in the pBC may be triggered by a reduction
of Ix. The suppression of Ix can be obtained by either an increase in [K *], (via the
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Figure 2. Results of in vitro studies. A. Reducing [K +], from 7 to 3 mM stopped rhythmic activity in the slice.
B. Triggering endogenous bursting activity in the slice by application of 4-AP (3 mM) at [K*], = 3 mM. Left
column shows the intrinsic activity in the same slice at [K*+], = 7 mM before the application of the blocker. C.
Riluzole (25 M) abolished rhythmic activity in the slice at [K*+], = 7 mM. D. Triggering endogenous bursting
activity in the slice with NaCN (2 mM). Left column shows the activity in the same slice at [K+], = 7 mM, before
the application of NaCN.

reduction of the potassium reversal potential) or a direct suppression of the voltage-gated
potassium channels. Our simulations suggest that at the physiological level of {K*],, the
Inqp-dependent intrinsic oscillations in the pBC are restrained by the normally expressed
voltage-gated potassium currents. Consequently, a suppression of Ix or an activation of
Iy.qp can trigger endogenous bursting oscillations in the pBC.

Our in vitro data confirmed our modelling predictions. We conclude that the reduction
of Ix via the elevation of [K *], is critical for triggering and maintenance of stable rhythmic
activity within the pBC. In addition, blocking the intrinsic activity in the pBC by riluzole
has provided an additional support for the previous suggestions!—> that thythmic activity
recorded from the pBC in vitro is persistent-sodium dependent.

We have also demonstrated that histotoxic hypoxia induced by application of NaCN
(2 mM) can also trigger rhythmic activity in the pBC. The decrementing shape of the bursts
triggered by NaCN were not different from the shape of bursts triggered by the elevation of
[K ™), or application of potassium current blockers.

The role of pacemaker-driven oscillations in the pBC in the generation of the eup-
noeic respiratory rhythm and its possible involvement in the generation of other patterns of
breathing, such as gasping, is the subject of debate. As mentioned above, the neuronal bursts
recorded in vitro (as seen in both the hypoglossal nerve activity and the population activity
from the pBC area) have a “decrementing” pattern and differs from the “augmenting” pattern
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Figure 3. The results of our studies using the perfused in situ preparation. Application of 4-AP and strychnine
(to block glycinergic inhibition) in combination with an increase of [K +], converted the eupnoeic pattern of
phrenic nerve discharge to a decrementing discharge similar to that recorded in vitro and during ischemia-induced
gasping in situ. This effect was fully reversible following washout of the drugs and returning the [K *1, to the
control levels (see “Washout”).

of the phrenic nerve discharges recorded in vivo during eupnoea but is similar to gasping”%.
Similar to the in vitro thythm, gasping is resistant to blockade of inhibitory transmissions,
and hence it has been suggested that gasping is also generated by a pacemaker-driven
mechanism!2 1%, We suggest that the pacemaker-driven activity in the pBC is not expressed
during eupnoea but plays a fundamental role in the generation of gasping. According to the
switching concept °13 the pBC is considered a region explicitly responsible for switching
from eupnoea, generated by a network mechanism distributed in the pontomedullary region,
to gasping driven by pacemaker-based oscillations in the pBC.

The decrementing high-amplitude, short-duration discharges recorded from the
phrenic nerve during gasping have a similar shape to that of endogenous discharges recorded
from in vitro preparations. Therefore, hypoxia may indeed produce a switch in the respi-
ratory rhythm generation from a network mechanism for eupnoea to a pacemaker-driven
mechanism for gasping. In support of this concept, it should be noted that hypoxia causes
(1) a suppression of voltage-gated potassium currents, I'x 14-16 (2) an augmentation of the
persistent sodium current, /y,»'7*'8, and (3) an increase of external potassium concentration
[K*+11%, which produces an additional suppression of Ix.

In the present study, by combining in vitro experiments and computational modelling,
we have shown that each of the above factors accompanying hypoxia may trigger endoge-
nous bursting activity in the pBC. These results support the concept that gasping in vivo is
driven by a pacemaker mechanism originated in the pBC.

Our recent study of the neurogenesis of gasping in situ provided additional experi-
mental evidence for this concept. Specifically, application of 4-AP and strychnine (to block
glycine receptor mediated inhibition) in combination with an increase of [K*], converted
the eupnoeic pattern of phrenic nerve discharge to a decrementing discharge similar to that
recorded in vitro and during ischemia-induced gasping in situ'® (Figure 3).
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Modulation of Inspiratory Inhibition of
the Botzinger Complex by Raphe Pallidus
and Locus Coeruleus in Rabbits

Guimin Wang, Shuyan Yu, Fayan Zhang, Yanchun Li, Ying Cao,
Qin Li, Gang Song, and Heng Zhang

1. Introduction

In mammals, the respiratory thythm is generated by the brainstem neuronal network. The
Botzinger complex (B6t.C) is a group of inhibitory expiratory neurons at the rostral end of
the ventral respiratory group (VRG) near the retrofacial nucleus. Neurons in the Bét.C have
widespread inhibitory connections with other medullary respiratory neurons and phrenic
motoneurons.'> Long train stimulation of the B6t.C caused inhibition of inspiration and
inspiratory to expiratory phase-switching.3*

The nucleus raphe pallidus (RP) is a group of 5-HTergic neurons in the midline region
of caudal medulla.’ The nucleus locus coeruleus (LC) is a group of noradrenergic neurons
in the dorsal pons.® Axons from the B6t.C, RP, and LC projected and converged to the
phrenic premotor neurons in medulla and the phrenic motoneurons in spinal cord.”~'"We
hypothesize that the RP and LC could modulate the effects of the Bot.C to control the
inspiratory duration and amplitude.

The present study is to observe the effect of the 5-HTergic RP and the NEergic LC on
the B6t.C’s inspiratory inhibition and to elucidate its role in the regulation of respiration.

2. Methods

2.1. Animal Preparation

Experiments were carried out on 52 adult rabbits (weighing 2.2-2.6 kg) of either sex.
The rabbit was anesthetized with urethane (1.0 g/kg, i.v.). Tracheotomy was performed for
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artificial ventilation. Both cervical vagus nerves were separated for subsequent vagotomy.
The animal was placed in a prone position and fixed in a stereotaxic head holder. The head
was ventroflexed to facilitate recordings from the medulla. Both Cs phrenic roots were
dissected free, cut distally, and prepared for recording. The dorsal surface of the medulla
was widely exposed by occipital craniotomy, and the dura and arachnoid membranes were
removed. All exposed tissues were covered with warm paraffin oil (37-38°C). All rabbits
were paralyzed with pancuronium bromide (Sigma; initial dose 0.5 mg/kg, supplemented by
0.1 mg/kg/hour, i.v.) and ventilated with oxygen enriched medical air (0xygen concentration
at 40%). The end-tidal CO, was monitored (OIR-7101, Nihon Kohden) and kept at 4-5%.
Blood pressure was monitored through a carotid artery cannula and maintained at 12-15 Kp
by continuous infusion of 10% glucose in physiological saline through the femoral vein.
Rectal temperature was kept at 37.5-39°C with a heating pad.

2.2. Stimulation and Recording

Phrenic nerve discharges were recorded with a bipolar silver electrode, amplified,
filtered (50--3 k Hz), and displayed on a dual-beam memory oscilloscope (VC-10, Nihon
Kohden). We defined the obex at the most rostral extent of the area postrema as a standard
point of anatomic reference. For electrical stimulation of the Bot.C, the tip of an insu-
lated monopolar tungsten microelectrode (shaft diameter 70 m, tip electrically etched to
1-3 m, impedance 3-6 MS2) was stereotaxically inserted into the area of retrofacial nu-
cleus, positioned 3.5-5.0 mm rostral to the obex, 2.5-3.5 mm lateral to the midline, and
4.04.5 mm below the dorsal medullary surface. For stimulation of the RP, another tungsten
microelectrode was positioned 1.0-4.0 mm rostral to the obex, midline, and 3.0-4.5 mm
below the dorsal medullary surface. For stimulation of the LC, the electrode was positioned
5.8-6.0 mm caudal to the bregma and 2.0-2.3 mm lateral to the midline, at depth of 15.5—
15.8 mm from bregma surface. All signals were inputted into a computer for recording and
analyzing with the Biobench software (NI Corporation, U.S.).

Rectangular constant current pulses (duration 0.1 msec, 80 Hz) from an electronic
stimulator (SEN-3201, Nihon Kohden) was used for stimulation. We defined the stimulation
threshold as the lowest stimulus current that produced an appreciable inhibitory (stimulating
B6t.C) or excitatory (stimulating RP or 1.C) effects on phrenic nerve discharges during a
5-sec repetitive stimulation. Stimulation times were 10 sec for RP and L.C, and 15 sec for
Bot.C. The amplitude of integrated phrenic discharge (/Phr) was calculated by averaging the
peak amplitudes of 3 control respiratory cycles, or all cycles during the 15-sec stimulation.
Percentage of inhibition = (control fPhr— fPhr during stimulation) / control fPhr.

At the end of each experiment, a DC current (30 A for 30 sec) was passed through
tungsten microelectrodes to produce electrolytic lesions to mark the recording and stim-
ulation points. The animals were sacrificed with an overdose of urethane (2 g/kg) and
immediately perfused with 10% formalin. The brains were removed, blocked and cut into
100 m frozen sections for the detection of stimulation and recording sites.

2.3. Statistic Analysis

Results were presented as mean + SD. Student’s t-test and F-test were used to deter-
mine the difference. Statistical significance level was set at P < 0.05.
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3. Results

3.1. Depression of the B6t.C’s Inspiratory Inhibition
by Pre-stimulation of RP

As reported in previous studies, electrical stimulation of the B6t.C caused intensity-
dependent depression of phrenic discharge. We found that phrenic nerve discharge began
to decrease at intensity of 15 + 5 A and was completely depressed at 30 + 5 A (80 Hz,
pulse duration 0.1 msec, 15 sec).

Electrical stimulation of the RP increased the amplitude of phrenic inspiratory dis-
charge and the respiratory frequency. After the RP stimulation, within a short period of
time, electrical stimulation of the Bot.C caused weaker inspiratory inhibition. At intensity
of 20 A, stimulation of the B6t.C decreased the amplitude of integrated phrenic discharge
by 59.97 + 9.67%. Two seconds after the RP stimulation, the same stimulation at the B6t.C
only decreased the integrated phrenic discharge by 26.04 £ 9.09%. The difference was
highly significant (n = 29, P < 0.01). (Figure 1, Figure 3)

3.2. Depression of the B6t.C’s Inspiratory Inhibition
by Pre-stimulation of LC

Similar depression of B6t.C’s inspiratory inhibition was observed after electrical stim-
ulation of the LC. In another group of animals, at intensity of 20 A, stimulation of the B6t.C
decreased the amplitude of integrated phrenic discharge by 61.89 £ 12.43%. Two seconds
after LC stimulation, the same stimulation at the B6t.C decreased the phrenic discharge by
19.13 =4 3.12%. The difference was highly significant (n = 17, P < 0.01). Electrical stimu-
lation at the LC increased the amplitude of phrenic discharge and the respiratory frequency.
(Figure 2, Figure 3)

4. Discussion

Our results showed that long train (15 sec) electrical stimulation of the Bot.C caused
intensity-dependent inhibition of phrenic nerve discharge. It also demonstrated that the
5-HTergic neurons in RP and the NEergic neurons in LC could modulate the inspiration-
inhibition of the B6t.C. We suggest that the down-regulation of GABAa receptor mediated
synaptic inhibition is responsible for this phenomenon.

The neurons of Bot.C projected to the spinal phrenic motor neurons and the medullary
phrenic premotor neurons.” 1°~13 Electrical and chemical stimulation of the B6t.C produced
strong inhibition of phrenic discharge.!*!? This inhibition could be blocked by local ap-
plication of bicuculine (a specific GABAa receptor antagonist), indicating the involvement
of GABAa receptors.!* 15 Both the RP and LC projected to phrenic motor neurons and
medullary respiratory neurons. In addition, axonal terminals containing 5-HT and NE were
observed to form synapses with phrenic motor neurons.® 1% 16 Stimulation of RP and LC
would cause the release of related neurotransmitters (5-HT and NE, respectively) to those
neurons.
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Figure 1. Pre-stimulation of the RP weakened the inspiratory inhibition caused by stimulation of the Bot.C.
A: The phrenic discharge was almost completely abolished by electrical stimulation of the Bst.C at intensity of
25 A. B: Immediately after stimulating the RP, another stimulation at the Bist.C (with the same intensity as in A)
only partially depressed the phrenic discharge. Stimulation at the RP (50 A) increased the amplitude of phrenic
discharge and respiratory frequency. C: 30 seconds after the RP stimulation, stimulation of the Bot.C 25 A)
produced the same degree of phrenic inhibition as in A. Arrows indicate the artifacts.

GABAa receptor is subject to phosphorylation modulation by PKA, PKC, and ty-
rosine kinase. The level of phosphorylation modulated the receptor current. The binding
of 5-HT and NE to their respective receptors would change the activity of those pro-
tein kinases through some kinds of secondary messenger pathways and caused the down-
regulation of the GABAa receptor current.'’~ As a result, the GABAa receptor mediated

inspiration-inhibition of Bét.C was compromised following pre-stimulation of the RP and
LC.
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Figure 2. Pre-stimulation of the LC weakened the inspiratory inhibition caused by stimulation of the Bét.C.
A: The phrenic discharge was almost completely abolished by electrical stimulation of the Bot.C at intensity of
25 A. B: Immediately after stimulating the LC, another stimulation at the Bot.C (with the same intensity as in
A) caused weak depression of the phrenic discharge. Stimulation at the LC (50 A) increased the amplitude of
phrenic discharge and respiratory frequency. C: 30 seconds after the LC stimulation, stimulation of the Bot.C
(25 A) produced the same degree of phrenic inhibition as in A. Arrows indicate the artifacts.

In conclusion, the existence of such kind of “cross-talk” between different transmitter
systems endows flexibility and plasticity to the respiratory newronal network. All those
properties greatly increased the ability of the respiratory system to adapt to changes in
internal and external environments.
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Behavioural Control of Breathing
in Mammals: Role of the Midbrain
Periaqueductal Gray

Hari H. Subramanian, Ron J. Balnave and Chin Moi Chow

1. Introduction

Brainstem respiratory neurons play a critical role in the generation of basic breathing rhythm
in mammals (Richter et al., 2001, Feldman et al., 2003). This basic respiratory rhythm is
modified by neurons probably with behaviour roles to support development of emotional
expressivity. Such modulatory neurons are thought to be hierarchically organised throughout
the neuraxis from the cerebral cortex through to the brainstem and spinal cord (Holstege,
1991a,b). One area within this hierarchy, that has been shown to be involved in motor
patterning of defensive behaviour (in rats and cats) and vocalization (in cats) is the midbrain
periaqueductal gray (PAG) (Carrive et al., 1987, Zhang et al., 1994).

Here we focus on respiratory patterns produced by the stimulation of the PAG with
excitatory amino acid (EAA): tachvpnea, associated with behaviours such as defensive
reactions in the rat and the vocalization-breathing pattern in the cat. We summarize recent
evidence obtained from our studies to suggest a possible role for the PAG in respiratory
patterning to support complex motor behaviour.

2. Studies on the Rat

The role of PAG in the behavioural control of breathing in the rat is unclear. We were
interested to determine the function of PAG as a respiratory modulating centre. Nembutal-
anaesthetised (70 mg/kg), spontaneously-breathing rats (Sprague-Dawley, n = 30,
weighing 350400 g of either sex) were used to examine the effect of chemical stimulation
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Figure 1. Effect of stimulation of dIPAG with DLH (30 nl). BP: blood pressure; Demg: diaphragm electromyo-
gram. (from Huang et al., 2000).

(D, L-Homocysteic acid [DLH], 0.2 M 30-60 nl) of the dorsolateral PAG (dIPAG) on res-
piratory function. Respiratory patterns were examined through EMG recordings of various
respiratory muscles.

2.1. Respiratory Patterning Following EAA Stimulation of dIPAG

Chemical stimulation of the dIPAG (7.8-8.3 mm caudal to bregma) evoked tachypnea
(Fig. 1). The alteration of quiet breathing to a tachypneic pattern was site-specific and dose-
dependant. Tachypnea was accompanied with significant increases in blood pressure (BP)
and heart rate (HR).

The tachypnea was characterized at first by huge increases in diaphragm amplitude
and increased respiratory frequency (RF). Both inspiratory (Ti) and expiratory (Te) dura-
tions were shortened. These changes were accompanied by increase in blood pressure that
peaked 7.5 ms after the commencement of the respiratory effect. After 4.9 seconds RF
began to decline. Ti & Te increased and Te became longer than control. In our laboratory
it has been shown that abdominal muscles are recruited during tachypneic breathing along
with significant increases to activity in external intercostals (Z-G Huang, personal commu-
nication). During tachypneic breathing the anaesthetized rat was observed to withdraw both
fore and hind limbs and to arch its back.

2.2. dIPAG Induced Tachypnea can be Reversed by Prior
Microinjection of 3-Antagonist (Propranolol) into NTS

The tachypnea induced by stimulation of dIPAG could be reversed by prior microin-
jection of f-antagonist (propranolol 150 pmol, 30 nl, pH 7.4) into the commissural NTS;
ie the DLH microinjections no longer induced tachypnea (Fig. 2). Propranolol treatment
however did not alter the DLH (into dIPAG) induced cardiovascular response. Propranolol,
itself, injected into NTS did not significantly alter BP, HR or RF in the absence of DLH.

The findings suggest that 3-adrenoreceptors, at least in part, mediate the tachypnea,
and likely through a noradrenergic link to the NTS. Li et al. (1992) reported increased
respiratory activity following glutamate stimulation of the locus coeruleus. Its increase
was blocked by propranolol injection into the NTS. This report together with our obser-
vation suggest that through some central respiratory circuits the effect of noradrenaline on
respiratory activity is excitatory, a finding different to that of noradrenergic influences of
respiratory neurons in the VRG (Champagnat et al., 1979). Propranolol pre-treatment did
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Figure2. DLH into the dIPAG after pre-treatment of NTS with propranolol. Demg: diaphragm electromyogram:
BP: blood pressure. (from Huang et al., 2000).

not alter BP. This vascular response is probably mediated by «;/x, receptors (Feldman and
Felder, 1989).

2.3. PAG: A Respiratory Modulator in the Rat

Production of tachypnea and abdominal breathing pattern upon stimulation of dIPAG
suggests the presence of discrete respiratory neuronal populations capable of modulating
quiet breathing. It is not possible for us to propose a behavioural scope for the tachypnea
elicited in our anaesthetized preparation. Depaulis et al. (1992) have presented evidence of
the involvement of PAG in defensive reactions in the rat. Carrive et al. (1987) have shown
tachypneic breathing to be part of an integrated defense response in the cat. Perhaps the
body movements observed during tachypnea in our preparation signify the elicitation of
a defense reaction. As well tachypnea was often seen prior to the development of PAG
induced vocalization in our cat data (below). In cats, lateral and ventrolateral PAG function
as the primary center for call production (Zhang et al., 1994). In the rat, such a vocalization
neuronal apparatus has not yet been demonstrated. However, abdominal patterning signifies
the possibility of (fictive) phonation triggered by the PAG.

3. Studies on the Cat

3.1. Respiratory Patterning During PAG Induced Vocalization
in the Cat

Analysis of data from precollicular decerebrate cats (n = 8, weighing 2.2—4.5 kg
of either sex) revealed the respiratory patterns (through various respiratory and laryngeal
EMG recordings) produced during vocalization elicited by DLH (0.2 M, 30-60 nl) microin-
jections into PAG. The patterning of breathing during vocalization was characterized by
shortening of inspiration, an increase in inspiratory effort, a prolongation of expiration and
marked decrease in overall RF (Fig. 3). Progressive recruitment of abdominal & cricothy-
roid muscles were seen. In some cases a Double Diaphragm pattern of breathing was also
seen (Fig. 4).
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Figure 3. Vocalization breathing pattern elicited from the PAG. TP: Tracheal Pressure, D: Diaphragm EMG,
EO: External Oblique EMG.
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Figure 4. Characteristic Double Diaphragm pattern of breathing seen during mixed vocalization elicited from
the PAG. TP: Tracheal Pressure, D: Diaphragm EMG. H: Hiss, M: Mew.

Tachypnea was observed in a number of vocalization episodes. Tachypnea occurred
immediately following the DLH microinjection, prior to the elicitation of vocalization.
Typically, the DLH microinjection induced a rapid rise in the respiratory rate for a few
seconds, followed by a fall in RF sharply upon elicitation of vocalization. The fall ranged
between 40-60% depending upon the type of vocalization (hiss/mew/howl/growl) elicited.

The inspiratory durations (Ti) for voiced vocalizations, (mews, howls and growls)
were decreased in the range of 10-15% of its control value. The Ti preceding unvoiced
vocalization (hiss) was generally larger than control. The expiratory durations (Te) were
prolonged for voiced vocalizations. The overall Te showed an increase in the range of
170-300% as compared to that of control. The unvoiced vocalization had a shorter vocal
expiratory phase usually lower than control. While expiratory facilitation is sublimal during
quiet breathing, expiratory patterning to suit a specific vocal episode is seen during PAG-
evoked vocalization. This is evident from the differential expiratory duration control for
voiced and unvoiced vocalizations. The tracheal pressure (TP) increase is significant (up to
40 cmH,0) during voiced vocalizations. This suggests that the prior tachypnea (increased
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Figure 5. Short and long expirations associated with the mixed vocalization elicited from the PAG. TP: Tracheal
Pressure, CT: Cricothyroid EMG, D: Diaphragm EMG.

diaphragm frequency and amplitude) may be responsible for the increased TP necessary for
vocalization. Integration of expiratory and laryngeal neuronal activity may also contribute
to a large modulation in TP.

3.2. Differential Inspiratory & Expiratory Patterning During
Hiss-Mew Episodes (Double Diaphragm Pattern)

During a mixed vocal episode (Fig. 4) the diaphragm discharge patterns were different
before a hiss and a mew. The inspiratory activity preceding the hiss showed an augmenting
discharge pattern (Fig. 5). The inspiratory phase following the hiss and prior to the mew was
similar to baseline diaphragm activity. The increase in EMG activity and the appearance
of large amplitude spikes are suggestive of large motor units being recruited for mediating
increased inspiratory effort and lung volume requirements. Similar control is also seen over
the expiratory and laryngeal musculature. The expiratory activity is very much different for
a hiss and a mew. In the case of a hiss the PAG does not produce sufficient expiratory drive
to produce the vibration of the vocal folds in spite of development of sufficient air volume
in the lungs. The laryngeal adductor muscles ( cricothyroid) are neither active nor is there a
sufficient build up of tracheal pressure (Fig. 5).

3.3. Respiratory Patterning Following Direct Chemical Stimulation
of the NRA in the Caudal Brainstem

In data from six cats we looked at the respiratory patterning following DLH mi-
croinjections into the nucleus retroambigualis (NRA). The microinjections gave rise to
laryngeal (CT) and abdominal (EQ) muscle activation along with slight elevation of TP
(up to 6 cmH,0). A significant finding of this data was the maintenance of the respiratory
frequency to such an intervention (Fig. 6). Study by Feldman and Speck (1983) has shown
that stimulation of the expiratory neurons in the NRA causes changes to RF with character-
istic increases in the Te. Our results are in agreement with their reporting, as lengthening of
expiration is seen. However the RF does not change significantly as the expiratory length-
ening is accompanied with shortening of inspiration. This opposing activity maintains a
relatively constant mean RE. Whether this phenomenon is due to co-activation of NRA
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Figure 6. DLH intotheNRA. TP: Tracheal Pressure, CT: Cricothyroid EMG, D: Diaphragm EMG, EO: External
Oblique.

laryngeal neurons along with the premotor respiratory neurons (presumably in the ventral
respiratory group [VRG]) remains to be investigated.

3.4. PAG: A Respiratory Modulator in the Cat

It is strikingly apparent that alterations to quiet breathing pattern are necessary for
vocalization in the cat. Our results suggest that the PAG contains discrete neuronal popula-
tions involved in patterning of respiration during species-specific call production. Further
the NRA data establish that brainstem respiratory and laryngeal neurons involved in basic
respiratory function are not capable of such motor patterning, an attribute highlighting the
hierarchical superiority of the PAG.

4. Conclusion

Our findings clearly show that PAG modifies the quiet breathing pattern to support
complex motor behaviour in both the rat and the cat. Further investigations are required to
provide understanding of the extent of sensori-motor integration happening at the PAG and
the hierarchical role it plays in the behavioural control of breathing.

5. Acknowledgements

This work was supported by grants from Faculty of Health Sciences, University of
Sydney, and Australian National Health and Medical Research Council.

References

1. Richter, D. W,, Spyer, K. M., 2001. Studying rhythmogenesis of breathing: comparison of in vivo and in
vitro models. Trends in Neuroscience, 24, No. 8, 464-472.

2. Feldman, J. L., Mitchell, G. S., Nattie, E. S., 2003. Breathing: Rhythmicity, Plasticity, Chemosensitivity.
Annu. Rev. Neurosci. 26, 239-266.



Role of Midbrain Periaqueductal Gray 141

10.

11.

12.

Holstege, G., 1991a. Descending motor pathways and the spinal motor system. Limbic and non-limbic
components. In Progress in Brain Research. Edited by G. Holstege Amsterdam: Elsevier Vol 87. p 307-421.
Holstege, G., 1991b. Descending pathways from the periaqueductal gray and adjacent areas. In The Midbrain
Periaqueductal Gray Matter: Functional Anatomical and Immunohistochemical Organization. Edited by A.
Depaulis and R. Bandler. New York Plenum Press, p 239-265.

Carrive, P, Dampney, R. A. L., Bandler, R., 1987. Excitation of neurons in a restricted region of the periaque-
ductal gray elicits both behavioural and cardiovascular components of defence reaction in unanaesthetised
decerebrate cat. Neurosci. Lett, 81, 273-278.

Zhang, S. P, Davis, P. I, Bandler, R., Carrive, P,, 1994. Brainstem Integration of Vocalization: Role of the
Midbrain Periaqueductal Gray. Journal of Neurophysiology, 72, 1337-56.

Li, Z.Y., Xia, B.L., Huang, C.J., 1992. Effects of microinjection of L-giutamate into locus coeruleus complex
area on respiration. J. Tongji Medical University 12, 205-208.

Champagnat, J., Denavit-Saubie, M., Henry, I., Leviel, V., 1979. Catecholaminergic depressant effects on
bulbar respiratory mechanisms. Brain Res. 480, 57-68.

Feldman, P.D., Felder, R.B., 1989. Alpha 2-adrenergic modulation of synaptic excitability in the rat nucleus
tractus solitarius. Brain Res. 480, 190-197.

Depaulis, A., Keay., K. A., Bandler, R. 1992. Longitudinal neuronal organization of defensive reactions in
the midbrain periaqueductal gray region of the rat. Exp. Brain. Res. 90, 307-318.

Feldman, J. L., Speck, D. F,, 1983. Interactions among inspiratory neurons in dorsal and ventral respiratory
groups in the cat medulla. J. Neurophysiol. 49: 472—490.

Huang, Z. G., Subramanian, S. H., Balnave, R. J., Turman, A. B., Chow, C. M., 2000. Roles of periaqueductal
gray and nucleus tractus solitarius in cardiorespiratory function in the rat brainstem. Respiration Physiology,
120, 185-195.



Breathing at Birth: Influence of Early
Developmental Events

Gilles Fortin, Caroline Borday, Isabelle Germon,
and Jean Champagnat

1. Introduction

Respiration is a rhythmic motor behavior that appears in the fetus and acquires a vital
importance at birth. It is generated centrally, within neuronal networks of the brainstem.
Recently, examination of hindbrain activities in the embryo has revealed that a central
rhythm generater is active in the brainstem before fetal maturation and conforms to the
segmented organization of the embryonic hindbrain at this stage of development. From
physielogical studies of this primordial rhythm generator in embryos, we may therefore
gain an understanding of how genes govern development of neuronal networks and specify
patterns of motor activities operating throughout life.

The brainstem derives from the embryonic hindbrain (rhombencephalon), one of
the vesicles that appears towards the anterior end of the neural tube. When reticular neu-
rons differentiate, the hindbrain neuroepithelium is partitioned along the antero-posterior
axis into an iterated series of eight cellular compartments called rhombomeres. This seg-
mentation process is transient and believed to specify neuronal fates by encoding positional
information'. Electrophysiological recordings performed on an isolated preparation of chick
embryo hindbrain, revealed that by the end of the segmentation period, the hindbrain neu-
ronal network starts to exhibit a consistent and organized activity in the form of recurring
episodes composed of burst discharges that occur simultaneously in the different cranial
nerves. At this stage the neuronal network is already organized with distinct reticular and
motor neurons>. When intersegmental relationships are interrupted by transverse sectioning
of the hindbrain rostral and caudal to the exit of the branchiomotor nerve, the ability to gen-
erate the rhythmic pattern is preserved in each transverse slice. The network organization
which is responsible for this rhythm generation conforms to the rhombomeric pattern in the
hindbrain of the embryo. Specification of the future rhythmic network would therefore take
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place within the segmented hindbrain of the embryo and segmentation may be determinant
in conferring the ability to generate specific thythmic patterns of activity>.

2. Methods

For electrophysiological recording of embryos, isolated whole hindbrain preparations
as well as preparations deriving from hindbrain isolated segments (see Figure 1) were
performed as previously described* ref 4 to ref 2 and transfered into a 2 ml recording cham-
ber superfused at 2 ml.min~! with an artificial cerebrospinal fluid containing in mM: NaCl,
120; KCl, 8; NaH, POy, 0.58; MgCl,, 1.15; CaCl,, 1.26; NaHCO3, 21; glucose, 30 aerated
with 5% C0,/95% O, (pH7.4 at 30°C). Spontaneous electrical activity was recorded through
suction electrodes positioned onto the trigeminal exit point or the seventh, ninth and tenth
cranial nerve rootlets. The recording electrode was connected to a high-gain AC amplifier
(Grass P511K). Amplified and filtered (bandwidth, 3 Hz-3 kHz) neurograms were rectified
and integrated through an analog integrator (Grass 7P3) with a time constant of 50 ms and
digitized at 100 Hz via a CED-1401 laboratory interface. Burst detection and measurements
of burst duration and of interburst intervals were calculated offline using the Acquis! soft-
ware package (developed by G. Sadoc, Gif-sur-Yvette). The duration of recordings varied
from 30 minutes to several hours and the reported patterns of activity were maintained
throughout.

3. Results: Rhythm Generation in Embryo

3.1. Identification of a Maturation Step Leading to an HF Episodic
Activity in the Chick

By recording neural thythm generation in post-segmental chick hindbrains prepa-
rations isolated in vitro, we have identified a developmental step in which GABAergic
synapses begin to exert an inhibitory action on neurons, thereby shifting rhythmic activity
from low frequency (immature, figure 1, bottom left) to high (closer to mature) episodic
frequency (HF, figure 1 bottom right). At the cellular level, GABAergic inhibition is respon-
sible for the appearance of a novel neuronal phenotype (being inhibited instead of excited
during burst activity) within the rhythmic network. At the membrane level, inhibition in-
volves GABA-A receptors and an increase of neuronal input conductance; HF results from
a post-inhibitory rebound regulated by the Ih voltage-dependent current®,

3.2. Deciphering the Rhombomeric Code for HF Maturation

To understand how rhombomere identity might influence rhythm generation, we have
developed in collaboration with A. Lumsden & S. Jungbluth (London), an in ovo neural
tube ablation procedure that allows the later recording of rhythms (arising after the end of
the segmental period) from combinations of isolated single thombomeres (r) or doublets of
adjacent rhombomeres. We found that the normal HF generator develops in 13r4 (figure 1
bottom) and r5r6 doublets, but not in isolated r2, r4 (figure 1 top) or 16, or in r1r4, r2r3 or
r4r5 doublets. Therefore, turning on the HF rhythm pattern depends on the singular identity
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Figure 1. Experiments on chick hindbrain isolated segments demonstrate that the program of hindbrain seg-
mentation controls formation of rhythm promoting neuronal circuits. Individual or pairs of segments are isolated
at the time when they form and maintained in ovo to allow development of neuronal networks. The r3r4 segments
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required, because the mature episodic network fails to develop from the isolated r4 segment.
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of r3 and 15, which controls, on the basis of a two segment repeat, the later maturation
of GABAergic inhibition®. These experiments have demonstrated a robust link between
rhombomere patterning and maturation of HF reticular circuits in the avian embryo.

4. Discussion: Breathing in Transgenic Mice

A wealth of data have been accumulated on genes governing hindbrain segmenta-
tion. Before and at the onset of segmentation, genes encoding transcription factors such
as Hox, Krox-20, kreisler, are expressed in domains corresponding to the limits of future
thombomeres'. Inactivation of these genes specifically disturbs the rhombomeric pattern of
the hindbrain. For example, Krox-20, is transiently expressed within the yet unsegmented
hindbrain in two stripes with sharp edges corresponding to the future thombomeres 13 and
15. The inactivation of Krox-20 in transgenic mice results in the deletion of 13 and r5 and
lethality shortly after birth®. The Krox-20 gene product acts as a direct transcription activa-
tor of other r3- and r5-related genes belonging to the Hox clusters. Concerning Hox genes
themselves, expression of Hoxal also provides one of the earliest signs of regionalisation
within the developing hindbrain. As early as 7.5 day-post-coitum in mice, the Hoxal ex-
pression domain extends from the posterior end of the mouse embryo up to the presumptive
13/r4 border and is downregulated before thombomere boundary formation. This transient
expression has a profound impact on hindbrain patterning, as Hoxal targeted inactivation
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results in severe reduction of r4 and r5 and their derived structures (e.g. the motor nucleus
of the facial nerve) and in lethality shortly after birth®. The advent of such mutant mice in
which embryonic hindbrain development is affected by the deletion of specific territories
provides a potential strategy to establish a link between gene expression and breathing in
intact animals. Because respiration acquires a vital importance at birth, prenatal dysfunc-
tion of neuronal networks can be responsible for functional anomalies that appear after
birth.

4.1. identification of an Anti-apneic Neuronal System Depending
on the Integrity of r3 or r4 in Mice

The general strategy has been to identify phenotypic traits of the rhythmic respi-
ratory network following loss-of-function mutation of transcription factors expressed in
a rhombomere-specific manner: after the elimination of both r3 and r5, or of 15 alone,
obtained respectively by inactivating Krox-20 and kreisler’ and after elimination of r4 and
15 in Hoxal~/~ mutants®. By comparing these different mutants, it was found that both 13-
and r4-derived neurons are essential to alleviate life threatening neonatal apneas thereby
maintaining normal breathing shortly after birth. This “anti-apneic” system is vital during
a precise time window (the first two days after birth in mice’), during which survival of
Krox20~/~ and Hoxal~/~ mutants could be improved by blocking enkephalinergic inhibi-
tion of the respiratory rhythm in vivo. These results have established the link between neu-
ronal loss resulting from the abnormal segmentation of the neural tube and life-threatening
murine syndromes with potential importance in neonatal human pathology.

4.2. Mis-specifications in the Segmented Hindbrain Produce Novel
Neuronal Controls of Breathing, Active After Birth

Abnormal expression of segmentation genes does not necessarily result in cell death.
The survival and neurobiological function of mis-specified cell progeny at birth has been
investigated in Hoxal — /— and kreisler +/— mutants. Dominguez et al.® have identified and
located a novel functional neuronal circuit increasing the respiratory rhythm in Hoxal™/~
mice but not in wild-type mice; it seems to result from the acquisition of an r2-like phenotype
by progenitors located in r3-r4 (figure 2). Chatonnet et al.” have found an exaggeration of
the anti-apneic control (as defined above!?) indicating persistence of an abnormal control
of respiration in heterozygous kreisler mice exhibiting mis-specifications of r3 cells!!, but
neither rhombomere elimination nor massive anatomical deficits. These results demonstrate
that changes in segmental gene expression pattern underlie the acquisition of neuronal
circuits regulating vital adaptive behaviours and, therefore, might be implicated in the
evolution of the vertebrate brainstem network.

4.3. Ontogenetic Basis for a Dual Oscillator Model of Rhythm
Generation

Importantly, r4 is the neural tube territory from which the facial branchio-motor
nucleus and adjacent nuclei are derived. Experiments illustrated in figure 1 show that
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Figure 2. Experiments on Hoxal~/~ mutant mice demonstrate that genes orchestrating hindbrain segmentation
control formation of thythm promoting neuronal circuits. In situ hybridization of the segmented hindbrain (top)
identifies mis-specification of progenitors in thombomeres r3 and 15, a region of the neural tube giving rise to
the caudal Pons. Slice preparations have been developed in the mutant neonates to investigate function of pontine
structures and generation of the respiratory rhythm in vitro. Stimulation of the caudal Pons (arrowhead) in neonatal
Hoxal—/— mutants reveals an abnormal connection that influences respiratory frequency.

rthythm generation in r4-derived structure is higly dependent on proper interactions with
the more rostral, Krox-20-expressing r3*. In Hoxal homozygous mutant mice®, supple-
mentary rthythm-promoting cell are induced from 4 (figure 2) and located at the facial
antero-posterior level of the brainstem, indicating the important role of r4 in the genera-
tion of the anti-apneic system. In contrast, the elimination of 15 in kreisler homozygous
mutants’ does not affect respiratory rhythm generation. These results show that there is a
gap of at least a one rhombomere length between a rostral, r4-derived oscillator and the more
caudal generators of the Pre-Botzinger complex’* 3. The analysis of early developmental
events therefore provides support for a dual oscillator model of respiratory rhythm genera-
tion, by which pre-inspiratory neurons from the parafacial neuronal group'*'? interact with
Pre-Botzinger neurons to generate a normal respiratory drive after birth'®.

5. Conclusions

Overall, studies on embryos and neonates demonstrate the role of hindbrain segmen-
tation in the formation of rhythm-promoting circuits. Developmental mechanisms orches-
trating the early organogenesis of the brainstem appear to be crucial in establishing the
postnatal breathing pattern. Experiments performed after birth in transgenic mice indicate
that, although expression of these genes and hindbrain segmentation are transient events of
the early embryonic development, they are important for the process of respiratory rhythm
generation. Therefore, early developmental processes have to be taken into account to un-
derstand normal and pathological diversity of the vertebrate breathing behaviours during
postnatal life.
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A Dual-Role Played by Extracellular ATP
in Frequency-Filtering of the Nucleus
Tractus Solitarii Network

Fusao Kato, Eiji Shigetomi, Koji Yamazaki, Noriko Tsuiji,
and Kazuo Takano

1. Introduction

ATP is now identified to be an important signaling molecule in the CNS'~>. However, there
are only few brain regions in which the function of ATP-mediated signaling is demon-
strated from the molecular to whole animal levels. The caudal part of the nucleus of
the solitary tract (cNTS) is such a rare structure. In the cNTS, neuronal ATP release®>,
hypoxia-induced increase in purine concentration®, abundant expression of P2X and P2Y
receptors’ ', extracellular hydrolysis of ATP to adenosine* '3, and rich expression of adeno-
sine transporters'# have been demonstrated. In addition, amicroinjection of agonists for P2X
and adenosine receptors into cNTS in anesthetized rats exerts profound cardiorespiratory
effects!>~!7. Taken together, ATP, in tandem with its extracellular metabolite adenosine,
is thought to be involved in the neuronal signaling in the cNTS, where various visceral
signals including those from pulmonary stretch receptors and peripheral chemoreceptor
converge.

The cNTS network presents two distinct types of activities: tonic and phasic. The tonic
activity is generated by regularly firing properties of the ctNTS neurons'$, re-excitatory
connections between cNTS excitatory neurons'®?® and spontaneous action potential-
independent release of transmitters from terminals'®. The phasic activity arises from short-
term responses to the primary afferent inputs'®?°, These tonic and phasic activities may
represent DC (low-frequency) and AC (high-frequency) responses, respectively, of the
input-output characteristics of ¢cNTS network. Here we describe two examples, in vitro
and in vivo, showing that the distinct frequency components of the cNTS activity are regu-
lated by distinct purinoceptors.

Fusao Kato, Eiji Shigetomi, Koji Yamazaki, and Noriko Tsuji * Laboratory of Neurophysiology,
Department of Neuroscience. Kazuo Takano + Department of Pharmacology, Jikei University School
of Medicine, Tokyo 105-8461, Japan.
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2. Methods

2.1. Invitro

Coronal brainstem slices (400-m thickness) of Wistar rats (2-5 weeks old) were
continuously perfused with ACSF (in mM: NaCl 125, KCl 3, CaCl, 2, MgCl, 1.3 or 3,
NaH,;PO4 1.25, D-glucose 12.5, L-ascorbic acid 0.4, NaHCO; 25, picrotoxin 0.1; 95%
03+ 5% CO,)'3. The transmembrane current was recorded from small (soma diameter
<15 m) second-order cNTS neurons visually identified with IR-DIC videomicroscopy with
apatch-pipette containing (in mM): 120 gluconic acid potassium, 6 NaCl, 5 CaCl,, 2 MgCl,,
2 ATP Mg, 0.3 GTP Na, 10 EGTA, 10 HEPES. The membrane potential was held at —70
mV. The solitary tract (TS) was stimulated every 5 s at a suprathreshold intensity (0.01~
3 mA; 100 s) with a concentric bipolar electrode placed on the ipsilateral TS. Recordings
were made at room temperature.

2.2. Invivo

Adult Japanese white rabbits were anesthetized with urethane (0.5 g/kg, ip and
0.5 g/kg, iv). After tracheal cannulation, the animals were immobilized with gallamine
triethiodide (6 mg/kg, iv; then, 3 mg/kg/h) and artificially ventilated with room air under
monitoring of the end-tidal CO» concentration (4.0%—4.5%). The bilateral phrenic nerves
were sectioned in the neck, and the central cut end of a nerve was hooked on a bipolar
platinum electrode for recording. The A and A afferent fiber groups in the vagus nerve
arising from the SA-PSR were selectively stimulated (see METHODS in Ref. 22) with a
bipolar platinum electrode (0.5 V; 100 s).

3. Results

The second-order cNTS neurons showed both spontaneously occurring and
stimulation-evoked EPSCs (SEPSCs and eEPSCs, respectively). For a period of <500 ms
following the TS stimulation, SEPSC frequency increased to ~150% of the basal level
(Fig. 1A). This “short-term excitation” of the cNTS network following TS stimulation is
likely to result from the “re-excitatory processing” between cNTS neurons'®. ATP (100 M)
exerted two distinct effects (Fig. 1, middle). First, ATP increased the frequency of SEPSC
(filled bars in Fig. 1A and inward events in Fig. 1B). Second, ATP decreased the ampli-
tude of eEPSC (Fig. 1B and C). The short-term excitation was no more observed follow-
ing TS stimulation during the ATP effect (Fig. 1A, filled bars). The following analyses
suggest that distinct classes of purinoceptors mediated these distinct effects. Adenosine
(100 M) markedly decreased the eEPSC amplitude (Fig. 1B and C), whereas it did not
increase the SEPSC frequency (Fig. 1A and B). In contrast, ATP applied in the presence of
8-cyclopentyltheophylline (CPT), an adenosine A receptor antagonist, did not affect eEPSC
amplitude despite a marked increase in SEPSC frequency (Fig. 1A~C, right). The increase in
spontaneous activity by ATP was completely abolished by a selective P2X receptor blocker,
pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS, 40 M; data not shown).

These results indicate that ATP (1) promotes spontaneous tonic activity by activating
P2X receptors, and (2) depresses afferent-evoked phasic activities by activating A, receptors
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Figure 1. Effect of ATP and adenosine on the spontaneous and evoked EPSCs. A, peristimulus histogram of
EPSC event frequency. Open bars, control; filled bars, during drug effect. B, peristimulus traces of the membrane
current. The solitary tract was stimulated at the arrowheads. control, traces before application of agonists; during

effect, traces at the period during which the effect of agonists (shown orn the top) was almost maximal. C, time-
expanded superimposition of the traces (10 consecutive stimuli).

after extraceltular breakdown to adenosine. Analyses of the effect of P2X agonists on the
miniature EPSC frequency recorded in the presence of tetrodotoxin (1 M) and the effects of
ATP and adenosine on the paired-pulse depression of the eEPSC (data not shown) revealed
that the receptors underlying these responses are located presynaptically. The amplitude of
eEPSC represents the gain of the phasic, reflexogenic and dynamic activity of the cNTS
network while the frequency of SEPSC reflects the basal level of the tonic, spontaneous
and static activity of the network. It is therefore expected that, in cNTS network, the lower-
frequency components are more affected by activation of P2 receptors whereas the higher-
frequency components are more sensitive to activation of P1 receptors.

To examine whether this frequency-dependent distinction exists in the in vivo prepa-
ration, we analyzed the effect of P2 receptor blockade on the “vagal inspiratory promotion
reflex”, a respiratory reflex highly dependent on the afferent input frequency>!>2.

The vagus nerve stimulation at a low-frequency (10—40 Hz) in vagotomized rabbits
or maintaining the lung volume near the functional residual capacity (FRC) in rabbits with
intact vagi accelerated the respiratory thythm, whereas that at a high-frequency (80-160
Hz) or lung inflation markedly slowed it (Fig. 2A, left). The latter response is the well-
described “vagal inspiratory off-switch”?}, whereas the former is the “vagal inspiratory
promotion” originally described in detail by Refs. 21, 22. After unilateral injection of
PPADS (5 nmole/rabbit) into the cNTS in bilaterally vagotomized rabbits, the low-frequency
stimulation of the vagus afferent ipsilateral to the injection no more accelerated respiratory
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Figure 2, Effectof PPADS on the vagal inspiratory promotion reflex. A, the phrenic nerve discharges in response
to 20 Hz and 120 Hz stimulation of the vagus nerve before and after PPADS microinjection into ¢NTS. B, The
inspiratory time over total respiratory cycle duration during continuous stimulation of the vagus nerve of the side
ipsilateral to the PPADS injection. Broken line indicates the Ti/ Ttor without stimulation.

rhythm (Fig. 2A right and open circles in 2B). In contrast, the vagal stimulation at a high-
frequency still slowed the respiratory rhythm and suppressed the inspiratory activity (Fig.2A
and 2B), indicating the inhibitory effect of PPADS was limited to low-frequency responses.
The PPADS injection did not affect the effects of vagal stimulation contralateral to the
injection. These results indicate that a blockade of P2X receptors in the cNTS suppresses
exclusively the responses provoked by low-frequency afferent signals and leaves those by
high-frequency signals intact.

4. Discussion

ATP is a unique neuromessenger because it plays a dual-role’®: first, after being
released, it activates ionotropic P2X and/or metabotropic P2Y receptors, then ATP is broken-
down to adenosine in the extracellular milieu by ecto-nucleotidases, and activates adenosine
receptors. An important finding of the present study is that ATP and its metabolite adenosine
modulate the input-output relationship of the cNTS network in distinct manners depending
on the frequency-range of the activity, through activation of distinct classes of receptors.

Lines of evidence indicate that the synaptic transmission in the cNTS is highly de-
pendent on frequency?*?°. In addition, the synaptic transmission from the TS to the cNTS
second-order neurons shows strong short-term plasticity, which is profoundly modulated
by adenosine?®. The present results suggest that ATP promotes tonic DC/low-frequency ac-
tivity and adenosine inhibits phasic AC/high-frequency activities, by activating P2X and A,
receptors, respectively. Fig. 3 summarizes a hypothetical model to explain these frequency-
dependent effects of ATP and adenosine. It has been shown that an electrical stimulation of
the hypothalamic defense area triggers ATP release, which is followed by a rapid adenosine
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Figure 3. A hypothetical model to explain frequency-dependent effects of ATP and its metabolite adenosine
on the frequency filtering in the cNTS network. A1-R, adenosine A; receptors; P2X-R, P2X receptors; Insp,
inspiratory pattern generator; Exp, expiratory pattern generator; PSR, pulmonary stretch receptor.

production, in the ctNTS*. ATP released in the cNTS might promote the tonic endoge-
nous activity, while, at the same time, attenuate phasic reflexogenic activity after being
broken-down to adenosine in the cNTS network, which may underlie complex cardiorespi-
ratory responses including the region-dependent changes in the vascular tone and lowered
baroreflex gain during the defense reactions.
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Role of GABA in Central Respiratory
Control Studied in Mice Lacking
GABA-Synthesizing Enzyme 67-kDa
Isoform of Glutamic Acid Decarboxylase

Shun-ichi Kuwana, Yasumasa Okada, Yoshiko Sugawara,
and Kunihiko Obata

1. Introduction

In in vivo adult mammals, the inhibitory neurotransmitter gamma-aminobutyric acid
(GABA) has been shown to play an essential role in the termination of the respiratory
phase in the central respiratory rhythm generator.' On the other hand, works with in vitro
brainstem-spinal cord preparations have revealed that the respiratory rhythm of neonatal
rats is unaffected by blockade of GABAergic and glycinergic receptors.*® These results
suggest that either GABAergic or glycinergic synaptic inhibition is not essential for the
generation of respiratory rhythm in neonatal mammals. We recently analyzed the role of
GABA in the generation of respiratory rhythm and pattern and reported that GABA plays an
important role in the maintenance of regular respiratory rhythm and normal inspiratory pat-
tern in neonatal mice’. However, the precise role of GABA in the generation of respiratory
rhythm and pattern in neonatal mammals is not well understood at the level of respiratory
neurons.

A new function of GABA has been revealed recently in the developing brain. In
various regions of the developing brain GABA serves as an excitatory neurotransmitter,5~!0
and as a neuronal trophic factor.!!™!* Therefore, we hypothesize that GABA plays a role in
the development of the respiratory control system during the perinatal period in mammals.
However, the role of GABA in the development of central respiratory control cannot be
analyzed by simply applying GABA receptor antagonists in fetal or neonatal mice, because
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short-term GABA-blocking experiments cannot elucidate the contribution of GABA over
the two-week period of brainstem development.

Recently, gene-targeting techniques have been effectively employed in studies of
several ontogenetic processes, including those of the respiratory system.'*™"7 We also
succeeded to apply neonatal mice lacking GABA synthesizing enzyme 67-kDa isoform of
glutamic acid decarboxylase (GAD67—/—) in the functional analysis of GABA in central
respiratory control.” In the present study, we looked at the role of GABA in the ontogenesis
of the central respiratory neuronal network using GAD67—/— mice.

2. Methods

2.1. Genotyping

Establishment of a GAD67 mutant mouse line has been reported previously.'® Ho-
mozygous GAD67—/— newborn mice were produced by crossing GAD67 heterozygous
(+/—) mice on a C57BL/6 strain background. The homozygous GAD67—/— genotype is
easily identified by the presence of a cleft palate. All animals were anesthetized with ether
after the experiment, and a piece of tail was sampled from each and frozen. Tail DNA was
later extracted and genotyped by PCR analysis. '

2.2. Isolated Brainstem-Spinal Cord Preparation

The isolated brainstem-spinal cord preparation has been described in detail.*-20
Twenty-four neonatal mice (8 GAD674-/+ and 16 GAD67—/—) were used. Mice were
deeply anesthetized with ether, and the brainstem with cervical spinal cord was isolated.
The rostral pons and cerebellum were ablated. The preparation was transferred to a record-
ing chamber and fixed with the ventral side up. The preparation was perfused at 26°C with
control mock cerebrospinal fluid (mock CSF), which was equilibrated with a gas mixture
of 5% CO; in O, (pH = 7.4). The composition of the control mock CSF was as follows
(in mM): 126 NaCl, 5 KCl, 1.5 CaCl,, 1.3 MgSQy, 1.25 NaH,; POy, 26 NaHCOj3 and 30 glu-
cose. Central respiratory activity was recorded from the C4 ventral roots. After the prepara-
tion was perfused for at least 30 minutes with control mock CSF, the perfusate was switched
to the test mock CSF containing 10 uM GABA or 1-10 uM bicuculline. The signals were
recorded on a thermal array recorder and stored on a digital tape for subsequent analysis.

2.3. Neuronal Recording

The activity of neurons in the superficial (<200 wm) rostral ventrolateral medulla was
recorded intracellularly using a perforated patch technique. The method of recording was
based on our previous experiment.”® Briefly, a glass pipette was pulled with a horizontal
puller (PA-91, Narishige, Tokyo) to a tip size of approximately 2 um. Electrode resistance
ranged from 12 to 18 MQ when filled with a solution containing (in mM) 140 K-gluconate,
10 EGTA, 10 HEPES, 1 CaCl,, 1 MgCl, and nystatin (100 pg/ml). The micropipette was
inserted into the rostral ventrolateral medulla with a manual hydraulic micromanipulator.
Membrane potentials were recorded using a single electrode voltage clamp amplifier (CEZ
3100; Nihon Koden, Tokyo).
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Figure 1. Typical rhythmic activity recorded from C4 ventral roots in isolated brainstem-spinal cord preparations
from GAD67—/~ (A) and GAD67+/+ (B) mice. Rhythm and amplitude of integrated C4 (Integ. C4) bursts of
GAD67+/+ subjects were regular and constant compared with those of GAD67—/— mice. Two-thirds of the
preparations from GAD67—/— mice showed a large amount of non-respiratory activity of long duration. In
GAD67+/+ preparations, respiratory rhythm became irregular and substantial non-respiratory activity appeared
during perfusion with 10 uM bicuculline.

3. Results

3.1. Respiratory Rhythm and Pattern

Examples of C4 recordings obtained from GAD67+4-/+ and GAD67— /— preparations
are shown in Figure 1. In these recordings, rhythmic burst discharges in C4 and amplitudes of
integrated C4 activities were relatively constant in GAD67+ /+ preparations. On the other
hand, in GAD67— /— preparations, inspiratory discharges appeared in C4, but the rhythms
and amplitudes were more variable than in GAD67+/+ preparations. Most notably, large
non-respiratory discharges accompanied inspiratory discharges in 10 out of 16 GAD67—/—
mice. These discharges were characterized by bursts of long duration (10-30 sec), appearing
every 2—10 min. Although these discharges were observed also in other mouse genotypes,
the amplitudes of these non-respiratory discharges were lower than those of inspiratory
discharges.

In three GAD67+/+ preparations, application of 1-10 UM bicuculline produced
disturbance of inspiratory rhythm and induced large non-respiratory discharges (Fig. 1B)
similar to the discharge pattern of GAD67—/— preparations (Fig. 1A).

3.2. Effect of Exogenous GABA on Respiratory Neurons

We performed whole cell recordings successively in 6 inspiratory neurons in
GAD67+/+ preparations and in 6 inspiratory neurons in GAD67— / — preparations. Typical
inspiratory neuron activity obtained from a GAD67+/+ mouse was characterized by a large
inspiratory drive potential and prolonged bursting during the inspiratory phase (Fig. 2A).
In contrast, inspiratory neurons of GAD67-/— mice exhibited weak and short inspiratory
drive potentials, accompanied by only a few spikes during the inspiratory phase (Fig. 2B).
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Figure 2. Effect of GABA application on inspiratory neurons. A: In GAD67+/+ preparations, respiratory
thythm was slowed during perfusion with mock CSF containing 10 uM GABA. Lower panels in boxes indicate
the inspiratory neuron activity on an enlarged time scale before and after perfusion with GABA. The trajectory
of membrane potentials was not affected by GABA application. B: In GAD67—/— preparations, perfusion with
GABA induced a slow respiratory rhythm, prolongation of the inspiratory phase, and an increase in non-respiratory
activity in C4. Simultaneously, exogenous GABA produced increments in inspiratory drive potentials and non-
respiratory EPSPs, followed by a notable increase in spike frequency.

We examined the effect of GABA on central respiratory activity in GAD67+ /4
and GAD67—/— preparations. In GAD67+/+ preparations, the respiratory frequency
decreased with 10 uM GABA (Fig. 2A). Membrane potential trajectories of inspiratory
neurons were not affected by perfusion with GABA. In contrast, application of the same
concentration of GABA to GAD67— /— preparations induced a marked decrease in respira-
tory frequency. Fig. 2B shows a representative recording of an inspiratory neuron, in which
the resting membrane potential fluctuated and firing was synchronized with inspiratory
C4 burst activities. Non-respiratory long burst activity was also augmented by exogenous
GABA. The neuron was activated and tonic firing was synchronized with C4 activity by
perfusion with GABA. In 4 out of 6 inspiratory neurons from GAD67—/— preparations,
this kind of exogenous GABA induced-activation was observed, and the resting membrane
potentials of these GABA-activated neurons fluctuated. The rest of the inspiratory neurons
had stable resting membrane potentials and were insensitive to 10 UM GABA.

In two expiratory neurons from GAD67—/— preparations, responses of membrane
potentials to GABA and bicuculline were successively recorded. Fig. 3 shows an expiratory
neuron that received inhibitory synaptic input during the inspiratory phase ina GAD67—/—
preparation. Respiratory rhythm and amplitudes of IPSPs during the inspiratory phase were
not affected during perfusion of 1 uM bicuculline in the GAD67—/— preparations. In
contrast, 10 uM GABA induced an increase in firing frequency during the expiratory phase
in expiratory neurons.

4. Discussion

We demonstrated that reduction of GABA by genetic disruption of GAD67 resulted
in irrégular respiratory rhythm with notable non-respiratory activity in the brainstem-spinal
cord of neonatal mutant mice. This abnormal respiratory pattern was confirmed at the
level of respiratory neurons. The abnormal respiratory activity in GAD67— /— preparations
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Figure 3. Effects of bicuculline or GABA on an expiratory neuron. Inspiration-related IPSPs were observed in
expiratory neurons in GAD67—/— mice. The IPSPs and firing pattern of expiratory neurons were not affected by
perfusion with 1 uM bicuculline. Perfusion with 10 uM GABA induced an increase in firing frequency during the
expiratory phase.

was similar to the respiratory activity of GAD67+ /+ preparations during application of
bicuculline. This suggests that GABAergic synaptic transmission plays an important role in
the maintenance of stable respiratory rthythm and pattern in neonatal mice. We also showed
that the response of the respiratory neural network to exogenous GABA differed between
GAD67+/4 and GAD67— /— mice. These results suggest that deficiency of GABA during
the perinatal period induces a disturbance in the functioning and/or development of the
central respiratory neuronal network that generates respiratory rthythm and pattern.

4.1. Role of GABA in Inspiratory Pattern Generation

Inthe previous study we showed that the respiratory pattern in GABA-deficient mice is
characterized by irregular rhythm with a short inspiratory duration.’ In the present study we
analyzed the membrane potential trajectories of inspiratory neurons in GAD—/— mice and
found that inspiratory drive potentials are weak and short in these neurons. This suggests
that the GABAergic system plays an important role in inspiratory pattern generation by
modulating the activity of inspiratory neurons. Therefore, adequate GABA levels in the
medulla oblongata must be necessary for the stabilization of respiratory rhythm and pattern
during the perinatal period.

Our results are consistent with the suggestion by Feldman and Smith® and Onimaru
et al.® that an inhibitory synaptic network is not required for basic respiratory thythm gen-
eration in neonatal mammals. We have shown the existence of IPSPs during the inspiratory
phase in expiratory neurons of GAD67—/— mice, even during the blockade of GABA,
receptors. This result suggests that there exists an inhibitory transmitter other than GABA
and that glycine produces these IPSPs. Indeed, it has been reported that inspiration-related
IPSPs in the medullary expiratory neurons of neonatal rats are abolished by blockade of
glycine receptors with strychnine.?!-??

4.2. Role of GABA in Development of the Respiratory
Neural Network

The low firing rate of inspiratory neurons in GAD67—/— mice during the inspira-
tory phase (Fig. 2) suggests that the interconnection between respiratory neurons is weak.
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This weak inspiratory activity in the medulla oblongata would directly affect the phrenic
motoneuron pool and produce a short inspiratory duration.

It is well-known that GABAergic responses change from excitatory to inhibitory
during the perinatal period.®~'° As shown in Fig. 2, exogenous GABA induced prolongation
of inspiratory C4 burst duration and excitation in both the inspiratory and expiratory neurons
of GAD67— /— neonatal mice. In contrast, GABA did not induce excitation in the inspiratory
neurons of GAD67+-/+ preparations. This may be due to a delay in the transformation from
excitation to inhibition in the GABAergic system of GAD67— / — mice. Ganguly e al.?> have
shown recently that the switch of neural GABAergic responses from excitation to inhibition
is delayed by chronic blockade of GABA receptors and accelerated by GABA receptor
activation. They concluded that GABA acts as a self-limiting trophic factor during neural
development. Our results suggest the possibility that the development of the respiratory
neuronal network is delayed by lowered levels of GABA in the brain of GAD67—/— mice.
Further studies will be necessary to elucidate the role of GABA in the development of the
central respiratory neuronal network.

4.3. Non-Respiratory Activity in GAD67—/— Mice

In our in vitro preparations, large non-respiratory rhythmic discharges were often
observed in GAD67—/— mice (Figs. 1 and 2). These non-respiratory rhythmic discharges
were similar to those seen with the application of bicuculline to GAD67+/+ preparations.
This similarity suggests that the non-respiratory rhythmic discharge of GAD67—/— prepa-
rations is induced by blockade of GABA 4 receptors. Onimaru et al.® showed that application
of GABA or glycine antagonists induced seizure-like discharges in C4 motoneurons in the
brainstem-spinal cord of neonatal rats. They suggested that such discharges affected res-
piratory rhythm but that medullary respiratory neurons were not the origin of seizure-like
activity. In GAD67— /— preparations, however, non-respiratory activities in medullary in-
spiratory neurons were synchronized with seizure-like discharges in C4 and intensified by
application of GABA. It thus appears that the seizure-like discharges in C4 originated in
the respiratory neural network in the medulla of GAD67—/— mice.

In summary, we have reduced GABA levels in mice during the perinatal period by
disrupting the GAD67 gene and demonstrated malfunctioning of the central respiratory
control system in these neonatal mice. We suggest that GABAergic transmission is not
essential for basic respiratory rhythm generation, but that it plays an important role in the
maintenance of regular respiratory rhythm and a normal inspiratory pattern in neonatal mice
by modulating the activity of inspiratory neurons. We also suggest that GABA plays a role
in the development of the respiratory neuronal network in the perinatal period.
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Breathing Without Acetylcholinesterase

Fabrice Chatonnet, Eliane Boudinot, Arnaud Chatonnet,
Jean Champagnat, and Arthur S. Foutz

1. Introduction

Acetylcholine (ACh) mediates neurotransmission at the neuromuscular junction and is
involved in respiratory control!, notably chemosensitivity” of central and peripheral origin.
The level of ACh at the synaptic cleft and neuromuscular junction is regulated by the
enzyme acetylcholinesterase (AChE). Blockade of AChE by organophosphorus compounds
produces death by respiratory failure®, but despite the absence of AChE activity in all tissues,
AChE (—/-) mice knockout for the gene coding for AChE develop to term* and survive
to adulthood if provided special care®. However, they show many aspects of a cholinergic
syndrome, such as pinpoint pupils and muscle tremors’.

We compared respiration at rest and ventilatory responses to hypoxic and hypercap-
nic challenges in adult AChE (—/—) mice and littermate wild-type (4/4) mice, and we
found that (—/—) mice have a distinct respiratory phenotype and altered chemosensitiv-
ity. We then investigated the mechanisms through which these mice have adapted to excess
ACh. To distinguish whether the adaptation processes occur in brainstem rhythm-generating
structures or peripherally at the neuromuscular junction, we used a combined in vivo/in vitro
approach. We found that the survival of AChE knockout mice is dependent on an enzyme
usually considered irrelevant, butyrylcholinesterase (BChE) acting peripherally, and on a
down-regulated response of respiratory neurons and motoneurons to cholinergic stimulation.

2. Methods

Original mice founders (provided by Prof. O. Lockridge, Eppley Institute, Omaha,
NE) were maintained in a 129SVJ strain background. Feeding the weaned pups with liquid
enriched food>® allowed some AChE (~/—) mice to survive several months. Mice of
either sex, genotyped by PCRS, were used between post-natal days 0 to 3 for both in vivo
and in vitro experiments and between 1-5 months of age for in vivo studies. Ventilatory
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activity in neonate and adult mice was measured using a barometric method®. Each animal
was placed in the plethysmograph chamber (15 to 700 ml and maintained at 28-30°C or
27-28°C, depending on animal size), flushed with fresh humidified air and hermetically
sealed during 2-3 min recordings. Chamber and animal temperatures (oral in neonates,
rectal in adults) were measured. In the chamber, adult animals were partially restrained by
the tail with a flexible probe permanently inserted in the rectum®. The spirogram was stored
on a PC, and a program (Acquis1) was used to measure the durations of inspiration (T)
and expiration (Tg), breathing frequency (fr) and tidal volume (Vr). Baseline ventilation
at rest was measured, then chemosensitivity was tested with brief (5 min) exposures to gas
mixtures: 3% or 5% CO;, 21% O, balance N, (hypercapnia protocols) and 10% O, balance
N, (hypoxia protocol).

To dissociate effects occurring at the diaphragmatic neuromuscular junction from
those of central origin, we recorded respiratory activity generated in 0—3 day-old isolated
neonatal mouse brainstem preparations in vitro, using standard procedures. The rostral
section was made at the level of the inferior cerebellar arteries to eliminate pontine and
cerebellar structures, and the caudal section was made at a low cervical level. The prepara-
tions were bathed in a Ringer solution® equilibrated with 5% CO,, 95% O, at 26°C, pH 7.4.
Inspiratory motor activity was recorded from C1--C2 spinal rootlets by means of a suction
electrode, and was amplified, filtered (3 Hz- 3 kHz), full wave rectified, integrated (40 ms
time constant), sampled at 1 kHz and stored on a PC. The results (means £ SEM) were
analyzed using analysis of variance and post-hoc tests.

3. Resuits

3.1. Ventilation at Rest and Chemosensory Control

AChE (—/—) adult mice were smaller than their wild-type (4+/+) littermates*3 (16.3 g
vs 24.9 g), but no difference was detected in their body temperature.

AChE (—/—) animals presented a 70% increase in minute-ventilation (Vg), compared
with their (4 /+4) littermates (Fig. 1A). This increase was due to by an elevated V-, which
was nearly twice as high as in (+/4) mice (Fig. 1B), whereas breathing frequency was not
significantly different (Fig. 1C). Expiratory time (Tg) was longer (+49%) and inspiratory
time (Tr) shorter (—43%) than in (4/4+) mice, which resulted in a T/ Ttot ratio decreased
by one half. The ratio V/Ty, which expresses the average inflow during inspiration, was
extremely high in AChE—/— mice (3.5 times higher than in (+/+) mice), a consequence
of the concomitant increase in Vr and decrease in Ty.

There was a robust ventilatory response te hypoxia in both (+/+) and (—/—) animals,
but the response was slightly lower in the latter (82% vs 95% increase of Vg over baseline,
P < 0.02). No significant interactions were observed for fg, which increased in the same
proportion in the two genotypes, nor for V.

The ventilatory response to hypercapnia was stronger in (—/—) mice than in (+-/+)
mice for the two concentrations of CO; tested (Fig. 1D, P < 0.001 for genotype by treatment
interaction). This ventilatory response was entirely due to an enhanced frequency response
which was twice as large as in (+/+) mice (71% vs 31% increases with 3% CO; and 101%
vs 50% increases with 5% CO,, P < 0.01).
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Figure 1. Ventilation at rest (A), tidal volume (B) and breathing frequency (C) in wild-type (white bars) and
ACHE (—/—) mice (black bars). Ventilatory response to hypercapnia (D) is enhanced in AChE(—/—) mice.
**%: P <0.001 versus wild-type mice. Nine (+/+) and 9 (—/—) mice were recorded.

3.2. Critical Role of Peripheral but not Central Butyrylcholinesterase

In adult mice a low dose of the BChE inhibitor bambuterol (50 ug/kg) decreased
Vr and produced apnea (Fig. 2A). Thus bambuterol was used to screen AChE—/— mice
at birth. A dose of 0.5 mg/kg killed all AChE—/— mice within a few min but had no
effect on littermates later genotyped as (+/+) or (+/—). Plethysmographic recordings
revealed a phase of disorganized, labored breathing followed by a gasp-like activity and
progressive slowing of breathing accompanied with a bluish coloring of the skin, revealing
asphyxia (Fig. 2B, in vivo traces). When breathing movements ceased the animals were
cold-anesthetized and dissected for in vitro recording of the isolated brainstem.

After bambuterol-treated AChE — /— animals presented apnea in vivo and their brain-
stem was isolated in vitro, a regular inspiratory bursting activity was recorded from spinal
nerves rootlets, with no difference in frequency compared to (4-/+) brainstems (Fig. 2B,
right traces). Iz vitro, however, neither bambuterol (1-100 M), nor the irreversible BChE
inhibitor iso-OMPA (10-100 uM) affected inspiratory burst frequency in isolated brain-
stems from (—/—) mice or from the other genotypes. Hence the lethal effect of BChE
inhibition in vivo does not originate in central thythm-generating structures.

3.3. Reduced Effects of Cholinergic Agonists in the Isolated
Brainstem of AChE—/— Mice

Inboth (+/+) and (+/—) brainstems, muscarine application (50-100 uM) produced
distinct dose-dependent effects (Fig. 3A): firstly, a tonic activity, which reached rapidly
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Figure 2. Effects of BChE inactivation in adult and neonate mice in vivo and in vitro. A. Plethysmographic
recordings of adult mice before (control) and after injection of bambuterol. Note the ineffectiveness of bambuterol
in the wild-type (4/+) mouse breathing air (upper trace) and the profound decrease of tidal volume in the AChE
(—/—) mouse. Inspiration: upward deflections. B, left: in vivo recordings of both wild-type (4-/4) and AChE
(—/-) newborn littermates in control and after injection of bambuterol. Note the apnea in the AChE —/~ mouse.
B, Right: integrated inspiratory bursting activity recorded in vitro from the C2 motor rootlets in the brainstems
of the same mice, isolated immediately after apnea in the (—/—) mouse and 12 min after bambuterol injection in
the (+/+4) mouse. Note the recovery of a rhythmic activity in the AChE (—/~) brainstem similar to the activity
recorded in the wild-type. Calibration bars: 250 pL in (A), 100 pL in (B). Inspiration up.

a maximal value then declined despite the continued muscarine application; secondly, an
increase in respiratory frequency and burst duration, and a decrease in burst amplitude.
These latter effects outlasted the muscarine application (Fig. 3A). Muscarine effects were
all greatly reduced in (—/—) mice. Tonic activity was nearly absent, increase of respiratory
frequency was smaller than in the other genotypes (Fig. 3C), decrease of burst amplitude
was also smaller and burst duration was unchanged.

Nicotine (0.5 to 10 pM) produced the same dose-dependent effects as muscarine
(Fig. 3B). In (+/+) and (4+/—) mice a tonic activity appeared then declined, inspiratory
burst frequency and duration increased, and burst amplitude decreased. Recovery of burst
frequency and amplitude was not complete after 30 min of wash (Fig. 3B). As with mus-
carine, (—/—) mice showed a very weak tonic activity, increase of respiratory frequency
was smaller than in the other genotypes (Fig. 3B and D), and there were no significant
effects on burst duration or amplitude.

4. Conclusions

Mice knockout for the AChE gene present an increased ventilation and an increased
tidal volume compared with wild-type littermates. Chemosensory ventilatory responses are
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Figure 3. Effects of cholinergic agonists on the isolated brainstem in vitro. Effects of muscarine (A) and
nicotine (B) applications on integrated respiratory bursting activity in wild-type (+/4) and AChE (—/—) mouse
brainstems from littermate animajs recorded simultaneously in the same bath. Note the appearance of a rapidly
desensitizing tonic activity (above the dashed line) and an increase in respiratory frequency in (+/+) brainstems,
whereas in (—/—) brainstems tonic activity is barely visible and frequency increase is smail. Wash: 30 min after
muscarine application. Maximal changes of respiratory frequency over pre-drug control induced by increasing
concentrations of muscarine (C) and nicotine (D). The number of animals in each experiment is indicated in the bar
graphs. (+/+) and (+/—) mice were pooled. Asterisks: significant vs pre-drug control, white stars: comparison
between genotypes. * P < 0.05; ** P <0.01; *** P <(.001.

altered in opposite directions, with an augmented ventilatory response to hypercapnia and
a slightly blunted response to hypoxia.

AChE—/— mice have a phenotype presenting similarities with symptoms of poi-
soning with anticholinesterase agents’. The striking respiratory phenotype (increased tidal
volume and ventilation) is also suggestive of excess ACh in neural structures, because it
can be reproduced to a large extent by pharmacological means’-%°, The shortened Ty in vivo
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is opposite to the increased burst duration produced by cholinergic agonists in wild-type
brainstems or slices!%!! in vitro, and might reflect the inability of diaphragmatic neuro-
muscular junctions to sustain evoked endplate potentials during repetitive stimulation in
(—/—) animals'. The increased ventilatory response to hypercapnia is in keeping with the
involvement of muscarinic mechanisms in central chemosensitivity!* !4,

As BChE controls transmitter release'?, we speculate that BChE inhibition in (—/—)
mice has a lethal effect by decreasing ACh release on a post-synaptic membrane that has
been adapted to high levels of ACh through down-regulating nicotinic receptors, resulting
in a decreased Vr, whereas AChE inhibition in wild-type mice increases V.

The present study suggests that down-regulation of cholinergic receptors' is essential
to rhythm generation and transmission in the absence of AChE, and is likely the mechanism
of recovery after organophosphate intoxication.
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In-Silico Model of NMDA and Non-NMDA
Receptor Activities Using Analog
Very-Large-Scale Integrated Circuits

Guy Rachmuth and Chi-Sang Poon

1. Introduction

Computational modeling is a useful analytical tool that (with valid data) may help to explain
how complex brain systems work. In respiratory control, various neural network models
have been proposed to explore the possible mechanisms of respiratory rhythmogenesis based
on intrinsic neuronal properties as well as interactions at the network level 2. However, the
large parameter space that must be tested for such neuromorphic models makes it rather
cumbersome and time consuming to simulate even a modest size network with discrete
respiratory neurons. For large-scale neural network models involving multiple populations
of respiratory neurons, such simulations become computationally prohibitive on general-
purpose digital computers.

In addition, the respiratory rhythm is known to be modulated by a complex cascade
of excitatory and inhibitory processes in the afferent and efferent pathways. The diversity
of neurotransmitters and neuromodulators acting at multiple respiratory-related brainstem
sites with varying forms of plasticity® further complicate the modeling and simulation of
the closed-loop respiratory control system using computer software.

An alternative analog hardware approach to neuromorphic modeling first suggested
by Mead*? involves the implementation of neuronal models by means of metal-oxide-silicon
(MOS) transistor circuits. Such electronic models perform computations using intrinsic tran-
sistor physics in analog mode, making it possible to simulate neuronal activities at a speed
orders-of-magnitude faster than digital simulation. This analog modeling approach allows
detailed investigation of brain processes whose basic building blocks are ionic channels and
synapses on neuronal somas and dendrites.
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Furthermore, by using very large scale integration (VLSI) technology, it is possible
to implement a large-scale neural network with thousands of model neurons on a single
MOS substrate. Analog VLSI circuits offer several advantages over traditional software
simulations in terms of speed and power. Using this approach, a large network of artificial
synapses and neurons may be implemented and such detailed neuromorphic models may
be simulated in virtually real time.

As a first step toward the application of this novel methodology toward the modeling
of the respiratory system, we have obtained MOS transistor-based circuit realizations that
emulate NMDA and non-NMDA receptor gated ion channel dynamics, intracellular calcium
dynamics and synaptic learning rules.

2. Methods

2.1. Basic Building-Block Circuits

The analog neuromorphic modeling approach relies on generating MOS-based cir-
cuit models of ionic channels, such as voltage-dependent Nat or K* channels or ligand-
dependent AMPAR and NMDAR channels, and a circuit that mimics the current integration
on a patch of membrane. The post-synaptic dendritic membrane current is given by the fol-
lowing equations:

I(t) = gsyn(t, VMEM) * (VMEM — Esyn) (1)
&, Vuem) = gmax(VmEM) * te =t/ Treak )

where g, is the time-dependent and/or voltage-dependant conductance of the channel,
VmeM is the membrane potential, and Eqyy, is the reversal potential of the patch of membrane.
Three parameters governing these equations are gy, the maximum conductance of the
channel, which can be voltage dependent; Tpeu, the opening rate time constant of the
channels, which determines the shape of the alpha function; and Esyw, the reversal potential.

() = g(Viem )(Erev— Viem )
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Figure 1. Equivalent circuit models of equation 1, shown as a passive resistive circuit (leff) and electronic
implementation of ion channels (right).
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All three parameters can be set externally by the user, and the effect of changing them can
be observed in real time. The circuits can be configured to model synaptic ligand-gated
channels such as AMPAR channels, as well as the more complex NMDAR channels, whose
gating is both voltage and ligand dependent. This ability allows for tremendous flexibility
when simulating a large network.

An important factor in determining the instantaneous value of the output current
of a given ionic channel population is the value of Vygyv. The membrane potential is in
turn strongly dependent on the currents which charge the membrane capacitor, as shown
mathematically by equation 3:

dVmem
dt

where Cyvgy is the membrane capacitance, giea is the leak conductance of the membrane
patch, and Igxc and I;yg are excitatory and inhibitory current sources, respectively, which
are impinging onto the membrane node and are described by equation 1.

This important feedback is crucial to the correct descriptions of voltage gated channels
and other cellular processes. However, its implementation entails a significant computational
cost associated with computing equation 3 at each time step in digital simulation platforms.
When simulating large scale networks, it is sometimes omitted and the driving force of
the current (Erpyv—Vmem) is modeled as a constant for some time and is updated only
occasionally. However, by using circuits to model these equations, the feedback is designed
into the system directly with virtually no computational cost.

Having the ability to tune channel parameters, and the implementation of the important
feedback in the current—voltage relationship of the cell membrane, allows the inclusion
of any population of excitatory or inhibitory channels with any desired dynamics in the
simulations. The circuits that implement these basic building blocks are relatively small,
and consist of only a few dozen transistors. Consequently, the use of VLSI technology
allows the implementation of a large number of channels, synapses and neurons, each with
tunable dynamics, reversal potentials, and conductance values.

Cumem = 8leak(Viem — Ereax) + Z Ipxc (1) — Z Iiny (1) (3)

2.2. Synaptic Plasticity

Several learning rules, such as Hebbian® and correlation based rules’ have been
proposed to underlie plasticity in different parts of the brain. Using analog VLSI circuits, a
mathematically or graphically described learning rule can be implemented and integrated on
the same chip as part of a network of artificial neurons and synapses. This added flexibility
allows different learning rule to be assessed in a large-scale simulation in virtually real
time.

3. Results

A hardware model of a hippocampal synaptic plasticity system has been designed
as a proof-of-principle system®. The model consists of AMPAR channels and NMDAR
channels, as well as calcium dynamics circuits which control other circuits that implement
a calcium-dependent Hebbian learning rule.
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In order to take advantage of the superior speed of silicon circuits compared to neurons,
the design uses a temporal scaling factor of 100 for time constants in the equations:

teioLocicaL = 100 X TgLECTRONIC @

Additionally, the voltage range is multiplied by a factor of 10 as well as level-shifted
(with OmV biological set to a bias voltage of 3V), i.e.:

VeLectronic = 10 x VeiopocicaL + 3V &)

The output currents are adjusted to create signals which are virtually identical to bio-
logical signals (with respect to the scaling). The system is able to emulate long-term synap-
tic plasticity of hippocampal neurons, such as long-term potentiation (LTP) or depression
(LTD) induced by high-frequency or low-frequency afferent stimulation. By implementing
a Hebbian learning rule, such as those that are thought to govern synaptic plasticity in the
hippocampus, the system can now provide a neuromorphic model of learning synapses.

4. Conclusions

A neuromorphic model of glutamatergic transmission and intracellular calcium dy-
namics has been implemented using analog VLSI circuits. This neuromorphic synapse
model has been shown to emulate classic forms of synaptic plasticity such as LTP and
LTD. Similar circuit design principles can be readily extended to in-silico modeling of in-
hibitory transmission in the future. These VLSI circuit models of excitatory and inhibitory
transmission and neuronal action potential will form the basic building blocks for the im-
plementation of large-scale neural network models of the respiratory system consisting of
populations of respiratory neurons with distributed neuronal properties, rather than discrete
neurons with stereotypic properties.

In addition to respiratory modeling, such hardware-based models of cellular plasticity
may find applications in the design and implementation of brain-machine interfaces® 17,
such as a real-time adaptive control mechanism capable of interacting with neural tissue
and induce reorganization following injury!!, or machine learning devices that emulate

human intelligence'?.
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Respiratory Role of lonotropic Glutamate
Receptors in the Rostral Ventral
Respiratory Group of the Rabbit

Donatella Mutolo, Fulvia Bongianni, and Tito Pantaleo

1. Introduction

Neuronal mechanisms responsible for generating the eupneic pattern of breathing are lo-
calized within the pons and the medulla oblongata.' =3 Excitatory amino acids (EAAs) are
known to be involved in the generation of rhythmic respiratory drive in mammals; both
N-methyl-p-aspartic acid (NMDA) and non-NMDA receptors are present within the
medullary respiratory neuronal aggregates, and in particular in the ventral respiratory group
(VRG).>* Recently, we have provided evidence® that EAA-mediated neurotransmission
controls the intensity of eupneic inspiratory activity within the intermediate, almost purely
inspiratory VRG (iVRG) mainly through NMDA receptors, whilst it does not appear to
have a significant role in shaping the pattern of breathing at the level of caudal VRG.

The present study was undertaken to investigate the respiratory role played by
ionotropic glutamate receptors located within the Bétzinger complex (Bot.c.) and the pre-
Bétzinger complex (pre-Bat.c.), i.e. the rostral VRG subregions probably subserving respi-
ratory thythm generation,'~% by using microinjections of a broad-spectrum EAA receptor
antagonist as well as selective antagonists acting on either NMDA or non-NMDA receptors.

2. Methods

Experiments were carried out on 38 male New Zealand white rabbits (2.7-3.2 kg)
anesthetized with a mixture of a-chloralose (40 mg/kg i.v.; Sigma, St. Louis, MO, USA) and
urethane (800 mg/kg i.v.; Sigma), supplemented when necessary (4 mg/kg and 80 mg/kg,
respectively). The adequacy of anesthesia was assessed by the absence of reflex withdrawal
of the hindlimb in response to noxious pinching of the hindpaw. All animal care and ex-
perimental procedures were conducted in accordance with the Directives of the European
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Community as well as with the Italian legislation. Animal preparation and experimental
procedures were similar to those described in previous reports.>3 In particular, the ani-
mals were vagotomized, paralysed (gallamine triethiodide 4 mg/kg i.v., supplemented with
2 mg/kg every 30 min, Sigma) and artificially ventilated. Intratracheal pressure and arte-
rial blood pressure as well as end-tidal CO, partial pressure (Pco,) were monitored. In
paralysed animals, the depth of anesthesia was assessed by monitoring a stable and regular
pattern of phrenic activity as well as the absence of fluctuations in arterial blood pressure
whether spontaneous or in response to somatic nociceptive stimulation. End-tidal Pc, was
maintained at desired levels (28-32 mmHg) by adjusting the frequency and stroke volume
of the respiratory pump. Efferent phrenic nerve activity was recorded with bipolar platinum
electrodes from desheathed Cs phrenic roots, amplified, full-wave rectified and integrated
(RC filter, time constant 100 ms).

To localize the different VRG subregions, extracellular recordings were made with
tungsten microelectrodes (5-10 MS2 impedance at 1 kHz) as already described;?® we en-
countered an almost purely expiratory population of neurons in the Bot.c., and a mix of
inspiratory and expiratory neurons in the pre-Bot.c.. The localization of the investigated
areas was confirmed by evaluating the respiratory effects induced by microinjections of DL-
homocysteic acid (DLH).%*1° Integrated phrenic nerve activity as well as the signals of all
variables studied were recorded on an eight-channel rectilinearly writing chart recorder.

Microinjection procedures have been fully described in previous reports.>®° The fol-
lowing drugs (Tocris Cookson, Bristol, UK) were used: kynurenic acid (KYN, 50 mM),
D(-)-2-amino-5-phosphonopentanoic acid (D-AP5; 1, 10 and 20 mM) and 6-cyano-7-
nitroquinoxaline-2, 3-dione (CNQX; 1, 10 and 20 mM). DLH (20 mM) was obtained from
Sigma. Only one ionotropic receptor antagonist was tested in each preparation. Microin-
jections (30-50 nl) were performed via a glass micropipette (tip diameter 10~25 m) by
applying pressure using an air-filled syringe connected to the micropipette by polyethylene
tubing. Control injections of equal volumes of the vehicle solution were also performed.

To evaluate chemical sensitivity during respiratory responses induced by NMDA
and/or non-NMDA receptor antagonism, hypercapnic and hypoxic stimuli were employed.
Hypercapnia was produced by allowing the animal to inspire appropriate mixtures of CO,
and O, from a large bag (150 1); Pco, was adjusted at approximately 30 mmHg higher than
the level of spontaneous breathing (range 6065 mmHg). After a stable level of Pcg, had
been achieved, hypercapnic stimulation was maintained for at least 3 min. Hypoxia was
induced by allowing the animal to inspire a gas mixture containing 6% O, and 94% N; for
about 2 min.

The histological control of injection sites was performed on serial frozen coronal
sections (20 m thick) stained with Cresyl violet. The atlas of Shek et al.!! was used for
comparison.

3. Results

Bilateral microinjections of 50 mM KYN (# = 3) into the Bét.c. induced within 3-5
min a pattern of breathing characterized by low-amplitude, high-frequency irregular oscil-
lations superimposed on tonic phrenic nerve activity. An intense tonic activity developed
within 10 min associated with the disappearance of respiratory rhythmicity (“tonic apnea™).
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Figure 1. Respiratory responses induced by bilateral microinjections (30 nl) of 20 mM D-APS into the rostral
subregions of the VRG. Integrated phrenic nerve activity (IPA) under control conditions and 10 min after the
completion of the bilateral microinjections of D-APS performed into the pre-Botzinger complex and the Botzinger
complex. Recovery 60 min following the completion of the microinjections in the right panels.

Similar microinjections (n = 3) into the pre-Bot.c. caused a progressive increase in the
respiratory frequency and rate of rise of inspiratory activity, associated with reductions in
peak phrenic amplitude and the appearance of a low level of tonic discharges (maximum
effect within 10 min).

Bilateral microinjections of 1 mM (n = 9) and 10 mM (n = 9) D-APS within the
Bét.c. induced dose-dependent increases in respiratory frequency and rate of rise of in-
spiratory activity, accompanied by reductions in peak phrenic amplitude. Respiratory re-
sponses quite similar to those induced by KYN were observed following microinjections of
20 mM D-AP5 (n = 9). Neither hypoxia nor hypercapnia were able to restore respiratory
thythmicity during tonic apnea. Similar changes in the respiratory pattern, although less
pronounced, were seen in response to microinjections of 1 mM (n = 9), 10 mM (n =9)
and 20 mM (n = 9) D-APS5 into the pre-Bét.c.; in no case loss of respiratory rhythmicity
was observed. Examples of maximum respiratory responses to NMDA receptor blockades
within the Bét.c. and the pre-Bot.c. have been reported in Fig. 1.

Blockades of non-NMDA receptors with CNQX (1, 10 and 20 mM) within the Bot.c.
(n = 9 for each concentration) and the pre-Bét.c. (n = 9 for each concentration) caused
much less pronounced effects mainly consisting of increases in respiratory frequency. These
respiratory responses were associated with the development of low levels of tonic activity
and reductions in peak phrenic amplitude following microinjections of 10-20 mM CNQX
within the pre-Bét.c..

Control injections of the vehicle solution performed at responsive sites caused no
appreciable effects. All the observed respiratory responses were not accompanied by sig-
nificant changes in arterial blood pressure.

4. Discussion

The results of this study show that ionotropic glutamate receptors within the Bot.c.
and the pre-Bét.c. of the rabbit in vivo are involved in the control of both the intensity
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and frequency of inspiratory activity. The respiratory responses to microinjections of EAA
receptor antagonists into these regions argue for an endogenous activation of these receptors
during eupnea; NMDA receptors appear to play a major role. Apneic responses induced by
KYN and D-APS5 microinjections into the Bét.c., along with the observation that respiratory
rhythmicity cannot be restored by hypoxic or hypercapnic stimuli, suggest that EAA receptor
antagonism disrupts important connections in the neuronal network subserving respiratory
rhythm generation.

The reliability of microinjection techniques as well as the localization of the injection
sites and the spread of the injectate have been discussed in previous reports;>% 12 reported
considerations make us confident that the respiratory effects were confined to circumscribed
areas localized within the Bét.c. and the pre-Bét.c.. The accuracy of micropipette place-
ments was ensured by extracellular recordings, DLH-induced respiratory responses and the
histological control.>%8~1% Antagonist concentrations required to achieve effective block-
ade of ionotropic EAA receptors were selected in preliminary trials. They were in the same
range as those reported previously in in vivo studies on medullary respiration-related regions
(see e.g. Ref. 5, 12 also for further Refs.).

In agreement with previous findings and the results of a recent study (see e.g. Ref. 5
also for further Refs.) showing that NMDA receptors play a prominent role within the iVRG,
present findings do not support the hypothesis that a depolarization mediated by non-NMDA
receptors is required to overcome the voltage dependent Mg?*-block of ion channels linked
to NMDA receptors.!3 As already discussed,’ there is indeed good evidence that NMDA
receptors can mediate synaptic transmission without a preceding non-NMDA-mediated
depolarization.

It could be reasoned that blockade of EAA-mediated fast excitatory synaptic trans-
mission and, therefore, the removal of a prominent excitatory input to these VRG subregions
may correspond, to some extent, to their ablation. Previous results obtained with blockades
or ablations of neuronal activities within the investigated subregions have been extensively
discussed in a previous report.® Noticeably, respiratory responses induced by blockade of
ionotropic glutamate receptors are generally consistent with our previous findings obtained
in the rabbit following bilateral kainic acid (KA) lesions.® KA microinjections into either
the Bot.c. or the pre-Bét.c. transiently eliminated respiratory rhythmicity and caused tonic
apnea; rhythmic activity resumed as low-amplitude, high-frequency oscillations superim-
posed on tonic activity and displayed progressive, but incomplete recovery. The finding that
not only the amplitude, but also the frequency of respiratory bursts changes in response
to KA lesions or EAA receptor blockades suggests that these subregions are important
elements of the respiratory central pattern generator.® !4

The importance of inhibitory interactions in the respiratory rhythm generation has
been addressed in several models of respiratory rhythmogenesis (see e.g. Refs. 2, 7,
15-17). These models are based on reciprocal inhibitory interactions between different
types of propriobulbar neurons and as more recently suggested7 on a combination of a
network of inhibitory interneurons and excitatory pacemaker-like neurons with intrinsic
oscillatory bursting properties (hybrid pacemaker-network model). It has been proposed’
that a respiratory rhythm can be generated by interactions within the neuronal network
in which kernel neurons are embedded, even when these neurons have been silenced
or destroyed. On the basis of these models, we can speculate that removal of inhibitory
VRG interneurons® -4 may produce breathing patterns characterized by decreases in peak
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phrenic amplitude and increases in respiratory frequency up to the arrest of respiratory
rhythm. These patterns of breathing are possibly due to the loss of part of inhibitory in-
terneurons and reduced strength of inhibitory synapses'® which cause desynchronization of
the respiratory network. The apneic responses are probably due to very important deficits
in inhibitory mechanisms and might represent a level of network desynchronization beyond
which the respiratory rhythm cannot be generated. EA A receptor blockades cause increases
in respiratory frequency and decreases in peak phrenic amplitude with parallel increases in
tonic activity; tonic apnea as extreme possible outcome of such blockades only occurred
when they are performed at the level of the Bot.c.. However, the maximal respiratory re-
sponses evoked from either rostral VRG subregion are characterized by ineffective, life
threatening, patterns of breathing (see Fig. 1); they may be subserved by similar neural
mechanisms. It is not possible to revert tonic apnea by increasing chemical drive inputs. We
cannot rule out that apnea ensued because the rostral VRG is involved in chemical reception
or in the transmission and integration of chemical drive inputs.® As already fully discussed
elsewhere,? it seems more plausible that essential connections of the neural network under-
lying respiratory rhythm generation have been disrupted by our experimental manoeuvres.
In particular, an important role in the genesis of tonic inspiratory activity and tonic apnea
could be ascribed to a failure in the inhibitory input from rostral expiratory neurons that
are mainly concentrated in the Bét.c., but are also present within the pre-Bét.c..®%#-2! In
this connection, we can speculate that blockades of ionotropic glutamate receptors within
the pre-Bot.c., although complete, do not cause a loss of inhibitory mechanisms sufficient
to suppress the respiratory rhythm.
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Serotonergic Receptors and Effects in
Hypoglossal and Laryngeal Motoneurons

Semi-Quantitative Studies in Neonatal
and Adult Rats

Denys V. Volgin, Victor B. Fenik, Richard Fay, Shinichi Okabe,
Richard O. Davies, and Leszek Kubin

1. Introduction

Respiratory motoneurons of the brainstem express multiple receptors for serotonin
(5-HT).!=7 Some of these receptors mediate excitatory effects (e.g., type 2), whereas others
(e.g., type 1) are inhibitory, yet the net effect of 5-HT applied onto motoneurons of mature
animals is excitation, and antagonism of endogenous serotonergic effects suppresses the
activity in brainstem respiratory motoneurons.®~!? Since all brainstem serotonergic neu-
rons consistently exhibit decreased activity during slow-wave sleep and are silenced during
rapid eye movement (REM) sleep, it has been proposed that a withdrawal of serotonergic
excitation from brainstem respiratory motoneurons may play an important role in sleep-
related decrements of their activity.® In individuals with anatomical abnormalities of their
upper airway, such decrements may cause nocturnal upper airway obstructions, leading to
the obstructive sleep apnea syndrome (reviewed in ref. 11).

While multiple evidence supports such a state-dependent function of serotonergic
modulation of upper airway motoneuronal activity, studies in immature animals sug-
gest that the role of 5-HT in motoneurons may vary with the stage of development and
motor pool (e.g., ref. 12), and that the complement of 5-HT receptors present in upper
airway motoneurons undergoes changes in the early postnatal and juvenile period (e.g.,
ref. 5). In mature animals, the magnitude of sleep-related decrements in activity also
varies greatly among different pools of upper airway motoneurons, with those innervating
pharyngeal muscles more depressed than those innervating laryngeal muscles.!’:'> These
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differences may be related to the magnitude of serotonergic effects in distinct motoneuronal
pools.

The goals of these studies were to conduct a quantitative assessment of postnatal
development for two major 5-HT receptor subtypes, type 1B and 2A in upper airway
(hypoglossal—XII) motoneurons, and to compare the magnitude of serotonergic excitatory
effects in two motoneuronal pools, XII and laryngeal.

2. Methods

Experiments were performed on developing Sprague-Dawley rats (receptor mRNA
and immunohistochemical studies), and on adult cats (iontophoretic studies). All experi-
mental procedures were approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

2.1. Detection of 5-HT Receptor mRNA by Single Cell RT-PCR

Hypoglossal motoneurons were retrogradely labeled with rhodamine dextran, and
acutely dissociated, as described previously.'* !> Brainstem slices containing the XII nucleus
were obtained following decapitation under deep isoflurane anesthesia. Motoneurons were
individually collected, ultrasonicated, their DNA digested, and RNA subjected to reverse
transcription (RT). Uniform aliquots of cDNA from each cell were subjected to two stages of
semi-nested polymerase chain reaction (PCR).'*!3 For each cell, we assessed the presence
of mRNA for 5-HTg and 5-HT>, receptors (cells negative for both were tested for neuron-
specific enolase to verify that their cDNA was properly generated; see ref. 15 for primers
used). An average of 29 + 8 (SD) motoneurons per animal for rats sacrificed on nearly
every other postnatal day (P) from P3 through P33 were studied. Such a large number of
cells allowed us to characterize the level of expression for a given receptor by the proportion
of positive motoneurons detected on a given postnatal day, and to calculate the confidence
interval (SE) of this estimate (Analyse-It Software, UK). To validate this approach, in
selected motoneurons, we also studied the expression of 5-HTa receptor mRNA because
receptor binding and in situ hybridization show a decline in the XII nucleus during the
postnatal period.’

2.2. Immunohistochemistry for 5-HT,, Receptors

Rats P5 and older were deeply anesthetized with pentobarbital and perfused with
saline followed by 4% paraformaldehyde. Coronal sections of the medulla were cut
(35 m) and processed free-floating. 5-HT4 receptor-like immunoreactivity was visualized
with avidin-biotin-horseradish peroxidase with heavy metal intensification, as described
previously.® !> Importantly, sections from rats of different ages were processed together in
different age combinations and then mounted and digitally photographed under identical
conditions. Staining in the XII nucleus was measured densitometrically (ImageQuant Soft-
ware; Molecular Dynamics); background staining was also determined for each section and
subtracted from that in the XII nucleus.
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2.3. Quantitative 5-HT lontophoresis onto Hypoglossal
and Laryngeal Motoneurons

Adult, decerebrate, paralyzed and artificially ventilated cats were used to assess
the sensitivity of XII and laryngeal motoneurons to iontophoretic application of 5-HT.'6
Cells recorded in the XII and ambiguus nuclei were identified as motoneurons by spike-
triggered averaging of the activity simultaneously recorded from the ipsilateral XII and
vagus nerve, respectively. In preliminary experiments, we determined that XIT motoneu-
rons are exquisitely sensitive to 5-HT, so that a current of 20-50 nA ejected from a barrel
filled with 20 mM 5-HT in H,O for 2-3 min produced a long-lasting and abnormally erratic
firing. Therefore, in order to compare the sensitivity of different motoneurons to the excita-
tory effect of 5-HT in a quantitative manner, we studied spontaneously active motoneurons
only, and we minimized and standardized the 5-HT application. 5-HT was ejected from a
barrel filled with 10 mM 5-HT creatinine sulphate and 150 mM NaCl using 15 nA current
that was applied for 3 min. The changes in firing rate observed during the third minute of
5-HT application were measured and subjected to statistical analysis.'®

3. Results

As reported previously,’ the percentage of cells expressing 5-HT | receptor mRNA
was determined in 35 motoneurons from three rats. The proportion of positive motoneurons
decreased from 50% = 15(SE) on P9 to 8.3% + 8(SE) on P23 (p < 0.05) (Fig. 1A).

The expression of 5-HT;5 and 5-HT,a receptor mRNA was assessed in 414 XII
motoneurons. The 5-HTp receptor mRNA was detected in 50% of the motoneurons on
P3, increased to 74% on P7, and then transiently decreased to 27% on P14. The last was
significantly lower than in younger (PS5, 7 or 10) or older (P17 or 21) rats (p < 0.05).
The percentage of XII motoneurons expressing the 5-HT;p receptor mRNA was maximal
on P21 (85%) and then declined to 50-63%. The 5-HT,4 receptor mRNA was expressed
significantly less frequently in P3 and P5 than in older animals (p < 0.05). An increase
from 65 to 100% of cells expressing the 5-HT» receptor mRNA occurred between P6 and
P9 (Fig. 1B). The slight dip in expression on day 14 was not significant.
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Figure 1. A: Significant developmental decline in the proportion of XII motoneurons expressing 5-HT1a
receptor mRNA validates the single-cell RT-PCR approach. B: Developmental changes in the 5-HTs and
5-HT25 mRNA and 5-HT>4 receptor protein expression in XII motoneurons point to P7-15 as a period of major
reorganization.
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Figure 2. 5-HT receptor protein expression gradually increases in the XIT and ambiguus nuclei between P5
and P15. The top and bottom rows show coronal medullary sections of the opposite sides of the medulla at a caudal
and rostral levels of the area postrema, respectively. (DMV—dorsal motor nucleus of the vagus).

The 5-HT; 4 receptor-like immunoreactivity in the medulla of adult rats is most intense
in the motor nuclei.® However, its level on P5 and P8 is much lower than in adults. In the XII
nucleus, it then increases gradually until about P15 (gray line in Fig. 1B), even though all
XII motoneurons express S-HT,, mRNA as early as P9. 5-HT,, receptor protein becomes
prominent in the dendrites of XII motoneurons around P12-P15 (Fig. 2, top row). Laryngeal
motoneurons of the nucleus ambiguus show the same trend (Fig. 2, bottom row), although
their less dense packing precluded densitometric measurements like those obtained from
the XII nucleus.

In adult cats, 5-HT applied iontophoretically excited 97% of XII and 84% laryn-
geal motoneurons. This effect was blocked by methysergide ejected from another barrel
of the electrode. The standardized iontophoretic application of 5-HT to 13 spontaneously
active inspiratory XII motoneurons, and 11 inspiratory and 11 expiratory laryngeal mo-
toneurons revealed different sensitivity of these motoneurons to 5-HT. The average rel-
ative increases in activity were to 220% = 24 (p < 0.001), 147% =+ 23 (p < 0.001), and
148% £ 9 (p < 0.001) of control, respectively. XII motoneuronal activity was enhanced
more than the activity of either inspiratory or expiratory laryngeal motoneurons (p < 0.05)
(Fig. 3A).

In a separate study also performed in decerebrate cats, we assessed the magnitude of
the REM sleep-like depression of inspiratory and expiratory activity in recurrent laryngeal
(RL) nerve and inspiratory activity of the XII nerve.'> This was done by microinjecting
a cholinergic agonist, carbachol, into the dorsal pontine tegmentum.'!” The magnitudes of
the depression differed among the nerves, with RL nerve activities depressed less than
XII nerve activity (Fig. 3B). Inspiratory and expiratory activity of the recurrent laryn-
geal nerve were reduced by 21% £ 3.1 (n = 13, p < 0.001) and 28% - 4.7 of the control
(n =10, p < 0.01), respectively, whereas XII nerve activity was reduced by 85% =+ 3.2
(n=15,p < 0.001).

4. Discussion

In mature animals, 5-HT;4 receptors mediate a major portion of the serotonergic
excitatory drive in brainstem respiratory motoneurons. In contrast, little is known about
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Figure 3. A:The mean 5-HT-induced increase in the number of action potentials per respiratory cycle relative to
control was larger in XII than laryngeal motoneurons. B: Similarly, the magnitude of the REM sleep-like depression
of activity produced by pontine carbachol is larger in XII than laryngeal motoneurons (data from ref, 13). This
correlation is consistent with the hypothesis that the relative magnitude of the serotonergic excitatory drive that
motoneurons of different groups may receive during wakefulness is an important determinant of the magnitude of
the depression that they exhibit during REM sleep. ***-p < 0.001 and **-p < 0.01 vs. control conditions (paired
t-test).

the role of 5-HTp receptors. To date, their pre-, rather than postsynaptic, modulation
of excitatory and inhibitory inputs to XII motoneurons was investigated in neonatal and
Jjuvenile rats. However, our data show that XII motoneurons themselves express the mRNA
for these receptors, and recent immunohistochemical study shows that XIT motoneurons
alsoexpress 5-HT g receptor-like protein. 19 1n XII motoneurons of juvenile rats, stimulation
of these receptors causes an increase in input resistance,’” and in adult rats microinjections
of a 5-HTp receptor agonist into the XII nucleus cause a depression of XII nerve activity.>
No developmental changes were detected in the magnitude of presynaptic effects of 5-HTp
receptors on XII motoneurons;'® whereas the development of postsynaptic effects has not
been studied. The timing of developmental changes in 5-HT receptor expression suggests
a relationship to postnatal changes in feeding behavior. It is possible that common cellular
processes underlie the transient decline in 5-HT;p mRNA and the increase in 5-HTsa
receptor protein.

In addition to these developmental changes, our data show that the relative magnitude
of the excitatory drive mediated by 5-HT may be larger in XII than in laryngeal motoneurons.
This difference was detected in iontophoretic in vivo studies even though it was not clearly
reflected inimmunohistochemical staining of the two motor pools for 5-HT; 4 receptors. This
functional difference correlates with the magnitude of sleep-related depression observed in
XTI and laryngeal motoneurons,'? which is consistent with the concept that 5-HT mediates
an important portion of the wakefulness-related excitatory drive in brainstem respiratory
motoneurons.?
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Modelling Respiratory Rhythmogenesis:
Focus on Phase Switching Mechanisms

llya A. Rybak, Natalia A. Shevtsova, Julian F. R. Paton, Olivier
Pierrefiche, Walter M. St.-John, and Akira Haji

1. Introduction

It has been established that the normal respiratory pattern (“eupnoea”) in mammals is gen-
erated in the lower brainstem'?> and may involve several medullary and pontine regions.
Although some researchers suggest that a smaller region within the medulla (e.g., the pre-
Botzinger Complex (pre-BstC)) may be sufficient for the respiratory rhythm generation® >,
the eupnoeic respiratory rhythm (as well as apneustic breathing) has never been reproduced
in reduced medullary preparations without the pons. At the same time, the specific ponto-
medullary interactions related to genesis, shaping and control of the respiratory pattern
have not been well characterized so far. Here we present a preliminary computational
model of the ponto-medullary respiratory network that is considered a basis for the future
interactive modeling-experimental studies. The model has been developed using a series
of assumptions. Specifically, we have suggested that, under normal conditions in vivo, the
eupnoeic respiratory rhythm is generated by a ponto-medullary network. Hence, although
the pre-BotC is a necessary part of this network, the intrinsic oscillations in this region are
suppressed during eupnoea by ponto-medullary interactions. These endogenous oscillations,
however, may be released under some specific conditions, e.g., in vitro, because of the
lack of the pons, or during hypoxia in vivo®. We have also assumed that the medullary
part of the respiratory network contains special neural circuits performing the respiratory
phase switching. Moreover, these circuits are also targets for pulmonary feedback and
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inputs from the pons and major afferent nerves, which use the same medullary switching

circuits to regulate the timing of phase transitions and modulate the respiratory motor
7

pattern’.

2. Model of the Ponto-medullary Respiratory Network

The model (Figure 1) contains several interacting populations of respiratory neurons
characterized in the rostroventolateral medulla and pons in vivo including the rostral ventral
respiratory group (rVRG), pre-BotC, and Botzinger Complex (B6tC). The following neural
populations were included in the model: ramp-1, and late-I (both in rVRG); early-I and
pre-1 (in pre-Bo6tC); post-I and aug-E (in B6tC); I-modulated, E-modulated and two distinct
IE-modulated, IE; and IE,, (in the rostral pons, rPons, that was supposed to include the
dorsolateral (NPMB/KF) and ventrolateral pontine regions); tonic (in the caudal pons,
cPons). Network interactions within the rVRG (i.e., between the ramp-I, early-I, and late-
I populations) and between rVRG and B6tC populations define the basic circuitry for
the inspiratory off-switching (I0S) mechanism with the late-I population playing the key
role in the inspiratory off-switching?’~°, Interactions among the rVRG populations, post-I
population and pre-I population of pre-BotC define the basic circuitry for the expiratory
off-switching (EOS) mechanism with the pre-I population performing the inspiratory on-
switching function®. Importantly, IOS and EOS mechanisms operate under control of both
pontine input and pulmonary feedback which both are excitatory to the late-I, ramp-I and
post-I populations’-®.

The model generates a stable “eupnoeic” respiratory rhythm with “augmenting”
phrenic discharges and demonstrates realistic firing patterns and membrane potential tra-
jectories of individual respiratory neurons (Figure 2A). In addition, the model reproduces a
number of known physiological phenomena. For example, the disconnection of vagal feed-
back produces an increase in the amplitude and duration of phrenic discharges (Figure 2B),
whereas a moderate vagal stimulation shortens inspiration and prolongs expiration. Both
these effects are consistent with the Hering-Breuer (HB) reflex>1°, A relatively strong
stimulation of the vagus produces “postinspiratory apnea”'"1? (Figure 2C1). Short stim-
ulation of the vagus delivered during inspiration can terminate the inspiratory phase, and
the threshold for inspiratory termination decreases during inspiration> '3 (Figure 2C2).
Stimuli delivered during post-inspiration prolong expiration!®!2, whereas the late part of
expiration is insensitive to vagal stimulation!®!* (Figure 2C3). Short stimulation of pon-
tine IE; population terminates inspiration!-2 1> (Figure 3B). Continuous pontine stimulation
shortens inspiration and prolongs expiration'¢ (Figure 3C), which suggests the existence
of ponto-medullary (PM) reflexes. The removal of rPons converts the eupnoeic pattern
to apneusis’261>17 (Figure 3D2). Short vagal stimulation may terminate the apneustic
burst (Figure 3E); continuous stimulation shortens the apneustic inspiratory discharges'’
(Figure 3F). The complete removal of the pons releases a pacemaker-driven rhythm in the
pre-BotC and converts the eupnoeic pattern to a gasping-like (in vitro-like) “decrementing”
pattern'2%1® (Figure 3D3). The latter is characterized by significant reduction of postin-
spiratory activity and shortening the delay between hypoglossal and phrenic discharges® !
(compare Figure 3B3 with Figures 1 and 3B1).
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3. Conclusions and Model Predictions

Our modeling studies support the following suggestions: (1) The eupnoeic respiratory
thythm is generated by a ponto-medullary network mechanism; (2) The pontine inputs
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Figure 1. Schematic of the model of the ponto-medullary respiratory network. The white circles represent
populations of different respiratory neurons (the populations of phrenic and hypoglossal motoneurons and NTS
pump (P) cells are not present in the current model). Each population consisted of 50 neurons. All neurons were
modeled in the Hodgkin-Huxley style and incorporated biophysical properties and channel kinetics characterized in
respiratory neurons i vitro. Specifically, the fast sodium currents in all neurons and the persistent sodium currents in
the pre-I population were described using recent experimental data on rat RVLM neurons™’; the high-threshold and
low-threshold calcium currents were described using data of Elsen and Ramirez?'; intracellular calcium dynamics
was based on data of Frermann et al.?*; other cellular parameters were accepted from the previous models?3 33,
Neuronal parameters were randomly distributed within each neural population. All populations received tonic
excitatory drive. The excitatory (arrows) and inhibitory (small black circles) connectivities among the neural
populations within the medulla were assigned using the excising direct or indirect physiological data. Some
additional connectivities were assigned based on the suggested I0S and EQS mechanisms. Reciprocal excitatory
connections were assigned between the medullary ramp-T and the pontine T and IE, populations, and between the
medullary post-I and the pontine IE; and E populations. These connections provided I, IE or E modulation of
activity of the corresponding pontine populations. We also assumed that reticular neurons from caudal pons (tonic
population) provided an additional excitatory tonic drive to the medullary respiratory populations. Simplified
models of the lungs and slowly adapting pulmonary stretch receptors (PSR) were included in the model to provide
pulmonary feedback to the respiratory network. The pulmonary feedback controlled activity of the key neural
populations involved in IOS and EOS circuits (see text for details) and hence provided regulation of the duration
of the respiratory phases and HB reflex. In addition, this feedback inhibited the activity of the pontine neural
populations that received excitation from the medullary populations (I, IE;, E) and hence suppressed the pontine
control of the respiratory pattern. At the same time, one pontine population (IE;) received excitation from the
feedback and contributed to HB reflex. Integrated activities of ramp-I and pre-I populations were considered as,
respectively, phrenic and hypoglossal outputs.
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Figure 2. Model performance. Activity of each neural population is represented by the trace of the membrane
potential of one representative neuron from the population. Tick marks on the time axes correspond to seconds.
A. The eupnoeic respiratory pattern generated by the model under the normal conditions. B. Disconnection of
vagal feedback (“vagotomy”) produces an increase in amplitude and duration of phrenic discharges. C1-C3: The
effects of vagus nerve stimulations. C1. Continuous vagal stimulation shortens inspiration and prolongs expiration
reflecting the HB reflex. C2. Simulation of the effects of short vagal stimulation applied during inspiration. The
results of simulation demonstrate a decrease of the threshold for inspiratory termination during the inspiratory
phase. The first high-amplitude stimulus being applied at the beginning of inspiration terminates current inspiration.
The second stimulus has smaller amplitude. Although applied at the same phase, it cannot terminate inspiration.
The third stimulus has the same amplitude as the second one, but being delivered at a later time during inspiration
terminates this inspiration. C3. Short vagal stimulation delivered in the middle of expiration (first stimulus)
prolongs expiration. The same stimulus delivered at the end of expiration has no effect on the duration of expiration
(demonstrates an “insensitive period” at the end of expiration).

suppress the intrinsic pacemaker-driven oscillations in the pre-B6tC by the activation of
post-I neurons which in turn inhibit the pre-I population of pre-BstC; (3) rPons provides
inspiration-inhibitory and expiration-facilitatory PM reflexes that are independent of HB
reflex and partly suppressed by pulmonary feedback; (4) Both HB and PM reflexes operate
through the same medullary phase switching circuits.



Modeling Respiratory Rhythmogenesis 193

A B Cc
ramp- . T —
late b — e e e e el ——— o
pf.4 U T —— | S I —
earlyd e e e ——————
POSH e ——— O —— ———
sug-E — e L o .— e
I-mod pon
IE1-mod
E-mod
IE2-mod
Tonic
XN

| S — | - S S ——
Phrenic = . o - - - - -
Stim . = - | o -

D1 *02

FAMP S ——— -

lated — —— —— —————
pred B — — —
earlyd A —— - 3

postd -\_lx._t-l—‘ — - — —— — = 5
sugE S — - — - -.1—1_’—.,--

e ——
E1-mod —" " - -
E-mod T ” =

——

I mee

IE2-mod
Tonic

xi o 2t
Phrenle | o -«

Lungs }-.-.-\....-_.r-_;_ - ——— Nt

lated
pred
sartyd
postd - —  —— ——— ]

E
ramp4 ﬂ_ y e =
-
-

IE1.mod
E-mod .
IE2-mod 4
Tonic
X0

Figure 3. Model performance: role of the pons (vagal feedback is cut off). A. Continuous stimulation of
the pontine IE; population shortens inspiration and prolongs expiration. B. Short stimulation of IE; popula-
tion terminates inspiration. C. Continuous stimulation of the pontine E(-mod) population prolongs expiration.
D1-D3: Simulation of pontine lesions. D1. The eupnoeic respiratory pattern (the pons is intact). D2. Removal
of rPons (see Figure 1) converts the eupnoeic pattern to apneusis. D3. The following removal of cPons re-
leases an intrinsic pacemaker-driven rhythm in the pre-I population of pre-B6tC and converts apneusis to a
gasping-like (in vitro-like) “decrementing” discharges. E and F: Apneusis (rPons is removed). E. Short vagal
stimulation terminates apneustic inspiration. F. Continuous vagal stimulation shortens the apneustic inspiratory
discharges.
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Ventilatory Instability Induced by
Selective Carotid Body Inhibition
in the Sleeping Dog

B.J. Chenuel, C.A. Smith, K.S. Henderson and J.A. Dempsey

1. Introduction

There is a considerable evidence that hypocapnia is a major contributor to the genesis of
central apnea and periodic breathing (PB) in humans during sleep. Studies using mechanical
ventilation to lower the arterial carbon dioxide pressure (PaCO») have shown that during
non-rapid eye movement sleep (NREM), when respiration is under predominantly metabolic
control, there is a highly sensitive apneic threshold (AT) induced by reduction in PaCO,
that were only 2 to 4 mm Hg less than eupneic PaCO,.!~* If there is a small difference
between the AT for CO, (PArCO,) and the eupneic PaCO, (a narrow “CO; reserve”), then a
relatively small increase in ventilation (ventilatory overshoot), from whatever cause, could
resultin apnea. Conversely, if there is a large difference between eupneic PaCO, and P51 CO,
(a wide “CO; reserve”) then a larger increment of ventilation is required to produce apnea.

Recently, Nakayama ez al. have shown that the “CO; reserve” is plastic and depends on
the background ventilatory drive.> More specifically, the “CO; reserve” is proportional to the
ventilatory drive (Fig. 1); the greater the drive the wider the “CO, reserve” (i.e., susceptible to
apnea). For example, Figure 1 shows that, for a given metabolic rate, steady-state metabolic
acidosis resulted in hyperventilation and increased the “CO, reserve” from 5.1 to 6.7 Torr.
Thus, an increase in alveolar ventilation of 1.4 1/mn was required to reach the new AT,
6.7 Torr below eupnea. Steady-state metabolic alkalosis resulted in hypoventilation. At
this level, an increase in alveolar ventilation of only 0.3 /min was required to reach the
new AT, 3.7 Torr below eupnea. Current theory holds that specifically depressing carotid
body (CB) chemoreceptor input and gain would tend to stabilize the ventilatory control
system. So, the question we asked was would a CB-specific depressant be different from
the apnea-enhancing effects of metabolic alkalosis, which depend on both peripheral and
central chemoreceptors.

B.J. Chenuel « Laboratoire de Physiologie, EA 3450, Faculté de Médecine de Nancy, Université Henri
Poincaré, France. C.A. Smith, K.S. Henderson & J.A. Dempsey + John Rankin Laboratory of
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Figure 1. Effects of changes in background ventilatory drive on apnea susceptibility. Two principal determinants
of apnea: the CO» reserve from spontaneous breathing to the apneic threshold and the change in ventilation above
eupnea required to lower PETCO; sufficiently to reach the apneic threshold are shown during conditions of
control, metabolic acidosis and alkalosis, non-hypoxic peripheral chemoreceptor stimulation via almitrine, and
hypoxia in the sleeping dog. (adapted from Nakayama et al. with permission’). The isometabolic line describing
the relationship between PaCO: and Va is theoretical and was constructed using an assumed constant VCO,
of 150 ml/min and the measured PETCO, during spontaneous eupneic breathing and at apneic thresholds. The
diagonal dashed lines join eupneic and apneic points and their slopes indicate the gain below eupnea of the
ventilatory response to CO; in each condition. Note the reduced increase in ventilation from spontaneous eupnea
required to reach the apneic threshold during metabolic alkalosis whereas the slope of the ventilatory response to
CO; remained unchanged from control, unlike hypoxia with a clear increased slope.

Hypoxia is the exception to this generalization; despite a marked increase in ven-
tilatory drive and hyperventilation, the “CQ, reserve” was narrowed and the slope of the
CO, ventilatory response to CO, below eupnea was steepened. Specific pharmacological
stimulation of the CB with almitrine resulted in a hyperventilation comparable to that seen
with hypoxia, but the “CO, reserve” was widened proportional to the increase in ventilation
just as it was with metabolic acidosis.

Another paper by Nakayama and colieagues demonstrated that the CBs are required
to produce apneas within the time frame that they observed in during naturally occurring
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sleep apnea.® Taken together, these two papers by Nakayama ef al. are strong evidence in
support of a major role for carotid body chemoreceptors in the genesis of apnea/PB during
sleep. However. Smith e al. using a vascularly isolated and perfused CB model, have shown
that severe CB hypocapnia alone, or CB hyperoxia alone, will not significantly prolong Te.
However, there is evidence that hyperoxia at least does not completely silence the CB 5.8
These findings raise two questions: 1) if CBs are completely silenced, will apnea result?
2)if CBs are inhibited specifically, will the “CO, reserve” narrow, i.e., will the susceptibility
to apnea increase?

We addressed these questions by using dopamine, a relatively specific inhibitor of
the carotid body ventilatory chemoreflex. We employed a high dose (bolus) of dopamine
to completely silence the CB chemoreceptor. We also used a lower dose (infusion) of
dopamine to test the effect of specific inhibition of the CB on the “CO, reserve”. Preliminary
findings to date suggest that a) complete silencing of the CB chemoreceptor will cause apnea
and, b) specific CB chemoreceptor inhibition will narrow the “CO, reserve” and increase
susceptibility to apnea.

2. Methods

Studies were performed over several days during non-rapid eye movement sleep on
four unanesthetized female mixed-breed dogs (from 20 to 24 kg). They were trained to
sleep in an air-conditioned, sound-attenuated chamber and chronically instrumented. This
chronically instrumented model is described in detail elsewhere.® Briefly, the dogs were
prepared with a chronic tracheostomy, a five-lead electroencephalogram montage and an
arterial catheter (only two dogs).

Dogs breathed via a cuffed endotracheal tube, inserted into the chronic tracheostomy.
Airflow, tracheal pressure, airway PO> and PCO, and systemic blood pressure were moni-
tored, digitized and stored for subsequent analysis. All ventilatory data were analysed on a
breath-by-breath basis.

Hypocapnia was created by pressure support ventilation (PSV). Using a silent balloon
valve placed on the inspiratory way, the dog could breathe spontaneously from room air or be
switched to PSV by inflation of the balloon. In PSV mode, the dog triggered each breath, once
triggered the ventilator delivered a pre-set levels of inspiratory pressure support thereby in-
creasing tidal volume (VT) and decreasing PETCO,. A wide range of pressures was used over
multiple trials on each dog. A threshold value for hypocapnia was determined at the point
where apnea and PB were initiated. PB was identified visually by the presence of at least
three cycles of hyperpnea and apnea with a consistent periodicity. Further. the apnea lengths
had to be at least three standard deviations greater than baseline TE. The apneic threshold
was taken to be the PETCO, observed in the breath immediately preceding the start of
the PB.

Our index of propensity toward breathing instability is the “CO, reserve” defined as
the difference in PETCO-» between baseline ventilation (as the mean PETCO» during one
minute of spontaneous breathing just before the start of PSV) and the apneic threshold.

The preliminary experimental protocol consisted of determination of the AT and the
“CO, reserve” by means of PSV under control conditions and during low dose dopamine
intra-venous infusion.



200 B.J. Chenuel et al.

* Control: PSV was initiated at 4 cm H,O during NREM sleep, maintained for two
minutes and followed by return to spontaneous breathing for at least two minutes.
This was repeated with 2 cm H,O increments until apnea and clear PB occurred.

* Intra-venous infusion (or bolus) of Dopamine: two ranges of doses were used. A low
dose of dopamine (from 1.5 to 5 g/kg/min) was intravenously infused to achieve a
stable hypoventilation prior to and for the duration of, the PSV trials, in order to
determine the “CO, reserve”. The high dose of dopamine (from 6 to 50 g/kg/min)
was performed to assess the ventilatory dose-response, in the absence of pressure
support.

3. Results

The ventilatory effects of PSV resulted in a progressive pattern depending on the level
of pressure support. At low level of pressure support, TE was prolonged consistently but
only by ~30 % and the VT of the first spontaneous breath right after PSV was systematically
reduced in the same proportion. At higher level of PSV and increased VT and with further
reductions in PETCO,, apneas (TE > Mean baseline TE + 3*SD) appeared regularly and
periodic, cluster-type breathing was observed. This abrupt transition from small change in
breath timing to substantial TE prolongation and periodic breathing pattern was a consistent
feature of achieving the apneic threshold during progressive hypocapnia via PSV.

In intact conditions, an increase in inspiratory minute ventilation via increased VT
from PSV sufficient to decrease the PETCO, by about 4 mm Hg (i.e., “CO, reserve” =
PArCO,—PETCO)5p0NTANEOUS) WaS required to produce apnea/periodicity.

With slow intra-venous infusion of low dose of dopamine, the minute ventilation
during NREM sleep decreased approximately by 1 /min, leading to an increase in PETCO,
about 4 mm Hg.

In this background of decreased ventilatory drive and hypoventilation, there was a
narrowed “CO, reserve” (approximately—3 mm Hg compared to control). The gain of the
slope of the ventilatory reduction in response to hypocapnia below hypocapnia was not
different from normoxic eupnea.

Using a high dose of dopamine, spontaneous ventilation during NREM sleep was
dramatically reduced, leading to an initial apnea, followed by a clear hypoventilation or
unstable breathing. The apnea occurs rapidly after the injection of dopamine and its length
depends on the dose (TE from 3 to 16 times control TE for the highest dose).

4. Discussion

Our preliminary findings suggest two conclusions: 1) Abrupt and complete silencing
of the carotid body chemoreceptor afferent output will cause apnea in the sleeping dog.
2) Specific inhibition of the carotid body chemoreceptor will narrow the “CO, reserve” in
proportion to the decrease in background ventilation.

Our first conclusion implies that if the CB chemoreceptors are silenced rapidly apnea
can result. This is unlikely to occur naturally in sleep apnea as a result of a ventilatory
overshoot. We think it is more likely that an interaction between CB hypocapnia and lung
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stretch secondary to the increased Vs during the ventilatory overshoot is required to produce
apnea in naturally occurring conditions.’

Our second conclusion suggests that specific CB inhibition alone, has no unique
effects on ventilatory drive or gain of the CB. Therefore, inhibition of the CBs, or central
chemoreceptors, or both in combination appear to produce qualitatively equivalent effects.
In other words, dopamine (CB inhibition alone) produced effects on “CO; reserve” and
CO, response gain below eupnea that was identical to that produced by metabolic alkalosis
(both CB and central inhibition) at a comparable level of hypoventilation.
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Stability Analysis of the Respiratory
Control System During Sleep

Zbigniew L. Topor, Konstantinon Vasilakos, and John E. Remmers

1. Introduction

Chemoreflex control of breathing during sleep consists of two negative feedback loops with
delays depending on the controlled variables (Paco, and Pag,). The peripheral chemore-
ceptor (PCR) loop operates with short delay and the central chemoreceptor (CCR) loop
operates with long delay (see Figure 1). Periodic breathing, indicative of instability in the
control system, is commonly seen during sleep in premature infants, in patients with heart
failure, and during exposure to high altitude. These periodicities appear to relate to the
operation of the two chemoreflex loops.

Precisely how the gains and delays of the two loops interact to determine overall
stability of the system is uncertain, however.

The mathematical analysis of the control system having one negative feedback loop
indicates that the oscillatory behavior develops when feedback gain and/or delay exceed
critical levels [7]. Similar analysis of systems having multiple feedback loops, each having
state-dependent delay has proven more challenging with positive results restricted to few
special cases.

We employed our realistic model of the respiratory system and its chemoreflex control
during sleep [17, 18] to develop a descriptive graphical method for stability analysis. The
multi-compartmental model accurately describes the interaction of circulating blood with
CO, and O,, and separately simulates reflexes initiated by the PCR and CCR loop using
state dependent delays. The results from a series of computer simulations reveal a complex
interaction of the two chemoreflexes resulting in stable or unstable behavior of the system.
These results are displayed on a two dimensional plot similar in concept to the phase
plane with the chemosensitivities of the two loops serving as coordinates of each point. A
region of stability exists with the normal operating point for the system lying well inside
its boundaries. Changes to the sensitivities of either loop caused by known pathologies
displace the operating point toward the border of the stability region and the distance to the
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Figure 1. Two negative feedback loops responsible for chemoreflex control of breathing during sleep.

border depends upon the whether one or both gains are increased. The new position of the
operating point determines if the system remains stable or develops sustained oscillations.

Our results indicate that stability of the respiratory control system depends critically
on the relative gains and dynamic characteristics of the two chemoreflex loops.

2. Methods

2.1. General Structure of the Model

Our model, an extension of that described by Grodins et al. [5], is structured as a
controller and a regulated system consisting of lungs, brain, and metabolizing tissue. The
controller, by modulating the level of ventilation, determines the values of state variables
(Pag,, Paco,). The lungs have an alveolar compartment ventilated by a continuous unidirec-
tional flow of respiratory gas and the alveolar gas partial pressures equal those in pulmonary
venous blood for CO, and nitrogen but differ for O, by an alveolar-arterial P, difference.
Blood——respiratory gas interaction is described by a set of seven non-linear equations [11].
Arterial blood leaves the lungs and arrives at the brain and tissue compartments after circu-
latory transport delays which depend upon vascular volumes and blood flow rates. Variable
circulatory delays are implemented as two delay lines that express the arterial blood gas
values at the entrance to the brain and tissue compartments as equal to corresponding values
in the arterial blood leaving the lungs at an appropriate time in the past. The gas tensions in
each of these compartments are assumed to be uniform and equal to those in exiting venous
blood. Three separate delay lines are implemented on the venous side of the circulation, two
for circulatory delays of the venous blood leaving the brain and tissue compartments, and
a third for the transport of mixed venous blood to the lungs. The plant equations comprise
a set of 12 first-order time-delayed differential equations, with delays being a function of
state variables, that describe the material balance relations for CO,, Oy, and N; in each
compartment. Cardiac output and cerebral blood flow are expressed as functions of arterial
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CO; and oxygen tensions and incorporate steady state values reported recently [4, 8, 12, 15]
with “on” and “off” dynamics described by Poulin ef al. [13] and Poulin and Robbins [14].

The controller receives input from central and peripheral chemoreceptors and pro-
duces an output to respiratory muscles. The CCR transduces brain tissue Pco, (PBco,). The
PCR senses carofid body Pco, and Pg,. The sum of these two inputs determines pulmonary
ventilation based on steady state data describing ventilatory responses to Pco, as a family
of straight lines with hypoxia-dependent slopes [3, 9, 10] for non-rapid eye movement sleep
[16]. We determined the relationship between brain tissue Pco, and arterial Pco, at different
levels of arterial Po, from the computational model of the plant and derived two controller
equations. The first equation describes CCR component of ventilation as a function of
PBcp,, and the second describes the contribution from PCR chemoreflex as a function of
Paco, and Pag,. The controller equations contain no dynamic terms so that all delays in the
controller’s response to an abrupt chemical stimulation derive from the characteristics of
the plant. Thus, cardiac output and cerebral blood flow entirely determine the dynamics of
each feedback loop.

2.2. Computer Simulations

The model was used to simulate experimental trials lasting 90 minutes and values
of 70 critical variables describing the behavior of the system under particular simulated
conditions were stored for later analysis. In addition, the progress of the simulation was
observed on the computer monitor where four pre-selected variables were displayed in
the real time mode. The model was embedded in an external routine, which step-wise
changed the sensitivities of CCR and PCR loops from 0.5 to 5.0 times their normal values
in increments of 0.1. The routine executed standard 90 min simulations for each pair of
CCR and PCR values and an augmented breath was applied after 40 min. The data set from
each 90 minutes simulation was analyzed off-line to evaluate stability and to determine the
nature of the response to the transient perturbation.

3. Results

Each simulation was analyzed and Figure 2 illustrates the resulting stability display on
a chemoreceptor sensitivity plane. The hatched area indicates region of stability. Outside of
this region the behavior of the system is characterized by self-sustained bound oscillations.
Note that a substantial increase in the overall loop gain of the system accomplished by
proportional, 3.8 fold increase in both CCR and PCR chemosensitivities yields a stable
system. Paradoxically, a smaller but disproportional increase in either chemoreflex loop
(2.6 fold for CCR and 3.7 fold for PCR) leads to the unstable system. Figure 3 illustrates the
position of the normal operating point of the system (point A with [1.0, 1.0] coordinates).
A proportional increase in chemosensitivities of both loops translocates the operating point
to B [3.75, 3.75], and a spontaneous deep breath results in a decaying transient oscillation,
indicating that the system is stable (Panel B). Translocation to point C [1.0, 3.75], caused by
a significant reduction in the PCR chemosensitivity, moves the operating point outside the
boundary of the stability region and results in a self-sustained, bound oscillation consisting
of alternating apnea and hyperpnea with a period length of 57 seconds (Panel C). The
adjacent point C*[1.0, 3.0] reflects possible change in CCR chemosensitivity associated
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with a congestive heart failure [19] and the behavior of the system here is similar to that
depicted in panel C.

Translocation from point B to D [3.75, 0.5}, associated with a substantial decrease in
the chemosensitivity of CCR loop, also leads to the unstable behavior of the system (see
Panel D). These oscillations are characterized by periods of hypopnea and hyperpnea and
by an overall period length of 21 seconds. This behavior is reminiscent of a normal sleeping
subject at high altitude.

4. Discussion

Our plot of component chemoresponsiveness in the two delayed feedback loop system
of respiratory control during sleep reveals a stability field, similar to that described by
Belair [1] and by Hale and Huang [6]. Using relative chemosensitivities of PCR and CCR
loops as two variables defining our phase plane has particular utility since each determines
component loop gain and each can be estimated experimentally in humans. Further, the
graphical display allows visualization of a location of the operating point of the system
in relation to the boundary of the stability region. Movement of this point may indicate
a change in the system’s stability. Changes in the size and shape of the stability field as
a function of changes in system parameters, such as cerebral blood flow, cardiac output
and/or their chemoresponsiveness, allow for evaluation of the role of these parameters in
system stability.

Our results can provide plausible explanations for experimental observations and can
suggest further experiments that may be informative. An example of the first use of our model
is shown in Figure 3 beginning with stable locus (point B) with relatively high sensitivity for
both chemoreceptors. The sensitivity of the PCR is held constant and the CCR sensitivity
is progressively reduced until the unstable locus (point D) is reached. This provides a
plausible explanation for the observation of Cherniack et al. [2] in which excluding the
central chemoreflex from a high gain system led to ventilatory instability. An example of
the second use of our model is illustrated by the translocation from B to locus C at constant
CCR chemosensitivity. In this case, the system is predicted to become unstable by reduction
of PCR chemosensitivity. To our knowledge, such has never been observed but could be
revealed in an experiment such as Cherniack et al. [2] where the PCR could be excluded
from a high gain system. Interestingly, the behavior of the system around locus C resembles
sleep-disordered breathing in patients with congestive heart failure (Figure 3C) [19]. Their
ventilation is characterized by periods of apnea and hyperpnea with a total length of a cycle
between 50-60 seconds. Thus, possible 3-fold increase in chemosensitivity of both loops
will move the operating point of the system well inside the stability field. Investigation into
possible influence of cardiac output decrease on the size and shape of the stability field
may give us some indication if proportional 3-fold increase in chemosensitivities of both
loops could lead to ventilatory instability during sleep in congestive heart failure patients.
Instability of the system around locus D (Figure 3D), which is characterized by much higher
frequency of oscillations resembles closely the periodicity induced by an exposure to high
altitude or periodic breathing in premature infants.

One potential limitation of our analysis is the fact that the model assumes ventilation
as continuous unidirectional flow of air without considering its sub-components such as
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tidal volume (the depth of a breath) and respiratory timings (inspiratory time, expiratory
time, and frequency of breathing). Consideration of these characteristics of ventilation may
prove useful in light of the recent findings that the plasticity of the PCR chemoreflex has
different effects on the various respiratory components [20]. On the other hand, our model
simulates behavior of the human respiratory control system during non-REM sleep. In
this condition spontaneous variations in the level of ventilation and possible changes in its
sub-components values are minimized.

While generalization of our results may be limited by the specific nature of our
computer simulation and the discrete analysis we employed, they have led us to novel
insights regarding the stability of the respiratory control system. Specifically, we provide
evidence that the relative gains and delays of the two loops play a key role in stabil-
ity and that regions of stability can be usefully depicted on a chemoreceptor sensitivity
plane.
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A Physical Model of Inspiratory Flow
Limitation in Awake Healthy Subjects

Abdelkebir Sabil, André Eberhard, Pierre Baconnier, Gila Benchetrit

1. Introduction

1.1. The Sleep Apnea Syndrome

The obstructive syndrome of sleep apnea/hypopnea is characterized by repeated partial
or total obstructions of the upper airways (UA) [1] resulting in intermittent asphyxia
and repeated micro-arousals. Sleep disordered breathing affects about 9% of males and
4.5% of females between the ages of 30 and 60 years [2], 15% to 20% of elderly people
[3] and 5% to 10% of children [4]. Sleep apnea and hypopnea events are easily identi-
fied while more subtle events, such as inspiratory flow limitation episodes, are difficult
to detect. Flow limitation is the result of a partial occlusion of the upper airway during
sleep.

1.2. The Upper Airway

The upper airways (figure 1), located outside the thorax, are susceptible to collapse
during inspiration in sleep. This behaviour does not concern the rigid segments of the
nose and larynx. However, the pharynx, which is a soft muscular tube, is susceptible
to collapse, for instance during swallowing or speech. Contraction of inspiratory mus-
cles, particularly the diaphragm, creates a negative pressure in the upper airway that
leads to the dynamic narrowing of the collapsible pharyngeal tube. To counteract the
collapse of the pharynx, a protection mechanism (upper airway dilator reflex) is triggered
prior to inspiration [5]. In fact, the application of a negative pressure to the upper
airways will provoke a reflex contraction of the pharynx dilating muscles (genioglossus,
geniohyoid, styloglossus, masseters, pterygdoides) [6, 7). This mechanism contributes
to the stability of the upper airway and allows airflow to circulate through a nearly
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a. Normal airway b. Collapsed airway

Figure 1. Collapsing of upper airway: open airway and normal airflow (a) and partially collapsed airway and
limited airflow (b).

constant diameter during normal breathing. However, this protection is weakened during
sleep and the diameter of the pharynx diminishes leading to a decrease in ventilation
{6, 8]. This modification of the upper airway calibre during sleep does not have a
substantial effect in normal subjects but becomes a problem in patients with a narrow

pharynx.

1.3. Inspiratory Flow Limitation

Inspiratory flow limitation (IFL) is defined by an increase in negative intra-thoracic
pressure that is not associated with an increase in airflow rate. IFL is characterised by
the presence of a plateau in the flow-pressure relationship graph [9]. When this scenario
lasts more than ten seconds or is present in more than two consecutive cycles, inspiratory
flow is said to be limited [8]. Inspiratory flow limitation has been recently identified as
a serious problem responsible for repeated micro-arousals [9]. To determine whether or
not an inspiratory flow limitation has occurred, it is necessary to simultaneously measure
inspiratory flow and the oesophageal pressure [10]. The pressure measurement allows a
precise evaluation of the flow limitation; however, this method is invasive and difficult
to perform as a routine measurement. Non invasive methods, such as measurement of
pressure with a nasal canula or respiratory inductance plethysmography [9, 10, 11], have
been proposed for the evaluation of inspiratory flow limitation. The shape of the inspiratory
flow, obtained from a nasal canula signal or the derivative of inductance plethysmography
signal, was analysed and proposed for the classification and identification of flow limitation
events. Pollo et al. classified flow shapes into seven categories from a normal shape to the
most limited shape [12]. Dempsey et al. classified flow shapes into four different categories
[10] while Bloch et al. suggested a two category classification, non limited and limited flow
shape [11]. This latter classification gave the best result in detection of flow limitation, with
an 80% specifity and sensitivity [11]. This classification of the inspiratory flow based on the
shape of the signal may not be generalized for all subjects. In fact, respiratory flow shapes
vary between individuals [13] and an abnormal shape for an individual could be considered
as a normal shape for another individual. It is therefore more relevant to evaluate the
changes in shape for one individual than to rely on generalized preset shapes of inspiratory
flow.

The detection of IFL, in the absence of oesophageal pressure, is based on changes in
the flow shape. To investigate these changes, we designed a physical device to mimic upper
airway collapsibility resulting in IFL.
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Figure 2. Apparatus for mimicking upper airway collapsibility.

2. Methods

2.1. Description of the Device

The purpose of the device is to allow a simple, non invasive and instantaneous simula-
tion of inspiratory flow limitation in healthy awake subject. Based on the Starling resistance
principle, we designed a device made of a plastic tube in which a flexible membrane is
inserted and collapses if an aspiration is applied. When inserted in a breathing apparatus
recording, the device mimics upper airway collapsibility and induces IFL. Lengthening the
collapsible section of the device induces increasing IFL.

2.2. Experimental Protocol

Recordings were performed on healthy awake seated subjects (8 subjects, 5 males,
age range 22 to 42). The subjects wore a facemask on which a pneumotachograph was
mounted. The inspiratory flow limiting device was connected to the pneumotachograph
and the pressure was measured at midpoint between the pneumotachograph and the device.
The CO, level in the mask was also recorded during the experiment. Control breaths were
recorded without the device in place, then increasing flow limitation was induced using the
device. The limiting device was removed after 10 to 15 breaths and the subject returned to
normal breathing.
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Figure 3. An example of recording before, during and after inducing an inspiratory flow limitation.
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Figure 4. The windows show three respiratory flow cycles for a healthy awake subject. The pressure/flow
curves of the middle cycle during inspiration are represented as well. A represents control cycles without the
use of the device; we note that the pressure remained at zero during the entire breath because of its point of
measurement. A low level IFL is seen in B, the pressure became progressively more negative while the inspiratory
flow remained constant. A higher level IFL is seen in C, the pressure drop was more important than it was in B
and the inspiratory flow remained constant.

3. Result

Figure 4 shows selected cycles of IFL simulation in one subject: control breathing
(A), low level IFL (B) and high level IFL (C). For each breath, tidal volume (Vr), total
cycle duration (Ttor) and inspiratory time (Ty) were measured.

Figure 5 shows 14 limited cycles and the mean of the control cycles. These results
show that during IFL, tidal volume decreased slightly at the starting of the limitation but it
increased rapidly afterward. Ttor was increased as well but not at the same rate as Ty which
explains the increase of the ratio Ti/Tror.

4. Discussion

Our findings show that this simple device could be used to mimic upper airway col-
lapsibility and inspiratory flow limitation. Indeed, with the device in place, pressure became
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Figure 5. A comparison between the limited cycles and the mean of the control cycles. The ratio of Tt/ Tror
increased with the respiratory effort. The tidal volume decreased slightly when IFL was induced.

progressively more negative while inspiratory flow remained constant and respiratory pa-
rameters changed: Vt decreased slightly while Tror and Ti/Tror increased.

In conclusion, the device that we designed represents an appropriate tool to induce
IFL and therefore characterize flow shape changes due to IFL. In addition, mimicking IFL
in healthy awake subjects provides the means to induce controlled IFL and determine the
relationship between the intensity of IFL and flow shape characteristics.

References

1. Farré R., Peslin R., Rotger M., and Navajas D. Inspiratory Dynamic Obstruction Detected by Forced Oscil-
lation during CPAP, A Model Study. Am. J. Respi. Crit. Care Med., 1997, 155: 952-956.

2. Young T, Palta M., Dempsey J., Skatrud J., et al. The Occurrence of Sleep Disordered Breathing Among
Middle-aged Adults. New Engl. J. Med., 1993, 328: 1230-1235.

3. Ancoli-Israel S. Epidemiology of Sleep Disorders. Clin. Geriat. Med., 1989, 5: 347-362.

4. Guilleminault C. and Pelayo R. Sleep-disordered Breathing in Children. Ann. Med., 1998, 30: 350-6.

5. HomerR. L. InnesJ. A., Murphy K., Guz A. Evidence for Reflex Upper Airway Dilator Muscle Activation
by Sudden Negative Airway Pressure in Man. J Physiol (London), 1991, 436: 15-29.

6. Remmers J. E., deGroot W. J., Sauerland E. K., and Anch A. M. Pathogenesis of Upper Airway Occlusion
During Sleep. J Appl Physiol, 1978, 44: 931-938.

7. TantucciC.,MehiriS., Duguet A., Similowski T.. Amulf1., Zelter M., Derenne J.P., Milic-Emili J. Application
of Negative Expiratory Pressure During Expiration and Activity of Genioglossus in Humans. J Appl Physiol,
1998, 84: 1076-82.

8. Tangel D. J., Mezzanotte M. S., White D. P. Influence of Sleep on Tensor Palatini EMG and Upper Airway
Resistance in Normal Men. J Appl Physiol, 1991, 70: 2574-81.

9. Hosselet J. J., Norman R. G., Ayappa 1., and Papoport D. Detection of Flow Limitation with Nasal Can-
nula/Pressure Transducer System. Am J Respir Crit Care Med, 1998, 157: 1461-1467.

10. Clark S. A., Wilson C. R., Satoh M., Pegelow D., Dempsey J. A. Assessment of Inspiratory Flow Limitation
Invasively and Noninvasively During Sleep. Am J Respir Crit Care Med. 1998, 158: 713-22.



216 A. Sabil et al.

11. Kaplan V,, Zhang J. N., Russi E. W,, Bloch K. E. Detection of inspiratory flow limitation during sleep by
computer assisted respiratory inductive plethysmography. Eur Respir J, 2000, 15: 570-578.

12.  Aittokallio T., Saaresranta T., Polo-Kantola P., Nevalainen O., and Pollo O. Analysis of Inspiratory Flow
Shapes in Patients with Partial Upper-airway Obstruction During Sleep. Chest 2001; 119: 37-44.

13. Benchetrit G., Shea S. A., Pham Dinh T., Bodceo S., Baconnier P., Guz, A. Individuality of Breathing Patterns
in Adults Assessed Over the Time. Respir. Physio, 1989, 75: 199-210.



Antioxidants Prevent Blunting of Hypoxic
Ventilatory Response by Low-Dose
Halothane

Albert Dahan, Raymonda Romberg, Elise Sarton and Luc Teppema

1. The Ventilatory Response to Acute Isocapnic Hypoxia

In adult humans, acute isocapnic hypoxia induces a brisk ventilatory response. This
acute hypoxic response or AHR originates at the peripheral chemoreceptors of the carotid
bodies.!:? The full mechanisms of oxygen sensing at the carotid bodies (CB) is still poorly
understood. At present it is thought that membrane ion channels (e.g. potassium channels)
are critically involved and that low oxygen inhibits various K*-currents through the CB
type I cell membrane (see reference #3 and references cited therein). This causes membrane
depolarization and consequently the influx of calcium ions into the cell and the activation
of a complex cascade of events within the type I cell. At the end of this cascade, the
cell releases neurotransmitters (e.g., acetylcholine and ATP) which activate postsynaptic
receptors located on afferent endings of the carotid sinus nerve.

2. Influence of Inhalational Anesthetics on the Ventilatory
Response to Acute Isocapnic Hypoxia

Volatile halogenated anesthetic agents are potent ventilatory depressants and at anes-
thetic concentrations affect ventilatory control at various sites within the body. For example,
halothane causes ventilatory depression by abolishing the peripheral drive of the carotid
bodies, by changing the balance between excitatory and inhibitory neuromodulators within
the central nervous system toward a net inhibitory effect on the respiratory neuronal pool
and by suppression of the respiratory muscles. At subanesthetic concentrations (0.05 to
0.2 minimum alveolar concentration [MAC]), the volatile anesthetics halothane, enflurane,
isoflurane and sevoflurane depress the ventilatory response to acute (that is, 3 to 5 min)
isocapnic hypoxia by 20 to 60%.%~'! There is strong evidence that this effect is due to
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Figure 1. Relationship between depression of the acute hypoxic response at 0.1 MAC and the relative metabolism
of the halogenated anesthetic agents.

a selective, potent and preferential effect at the peripheral chemoreceptors of the carotid
bodies. For example, i) hypoxia-driven ventilation decreases by 25% within 30 s and by
40% within 1 min of exposure to 0.15-0.30% inspired halothane.* Within this time period
brain concentrations of halothane cannot contribute to this effect taken the relatively slow
blood-effect-site equilibration of halothane (at 30 s of halothane-wash-in brain concentra-
tions will be 2% or less of end-tidal, while the CB concentration will be 70% of end-tidal;
at 60 s of wash-in these values are 10% and 90%, respectively); if) Using the ‘dynamic-
end tidal forcing’ technique, the ventilatory response to a square-wave change in end-tidal
PCO; may be separated into a fast component arising from the peripheral chemoreceptors
and a slow component arising from the central chemoreceptors. Halothane, isoflurane and
sevofturane at 0.1 MAC reduced the peripheral CO, sensitivity without affecting central
CO, sensitivity.> 71

There are several observations that may shed some light on the mechanism via which
anesthetics affect the acute hypoxic response. 1) Volatile anesthetic agents with appreciable
metabolism and the production of free radicals under hypoxic conditions such as halothane
and enflurane induce severe depression of the AHR On the other hand, desflurane, an agent
with low metabolism and little free radical production, shows little to no depression of the
normocapnic AHR (see also figure 1). 2) Propofol, an intravenous anesthetic agent with
anti-oxidant properties, has no direct effect at the carotid bodies during hypoxia.'? 3) In
animals, the degree of depression of the AHR may depend on their oxidant/anti-oxidant
status.? For example, animals such as goats that produce large quantities of ascorbic acid
show little depression of the AHR by halothane (0.5 MAC).>!34 The reverse is true for
species that produce little to no ascorbic acid such as cats and humans.>3 (4) Volatile
anesthetics open oxygen and acid sensitive background potassium (TASK) channels in rat
carotid body cells.'®

Items 1-3 suggest an important role for free radicals in anesthesia induced depression
of the carotid bodies. Possibly these free radical species play an important modulatory role
via an effect at potassium channels located in the cell membrane of the type I glomus cells.
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Figure 2. Pretreatment with antioxidants (AOX) but not with placebo prevents depression of the Acute Hypoxic
Response (AHR) by low-dose halothane (0.13 MAC). 100% is the control value (i.e., no drugs given). Values are
mean + SD. * P < 0.05 versus AOX-pretreatment and control (anova).

3. Influence of Antioxidant Pretreatment on Halothane-Induced
Depression of the Acute Hypoxic Response

We studied the effect of the antioxidants (AOX) ascorbic acid (2 gram iv) and «-
tocopherol (200 mg, p.o.) on the ventilatory response to isocapnic hypoxia (SpO, 82 +
2%; duration of hypoxia 3 min) during inhalation of 0.11% end-tidal halothane (~0.15
MAC) in healthy male volunteers. After performing a control hypoxic response and a
response during the inhalation of halothane subjects either received AOX (n = 8) or placebo
(n = 8). The results are shown in figure 2. Halothane reduced the AHR by more than
50%. Pretreatment with AOX but not with placebo prevented any depression of the AHR
(AHR control = 0.79 + 0.35 L/min per % desaturation; AHR halothane = 0.36 £ 0.16
L.min~'.%~'; AHR halothane AOX = 0.77 & 0.32 L.min~".%~"; AHR halothane placebo
=0.36 &+ 0.27 L.min~'.%1).

4. Concluding Remarks

Our data indicate that systemically administered antioxidants are able to prevent or
reverse any depression induced by low-dose halothane in humans. We suggest that the
depressant effect of halothane and possibly also by the other inhalational anesthetics (see
figure 1) may be caused by reactive oxygen species produced by their reductive metabolism
during hypoxia. The AOX cocktail effectively removed these radical species preventing their
depressant effect on the carotid body oxygen sensing mechanism. An alternative explanation
may be that the systemic AOX exposure change in redox state of the carotid body type I
glomus cells prevented the binding of halothane to its effector-site (e.g., an oxygen-sensitive
background K*-channel).

The finding that the depressant effect of anesthetics on the hypoxic chemoreflex may
pharmacologically be prevented or reversed is of evident clinical importance as it may open
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the door to the treatment of respiratory events in the post-anesthesia carue unit using cheap
but effective measures.
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Mechanism of Propofol-Induced Central
Respiratory Depression in Neonatal Rats

Anatomical Sites and Receptor Types of Action

Masanori Kashiwagi, Yasumasa Okada, Shun-ichi Kuwana,
Shigeki Sakuraba, Ryoichi Ochiai, and Junzo Takeda

1. Introduction

Propofol (2, 6-diisopropylphenol) is an intravenous anesthetic, which has been increasingly
used for both the induction and maintenance of general anesthesia' % as well as in critical care
medicine.> When propofol is used, one of the most important adverse effects is respiratory
depression,*™® which is caused by suppression of the central respiratory neuronal network.
It is unclear, however, whether the main site of propofol action is the brainstem or the spinal
cord.*~® In most previous studies, the response of respiratory neurons to propofol has been
largely neglected. We address this lacuna here.

The brainstem-spinal cord preparation of the neonatal rat is an established in vitro
model for physiological studies of the mammalian respiratory neuronal network.”™!! Be-
cause pharmacological agents can be applied to the preparation in a precise concentration
in an anesthetic- and muscle relaxant-free condition, this preparation is also useful for
pharmacological studies.' 3

The purposes of the present study are first, to separately evaluate the propofol effect
on the medulla oblongata and the spinal cord in order to identify the anatomical site of
propofol action, and second, to identify the receptor type on which propofol exerts its effect
in brainstem respiratory neurons. For these purposes, we used the brainstem-spinal cord
preparation of the neonatal rat.
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2. Methods

2.1. Brainstem-Spinal Cord Preparation

The surgical procedure for this preparation has been described elsewhere.!%~* Briefly,
the brainstem and the cervical spinal cord of 1- to 4-day old Wistar rats of either sex were
isolated en bloc under deep ether anesthesia. The brainstem was transected at the level of the
VIth cranial nerve root. The preparation was superfused continuously at 25-26°C with artifi-
cial cerebrospinal fluid of the following composition (in mM): NaCl 124, KC1 5.0, KH,PO4
1.2, CaCl, 2.4, MgSO,4 1.3, NaHCO; 26, glucose 30, equilibrated with a gas mixture of
95% 0,-5% CO,. We monitored rhythmic inspiratory activity from the C4 ventral root.

2.2. Neuronal Recording

The activity of neurons in the rostral ventrolateral medulla was recorded intracellu-
larly with a perforated patch configuration. The method of neuronal recording was almost
the same as that described previously.!*~!¢ Briefly, a glass pipette (GC100-TF-10; Clark;
Reading, UK) was pulled with a horizontal puller to a tip size of approximately 2 m.
Electrode resistance was between 10 and 14 M2 when filled with a solution containing
(in mM) K-gluconate 130, KCl1 3, EGTA 10, HEPES 10, CaCl, 1, MgCl; 1 and nys-
tatin (100 g/mL). The pH of the filling solution was adjusted between 7.2 and 7.3 with
KOH. Membrane potentials were recorded with a whole cell patch amplifier (CEZ 3100,
Nihon Kohden, Tokyo, Japan). The membrane potential was presented without correcting
the liquid junction potential. Recorded medullary neurons were classified into four types
according to their firing patterns: pre-inspiratory, inspiratory, expiratory, and non-respiratory
neurons.’- 1416

2.3. Experimental Protocol

2.3.1. Experiment 1: Selective Application of Propofol to the Medulla
or Spinal Cord

‘We used a chamber partitioned at the spino-medullary junction with two thin polyvinyl
chloride plates placed parallel to each other (with woven nylon packed between them for
seal and drainage) for discrete application of pharmacological agents to the brainstem and
to the spinal cord. After baseline recording, the superfusate bathing either the medulla or
the spinal cord was replaced by a solution containing 20 M propofol (whereas the other
was continuously superfused with the control solution), and the recording was continued
for 45 min. In the control group, a recording was made with both parts superfused with the
control solution. Each group contained ten preparations.

2.3.2. Experiment 2: Responses of Bicuculline to Propofol Action
on Medullary Neurons

We added 20-100 M propofol with or without 4 M bicuculline to the superfusate.
After baseline recording with the control solution, the superfusate was replaced as follows:
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propofol, propofol with 4 M bicuculline, and propofol again. Duration of superfusion with
each solution was within 10 min.

2.4. Data Analysis

Data were presented as mean = standard deviation (SD). The significance of difference
in values was evaluated using an analysis of variance with Dunnett’s test (in Experiment
1) and a paired ¢-test (in Experiment 2). We considered a difference to be statistically
significant when P < 0.05.

3. Results

3.1. Selective Application of Propofol to the Medulla or Spinal Cord

Superfusion of the medulla with 20 M propofol for 15 min reduced the C4 burst rate
by 73% (P < 0.05). By contrast, application of propofol to the spinal cord exerted little
influence on either C4 burst rate or integrated C4 amplitude (Figure 1).

3.2. Responses of Bicuculline to Propofol Action
on Medullary Neurons

We successively recorded one pre-inspiratory neuron, three expiratory neurons and
four inspiratory neurons from the rostral ventrolateral medulla. Action potential firing of
pre-inspiratory and expiratory neurons disappeared during propofol superfusion. In pre-
inspiratory and expiratory neurons, bicuculline provided an antagonistic action against
propofol-induced decreases in burst rate and arrest of action potential firing, and antagonized
propofol-induced hyperpolarization of resting membrane potentials (from —62.5 & 14.6
mV to —55.8 & 18.4mV, P > 0.05). A representative recording of the membrane potential
of an expiratory neuron is shown in Figure 2. In inspiratory neurons, on the other hand,
neither propofol nor bicuculline influenced membrane potential trajectories except for syn-
chronous changes in burst rate. Resting membrane potentials were —63.4 4 9.1 mV during
bath application of propofol and —64.6 4 10.6 mV during bath-application of propofol and
bicuculline.

4. Discussion

Bath application of propofol to the spinal cord did not affect C4 inspiratory output; we
did not observe any decrement in C4 inspiratory burst activity (Figure 1). The descending
transmission of the inspiratory neural drive to phrenic motoneurons has been reported to
depend on the activation of non-N-methyl-D-aspartate (non-NMDA) receptors, especially
2-amino-4-phosphonobutyric acid (AP-4)-sensitive presynaptic glutamate receptors.!’~!?
Our results are consistent with these previous studies of propofol action on glutamate
receptors; it has been shown that propofol has a minimal effect on the non-NMDA subtype
of glutamate receptors.?’2! It also is known that propofol acts on the sensory neurons of
the spinal dorsal horn.* However, our finding clearly indicates that propofol does not exert
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Figure 1. Representative recording of integrated C4 activity (fC4) before and during discrete bath application
of propofol. (A) The C4 inspiratory burst rate decreased when propofol was selectively applied to the medulla.
(B) The C4 inspiratory burst rate was not affected when propofol was selectively applied to the spinal cord. (C)
Effect of selective bath-application of propofol to either the medulla or the spinal cord on C4 inspiratory burst
rates and (D) fC4 amplitude. (o) Control, (A) medulla, (0) spinal cord (n = 10 in each group). Data are shown as
mean =+ sb. *P < 0.05 versus contro} group.

A 4 uM Bicuculline

joa LI UL ARCE DL ORUCERR IR LA v st g ] L]

1 min

50 uM Propofol 50 uM Propolol + 4 yM Bicuculline
| 1

JC4

10s

Figure 2. Effects of propofol and bicuculline on the membrane potential of a representative expiratory neuron
(Exp). (A) Continuous recording of a membrane potential. Propofol hyperpolarized the expiratory neuron and
suppressed action potential firing. Bicuculline reversed the effect of propofol. (B) Recording in (A) on an extended
time scale. fC4 = integrated C4.
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any direct effect on descending transmission of respiratory neuronal activity at the level
of the spinal cord. Therefore, propofol-induced respiratory depression can be explained by
inhibition of the medullary respiratory neuronal network, at least in this brainstem-spinal
cord preparation of the neonatal rat.

In Experiment 2, we analyzed the effect of the GABA, receptor-antagonist bicu-
culline on propofol-induced suppression of respiratory neurons. An account of the effects
of propofol itself on respiratory neuron activity is currently in preparation for publication,
independent of the present paper. In the present paper, we demonstrated that bicuculline
exerts an antagonistic effect on propofol-induced neuronal suppression in pre-inspiratory
and expiratory neurons in the rostral ventral medulla. It has been reported that propofol
action on neurons are GABA , receptor-mediated in various parts of the brain, e.g. the
neocortex.”> However, the receptor on respiratory neurons on which propofol exerts its
action has not been identified, and this is the first report to demonstrate that propofol-
induced hyperpolarization of brainstem respiratory neurons is mediated by the activation
of a GABA, receptor. We recently reported that GABA in the brainstem plays an essen-
tial role in the maintenance of normal inspiratory burst activity using GABA synthesizing
enzyme-deficient mice.'® Also, pre-inspiratory neurons have been assumed to act as a
pacemaker cell in respiratory rhythm generation, and the burst rates of inspiratory neu-
rons are assumed to depend on the activity of pre-inspiratory neurons.** Therefore, we
propose that the observed suppression of respiratory activity induced by propofol is very
likely mediated, at least partly, by the activation of GABA, receptors on pre-inspiratory
neurons. It has recently been reported in a study employing single-unit neuronal record-
ing of the rat substantia nigra, however, that GABAgp receptors also are involved in the
mechanism of propofol-induced anesthesia.?> Further studies should be conducted to also
clarify the involvement of GABAg receptors in propofol-induced suppression of respiratory
neurons.

In summary, we have demonstrated that propofol inhibits neural respiratory activity
in the medulla, but does not directly suppress descending neural transmission in the spinal
cord. Propofol-induced suppression of pre-inspiratory/expiratory neurons in the rostral ven-
trolateral medulla was mediated, at least partly, through GABA, receptor activation.
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Interaction of Arousal States with
Depression of Acute Hypoxic Ventilatory
Response by 0.1 MAC Halothane

Jaideep J. Pandit, Ben Moreau, Peter A. Robbins

1. Introduction

Itis well-established that volatile anesthetic agents at doses of < 0.2 MAC depress the acute
hypoxic ventilatory response (AHVR) by ~50-70%"2. However, the effect of anesthetic
agents can be very variable®*4,

The source of this variability of effect is unclear, but van den Elsen et al. have suggested
that the state of arousal of subjects (and especially the effect of audiovisual (AV) stimulation
in the form of watching television) is important>©.

Additionally, Sarton et al. found that acute pain (which might seem at first to be more
arousing than AV stimulation) did not reverse the depression of AHVR by sevoflurane’. They
therefore concluded that AV stimulation was a “specific” stimulus which interacted with the
hypoxic chemoreflex in a unique manner. Pain, they argued, was a “non-specific” stimulus
which, while arousing the central nervous system in general, did not do so in a manner
which specifically interacted with the hypoxic chemoreflex. In summary, the hypothesis
was that background study conditions (ie, arousal states) explained the variability of results
seen in different studies for the effect of anesthetics on AHVR?.

Pandit has offered an alternative interpretation®. Using the technique of meta-analysis
he concluded that the largest source of variability in published, pooled results was not due
to the type of arousal stimulus, but simply due to the type of anesthetic agent used’. In
other words, different anesthetic agents have intrinsically different effects on the hypoxic
chemoreflex, regardless of background arousal state.

We planned to assess whether AV stimulation would prevent the depression of AHVR
by halothane in the manner predicted by Dahan and colleagues®~%; or whether AV stimula-
tion would have no effect, as predicted by Pandit®. We also wished to investigate the effects
of acute pain on the ability of 0.1 MAC halothane to depress AHVR.
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2. Methods

2.1. Subjects

With ethical approval, we studied 10 healthy volunteers (9 men and 1 womah; mean
age 20.6 years [range 20-22 years]; mean height 1.78 m [1.65-1.85 m]; mean weight 72.1kg
(55-84 kg]).

2.2. Control of End-Ridal Gases

During experiments subjects were seated in a chair, wore a noseclip and breathed
through a mouthpiece. Respiratory volumes were measured by a turbine volume measuring
device and flows by a pneumotachograph in series with the mouthpiece. Expired gas at the
mouth was sampled continuously by a mass spectrometer and analysed for PCO; and PO,.
The volumes and flows and the PCO, and PO, at the mouth were recorded in real time with
a 50Hz sampling frequency by a computer, which also executed a peak-picking program to
locate end-tidal PCO; (PET co2) and end-tidal PO, (PET ;). End-tidal gases were controlled
by dynamic end-tidal forcing, to maintain desired end-tidal values independently of changes
in ventilation'%-!!,

2.3. Protocols

Before each experimental period, subjects underwent a period of quiet breathing to
establish their ambient end-tidal PCO, (PETco,). In those experimental periods involving
administration of halothane, this time interval was also used to reach the target end-tidal
value (0.1 MAC) of halothane. Dynamic end-tidal forcing was then used to hold the PET o
1-2 mmHg above this ambient value throughout each protocol. The end-tidal PO, (PETq,)
was controlled in the following manner: an initial 4 min period of 100 mmHg, followed by
three steps of hypoxia (PETo, 50 mmHg), each of 4 min duration, and each separated by 4
min of euoxia (PETg,; 50 mmHg).

These end-tidal gas profiles were undertaken in six protocols (in random order on dif-
ferent days), each protocol characterized by a distinct background arousal state (separately
with and then without 0.1 MAC halothane):

1. Control: subjects were in a darkened, quiet room with their eyes closed;
AV stimulation: subjects watched television with sound in a bright, noisy environment;
3. Pain: subjects were exposed to experimentally-induced acute pain, while in a dark-
ened, quiet room with their eyes closed.

2.4. Administration of Arousal Stimuli

For audiovisual stimulation protocols, subjects watched the television program or
video of their choice. The sound was high, the room brightly-lit and all experimenters
freely talked and entered and left the room at will.

For those control protocols in which audiovisual stimulation was absent, and for those
in which experimental pain was used, the room was darkened by the use of window blinds,
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all noise was reduced to bare minimum whispers between experimenters required for the
conduct of the study, the subject’s eyes were closed, and the subject wore headphones further
to eliminate noise.

For the pain protocols, two electrodes were placed on the skin overlying the tibial bone.
The electrodes were attached to an electrostimulator which delivered noxious electrical
stimuli of 0.2 ms duration at 1 Hz. The current strength could vary from 0-80 mA and
was adjusted to achieve a target visual analog pain score (VAS) of no less than 5/10 and
no higher than 6/10 (on a scale 0 = no pain and 10 = worst pain possible). The painful
stimulus was administered for fixed durations of 6 min, spanning the hypoxic step and the
2 min of euoxia before hypoxia. The absence of pain for 2 min during euoxic periods was
designed to minimize the possibility of adaptation to the pain. The VAS was tested at the
end of each protocol to assess stability of the stimulus.

2.5. Data Analysis

Data were averaged into 1 min periods. The ventilation in the last min of euoxia,
before any hypoxia was administered was used as the baseline, euoxic ventilation for each
study condition. The AHVR for each hypoxic step was then calculated as the difference
between the peak ventilation reached in the 4 min of hypoxia, and the ventilation in the
last min before the hypoxic exposure. Thus, for each experimental period, there were three
values of AHVR obtained, and these were averaged to yield the average value of AHVR
for the protocol. These individual subject values were then averaged to obtain the mean for
the group.

2.6. Statistical Analysis

The values for baseline euoxic ventilation, AHVR and BIS were first subjected to
analysis of variance (ANOVA, SPSS for Windows). The “response” was “‘ventilation” or
“AHVR?”, and there were three “factors”: “arousal” (fixed factor, three levels); “halothane”
(fixed factor, two levels); and “subject (random factor, ten levels). If ANOVA indicated
a statistically significant effect, then post-hoc paired Student’s t-tests were undertaken to
locate the precise source of the significant effect. A value of P < 0.05 was taken as statis-
tically significant. For those comparisons involving multiple post-hoc tests, the Bonferroni
correction was applied and statistical significance was taken at a value of P < 0.05/n, where
n was the number of comparisons made for the hypothesis tested.

3. Results

Figure 1 shows the results for baseline euoxic ventilation. ANOVA did not show
any significant effect of halothane, but did suggest that the interactive term of halothane
and arousal was significant (P < 0.04), indicating that halothane might influence baseline
ventilation depending on the prevailing arousal state. However, post-hoc t-tests did not
confirm this suggestion, and within each of the arousal states, there was no significant
effect of halothane. There was a significant influence of arousal alone (ANOVA, P < 0.008).
Post hoc t-tests showed that the mean euoxic ventilation in the control protocol differed
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Figure 1. Mean values (& SD) of euoxic baseline ventilation for the without halothane (hollow bars) and with
halothane (filled bars).

from ventilation in both AV and pain protocols (P < 0.002 and P < 0.001 respectively).
The mean ventilations in AV and pain protocols were not different. Thus, both types of
arousal significantly and modestly increased baseline euoxic ventilation as compared with
control.

Figure 2 shows the values for AHVR in each of the six protocols. ANOVA showed
significant effects of halothane (P < 0.001), but not of the interactive term of halothane
and arousal, which suggested that halothane significantly reduced AHVR, regardless of the
background arousal state. The degree of depression of AHVR by halothane was 49% in
the control protocol; 51% in the AV stimulation protocol; and 53% in the pain protocol
(Figure 2). ANOVA also indicated that arousal alone had a significant influence on AHVR
(P < 0.004). Post-hoc t-tests showed that AHVR in the control protocol differed from
AHVR in both AV and pain protocols (P < 0.003 and P < 0.001 respectively), but AHVR
did not differ between pain and AV protocols. Thus, both types of arousal increased AHVR
modestly as compared with control.

4. Discussion

The striking result of this study is that AV stimulation does not prevent the blunting of
AHVR by 0.1 MAC halothane. Previous reports that AV stimulation prevents the blunting
of AHVR by 0.1 MAC isoflurane>® might lead to the prediction that the same is true
for all agents, but this is not the case. A second result is that pain does not prevent the
blunting of AHVR by 0.1 MAC halothane. A third result is that, regardless of the effect
of halothane, arousal (both AV and pain) can modestly augment euoxic ventilation and
AHVR.



Arousal and AHVR and Halothane 231

16

<

£

x

Z 10

) I
5..
0

Control AV stimulation Pain

Figure 2. Mean values (4 SD) of AHVR for the protocols without halothane (hollow bars) and with halothane
(filled bars).

4.1. Effects of Arousal on Baseline Ventilation and AHVR

Our result that we did not observe any effects of 0.1 MAC halothane on euoxic
baseline ventilation is consistent with previous results for halothane'> !, isoflurane®~® and
sevoflurane’'*. Thus, volatile anesthetics have a more profound effect on the hypoxic
chemoreflex than they do on the mechanisms controlling basal ventilation.

Like Sarton et al.”!>, we also found that pain per se increased baseline ventilation,
suggesting a degree of interaction between pain and the neural factors which control basal
ventilation.

In addition we found that pain increased AHVR modestly as compared with control.
This result differs from previous work which suggests that pain does not augment the
peripheral hypoxic chemoreflex” 13717, Possible explanations are (a) that we used a slightly
higher stimulus level; (b) that at least a small part of the increase in AHVR we observed
was due to a “startle” response in ventilation at the onset of acute pain (c) that an augmented
AHVR s specific to the quality (and not just intensity) of pain stimulus we used: other groups
have reported different patterns of ventilatory response with heat'® and pressure-induced
pain?’.

We found that the effect of AV stimulation on baseline ventilation was significant
(mean increase 2.4 |/min in the control protocol; Figure 1). This is consistent with a recent
report of Karan et al.'®, and previously van den Elsen ef al.>® reported a larger increase of
3.9 I/min, but this did not reach statistical significance in their study.

We also found that AV stimulation increased AHVR significantly (by 2.6 /min in the
control protocol; Figure 2). This result is similar to that of Karan et al.'®, but van den Elsen
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et al. observed a rise of only 0.4 I/min (NS)>*%. Despite modestly increased AHVR with AV
stimulation, halothane still reduced AHVR by 50% (Figure 2).

4.2. Implications of the Results for Respiratory Control

If we accept the widely-held axiom that all volatile anesthetics act by the same
mechanism, why is our result for halothane so different from the previous result by another
group for isoflurane? One possibility is that one research group has erred in its methodology
(though this seems unlikely). The other possibility is that the original axiom is incorrect,
and that in fact, anesthetics are different. Although this suggestion is speculative, functional
MRI (fMRI) offers one means of testing this hypothesis. Heinke and Schwarzbauer have
reported that isoflurane significantly reduces task-induced activation in only three specific
brain areas, and not homogenously in the entire brain!®, Willis et al. have found significant
differences between isofturane and propofol anesthesia when visually-induced fMRI signals
in dogs were analysed!®. Taken together, these early findings are consistent with the notion
of specific target pools of neurons for anesthetic action. It would therefore seem important to
assess hypoxia-induced and AV stimulation-induced fMRI signals with different anesthetic
agents in humans.
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Relationship Between Ventilatory
and Circulatory Responses to Sustained
Mild Hypoxia in Humans
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1. Introduction

The ventilatory response to isocapnic moderate hypoxia in humans is biphasic, consisting
of an initial brisk increase followed by a gradual decrease in ventilation, namely hypoxic
ventilatory depression (HVD)'. A similar biphasic response in the heart rate (HR) during
sustained hypoxia was also observed in our previous study®. Although some mechanisms
of the HVD have been proposed (the increase in inhibitory neuromodulators in the central
nervous systems”, adaptation of the peripheral chemoreceptors®, increase in brain blood
flow’ etc.), little has been known about the circulatory parameters, especially about stroke
volume (SV) and cardiac output (CO) behaviors during sustained hypoxia in humans. Ac-
curate measurement of SV (and CO) is difficult noninvasively, during sustained hypoxic
exposure. In order to compare the effect of sustained mild hypoxia (SpO2 = 80%) on venti-
latory vs. circulatory responses, healthy young humans were exposed to sustained hypoxia
(end-tidal Po, =55 ~ 60 mmHg) for 20 min, applying a newly developed apparatus for
measuring CO (pulse dye densitometry).

2. Methods

Twelve healthy young volunteers (8 males and 4 females) ranging in age from 18 to
33 years participated in this study. All subjects gave their informed consent, and the study
protocol was approved by the local ethics committee.
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The subjects were seated and breathed in a closed circuit containing a rubber bag.
End-tidal Po, was maintained at 55 ~ 60 mmHg (SpO, = 80%) by adjusting the inflow of
N; and O, into the circuit. End-tidal Pco, was maintained at room-air breathing level by
adjusting the by-pass flow to a CO, absorber.

A hot-wire flow meter, which was connected to rapid responding O (zirconia)
and CO; (infra-red) analyzers was inserted between a mouth piece and a one-way valve.
These devices were incorporated into a data acquisition and processing system [RM 280,
MINATO]. The respiratory flow, O; and CO, signals were real time treated in order to
obtain tidal volume, respiratory frequency, minute ventilation (Vg), end-tidal O, and CO;
concentration, inspiratory O, and CO; concentrations on a breath-by-breath basis.

Stroke volume (SV), heart rate (HR) and cardiac output (CO) were measured by a
newly developed pulse dye densitometry which based on the accurate determination of
intra-vascular indocyanine green (ICG) concentration [DDG-2001: Nihon Kohden, Tokyo,
Japan]. Pulse dye densitometry is based on the principle of ‘pulse spectrophotometory’.
It uses wavelengths of 805 nm and 940 nm for calculation of blood ICG concentration.
The peak optical absorption of ICG occurs at 805 nm and no significant optical absorption
occurs at 940 nm. The absorption of oxyhemoglobin and deoxyhemoglobin are equal at
805 nm, and the influence of light absorption of hemoglobin on oxygen saturation is quite
small at 940 nm. Details of the basic principle are described in the preceding publication®.
Injected ICG was detected by the optical probe from the fractional pulsatile change in optical
absorption at 805 nm from which the ICG concentration was continuously computed.

After sufficient rest, the subject was connected to a breathing circuit through a mouth-
piece with a one-way valve and breathed room air. When stable breathing and HR had been
achieved, the valves in the circuit were turned at the end of expiration to cause re-breathing
from the rubber bag initially filled with gas with Po2 at about 55 mmHg. PETCO, was
maintained at the air-breathing level during hypoxia. Isocapnic hypoxia was sustained for
20 min with continuous measurement of arterial O, saturation (Spo,) by pulse oximeter
[Ohmeda, BIOX, USA]. A bolus of 5 mg ICG in 1 ml distilled water was injected into an
antecubital vein just before and at 5, 7, 10, 15 and 20 min during hypoxic exposure. The
optical probe was attached to the ear lobe and blood sample was obtained for Hb measure-
ment. Ventilatory and circulatory variables which were normalized by body surface area
were compared at base line and at 5, 7, 10, 15 and 20 min during hypoxic challenge.

3. Results

The average ventilatory and circulatory responses to sustained isocapnic hypoxia
are presented in Table 1. During hypoxic exposure, Vg showed a biphasic profile. Minute
ventilation initially increased to about 146% of control at 5 min (p < 0.01 vs. control) and
then gradually decreased to about 125% at 15 min (p < 0.05 vs. the value at 5 min). As for
the cardiac parameters, HR initially increased to about 117% of control at 5 min (p < 0.01
vs. control) as PETo, fell, and then gradually decreased to about 112% at 15 min (p < 0.05
vs. the value at 5 min), exhibiting a similar change to Vg in the time course. In contrast, CO
attained delayed peak at 7 min (p < 0.01 vs. control) and followed by slight depression, but
not significant. Peak response in SV was further delayed to 10 min (p < 0.05 vs. 5 min),
but it was not a significant increase from the control level.
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Table 1. Time course of ventilatory and circulatory parameters during isocapnic hypoxia.

Hypoxia duration

room air 5 min 7 min 10 min 15 min 20 min -

VE (Vmin/BSA) 671 £1.61** 977+426 940+3.61 847328 837+2.78* 8524252
HR (beats/min) 744463  867+£84 859477 85.0+6.5 83.6+7.0%% 837+ 59M~
CO (Vmin/BSA) 3.06£0.58" 358+063 3.77+073* 3.774£062  3.6240.67 3.64+0.65
SV (ml/BSA) 416+94 418493 444+£101* 447+94* 4374+9.0* 438493

*p<0.01, *p<0.05vs. 5min,#p<0.05 ##p<0.0l vs. 7 min
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Figure 1. Relation between the magnitude of initial increase in HR and Vg during hypoxia.
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Figure 2. Relation between the magnitude of initial increase in HR and SV during hypoxia.

During initial hypoxic exposure, the rate of initial increase in HR showed weak
positive correlation with that in VE, but not significant (r =0.31, p=.0.33, Fig. 1). The rate
of subsequent decline in HR was not correlated with that in Vg (r =0.22, p = 0.49). Neither
the rate of initial increase nor subsequent decline in SV and CO showed any correlation
with that in Vg.

On the other hand, both the rate of initial increase (Fig. 2) and subsequent decline
in HR showed significant negative correlation with those in SV (r= —0.60, p < 0.05 and
r=-0.63, p < 0.05, respectively).
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4. Discussion

In the present study, although the similar response profile in both Vi and HR activities
was ascertained, there was little correlation between the rate of changes in Vg and HR
recognized either during initial increase or subsequent decline phase. This suggested that the
effect of pulmonary stretch reflex on heart rate modulation was not evident during sustained
mild hypoxia in humans. Slutsky et al.” also found in healthy humans that HR was best fitted
to an inverse linear relation to arterial oxygen saturation and that there was no relationship
between HR and ventilatory responses to hypoxia. Yamamoto et al.® also showed that
there was little effect of pulmonary stretch reflex on heart rate modulation during mild
hypoxia in humans. It was also suggested that the initial tachycardia was sympathetically
mediated and the secondary bradycardia indicated the direct effect of hypoxia on cardiac
pacemaker tissue®. On the other hand, it was suggested that the HR response to hypoxemia
is strongly related to the strength of the Hering-Breuer reflex in dogs!®. Our previous study?
in humans also demonstrated positive correlation between Vg and HR during sustained
hypoxia, which suggested the important role of pulmonary stretch reflex in the positive
VE-HR relationship. One of the reasons for these controversial results might be due to
species difference. Respiratory reflex changes of HR in man were reported to be weaker
than in other mammalian species!!. From our present results, we conclude that there may
be little relationship between Vg and HR profiles during sustained hypoxia, or, there might
be only a weak relationship between Vg and HR under some specific conditions in awake
humans.

In this study, SV and CO responses were dissimilar to ventilatory response. Their
profiles showed no correlation with that in Vg during sustained hypoxia. Stroke volume
response revealed only a slight increase during hypoxic exposure and reached peak at 10 min,
but no significant difference was seen between the control and the hypoxic exposure phase.
The tendency of gradual increase in SV in this study may be partly due to sympathetic
activation by sustained hypoxia. In our previous study in humans?, we used the same
experimental protocol and found a gradual increase of adrenaline during 15 min sustained
hypoxic exposure. Cardiac output response in this study, which is the multiplication of
HR by SV, attained delayed peak at 7 min as compared to HR and Vi, followed by slight
depression. Cargill'? reported that cardiac output increases during hypoxia, and this is
entirely due to increases in HR but not to any effect on SV in awake humans. They also
reported that parameters of left ventricular systolic function and myocardial inotropic state
were not affected by severe hypoxemia. Marshall et al.!* also reported that cardiac index
increased, and vascular conductance of most body tissues was increased by peripheral
vasodilatation in unanaesthetized rats during hypoxia. So, delayed response of CO increase
in this study may be partly due to the decreased venous return by peripheral venous pooling
during hypoxia. Interestingly, we found that HR and SV revealed clear negative correlation
during hypoxic exposure. This may imply that rapid increase in HR in initial hypoxic phase
was compensated by decreased SV because of limited venous return, which resulted in
stable CO.

In conclusion, interaction of ventilatory and circulatory responses during hypoxia was
not evident in this study, suggesting that mechanisms for cardiovascular controls were not
closely linked with those for ventilatory controls during sustained mild hypoxia in awake
humans.
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Respiratory, Cerebrovascular and
Pressor Responses to Acute Hypoxia:
Dependency on Petc,,

Philip N. Ainslie and Marc J. Poulin

1. introduction

Acute hypoxia leads to changes not only in ventilation but also in cardiovascular! and
cerebral blood flow (CBF) dynamics?. However, there seems to be no available data
concerning the combined ventilatory, cardiovascular and cerebrovascular responses to
acute hypoxia in humans. Further, although hypercapnia may enhance the acute hypoxic
ventilatory response (AHVR)?, it has not been clearly shown how hypercapnia may reg-
ulate changes in the cardiovascular and cerebrovascular responses to acute hypoxia. The
lack of investigations surrounding the regulation and integration of the ventilatory, cere-
brovascular and cardiovascular response by CO; to acute hypoxia is somewhat surpris-
ing when one considers the important clinical relevance of such responses in health and
disease.

The aim of the present study, therefore, was to clarify (1) the ventilatory, cardiovas-
cular and cerebrovascular responses to acute hypoxia and the role PCO, plays on these
responses and (2) to examine the interrelationships between the respiratory, cerebrovascu-
lar and pressor responses to acute hypoxia and their dependence on end-tidal (i.e. arterial)
PCO; (PETC0,). The present study supplies further elucidation of the integrated respira-
tory, cerebrovascular and pressor responses to acute hypoxia and provide insight into the
potential relationships between ventilation, CBF and cardiovascular regulation in humans.
We tested the hypothesis that increases in ventilatory sensitivities to hypoxia, caused by
increasing the PETco, level would also be reflected in, and potentially related to, increases
in CBF and cardiovascular sensitivities.

Philip N. Ainstie' and Marc J. Poulin’23 . "Departments of Physiology & Biophysics and 2Clinical
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2. Methods

2.1. Subjects

Nine healthy male subjects (24.2 + 3.5 (mean 3 SD) years) participated in this study.
Participants were not taking any medication, all were non-smokers, and none had any history
of cardiovascular, cerebrovascular, or respiratory disease. The research study was approved
by the Conjoint Health Research Ethics Board at the University of Calgary.

2.2. Protocol

The experiments were conducted in our laboratory located at 1103 m above sea level,
and the average barometric pressure for the study days was 663 =+ 12 Torr. Each subject was
required to make two visits to the laboratory. During the initial visit, measurements of resting
end-tidal gases and estimates of hypoxic and hypercapnic sensitivities were conducted, and
the subjects became familiarized with the apparatus and experimental testing procedures.
For the next visit, subjects reported to the laboratory at the same time of day with each
visit separated by at least 3 days. During the final visit, in a randomized design, subjects
conducted 3 separate protocols. Each protocol was separated by a 45 min rest period. Prior
to the experimental protocol, the subject’s normal PETco, and end-tidal O, tension (PETo, )
were measured prior to the experiment for approximately 10 min, as described in detail
elsewhere *.

23. Incremental Step Hypoxic Protocol

Each experimental protocol began with an eight-minute period during which the
subject breathed normally through a mouthpiece with the nose occluded by a nose clip. Ac-
curate control of the end-tidal gases was achieved using the technique of dynamic end-tidal
forcing (BreatheM v2.07, University Laboratory of Physiology, Oxford, UK), as described
previously 4. After an eight minute lead-in period of enoxia (PETo, = 88 Torr) the hypoxic
stimulus was varied by holding the PETo, at 7 different predetermined levels (PETo, = 88.0
75.2, 64.0, 57.0, 52.0, 48.2, and 45.0 Torr), with each step lasting 90 sec. These levels of
hypoxia were calculated to provide equal steps in oxygen saturation of the arterial blood
(Sag,), by using the relationship described by Severinghaus >. Using the same hypoxic
ramp protocol, each subject conducted 3 protocols: (1) poikilocapnic hypoxia (PETco,
uncontrolled), (2) isocapnic hypoxia (PET¢o, held 1.0 Torr above resting value) and (3)
hypercapnic hypoxia (PETco, held 9.0 Torr above resting value).

2.4. Measurement of Cerebral Blood Flow Velocity, Heart Rate
and Blood Pressure:

Backscattered Doppler signals from the right middle cerebral artery (MCA) were
measured continuously during the protocol using a 2 MHz pulsed Doppler Ultrasound sys-
tem (TC22, SciMed, Bristol, England). The MCA was identified by an insonation pathway
through the right temporal window just above the zygomatic arch by using search tech-
niques described previously . In this study, the peak blood velocity was acquired every
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10 ms and averaged over each heart beat, and this was used as the primary index of CBF®.
During each test, mean arterial blood pressure (MAP) and heart rate (HR) were measured
continuously using finger photoplythesmography and an ECG monitor, respectively.

2.5. Data Analysis

Sensitivities to hypoxia during each of 3 hypoxic conditions were determined by
linear regression between the mean ventilation, CBF, heart rate, MAP and arterial oxygen
saturation (100-Sa0,) during the final 15 sec of each incremental step of hypoxia. To
calculate the percentage (%) change from baseline, data were averaged over the 7 min
period of euoxia immediately preceding any changes in PETq,. Variables are presented
as means =+ standard deviation (SD). Data were initially tested for normality, before being
analyzed by a two-way repeated-measures analysis of variance. Post hoc tests (Tukeys) were
performed to isolate significant differences. Relationships between variables were examined
using linear regression. Statistical significance was set at P < 0.05 for all statistical tests.

3. Results

3.1. General Observations

During the poikilocapnic condition, both CBF and MAP remained relatively un-
changed (Figure 1). Although the responses were variable within subjects, ventilation
tended to increase during the poikilocapnic hypoxic conditions, which was reflected in
the subsequent decreases in PETco, (Figure 1).

3.2. Hypoxic Sensitivities (AHVR)

When compared to the poikilocapnic conditions, the AHVR increased significantly
by 1.76 and 2.83 1- min™" %! in the isocapnic and hypercapnic conditions, respectively.
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Figure 1. Influence of PETco, on the respiratory, cerebrovascular and pressor responses to acute hypoxia during
poikilocapnic, isocapnic and hypercapnic conditions. Values are mean & SD; n=9.
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Figure 2. Individual ventilatory (AHVR), cerebral blood flow velocity (CBF), heart rate (HR) and mean
arterial blood pressure (MAP) sensitivities to acute hypoxia during poikilocapnic, isocapnic and hypercapnic
conditions. Horizontal bars represent mean data. * denotes significant differences (*, P <0.05; **P <0.01;
**x P <0.001).

Further, the AHVR was 1.071- min™" %! higher in hypercapnic condition when compared
with the isocapnic conditions (P < 0.05).

3.3. Hypoxic Sensitivities (CBF)

As shown in Figure 2, there were unremarkable changes in the CBF sensitivity during
conditions of poikilocapnic hypoxia. Maintaining the PETco, during the isocapnic condi-
tions increased the CBF sensitivity by approximately 0.59 cm -s~! %! (P < 0.05), when
compared to the poikilocapnic conditions. Likewise, there was a comparable increase of
approximately 0.67 cm - s~! %~! (P < 0.05) in the hypercapnic conditions, when compared
to the isocapnic conditions; this represents an increase of 1.26 cm-s™! %! (P < 0.001) in
the hypercapnic condition, when compared to the poikilocapnic condition (Figure 2).

3.4. Hypoxic Sensitivities (Heart Rate and MAP)

There were no significant differences between the heart rate sensitivities to hypoxia
in the poikilocapnic and isocapnic conditions; however, the increase in heart rate sensitivity
was significant when the poikilocapnic and hypercapnic conditions are compared (0.88 vs.
1.48 beats - min~! %~!; P < 0.05; Figure 2). Compared with the poikilocapnic condition,
the MAP sensitivities were increased on average by approximately 0.44 mmHg %~ in the
isocapnic conditions (P < 0.05) and 1.14 mmHg %! in the hypercapnic hypoxic condi-
tions (P < 0.01), respectively. There was an increase of approximately 0.70 mmHg %~
(P <0.05) in the hypercapnic conditions, when compared to the isocapnic conditions.

3.5. Relationships Between Variables (MAP and CBF Sensitivities)

The similar changes in MAP and CBF sensitivities during each condition were
reflected in significant correlations between the MAP and CBF sensitivities in both
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hypercapnic (r=0.84; P <0.05) and isocapnic (r=0.80; P < 0.05) conditions but not
in the poikilocapnic (r = 0.24; NS) condition.

3.6. Relationships Between Variables (AHVR and CBF Sensitivities)

Strong correlations were evident between the AHVR and CBF sensitivities in both
hypercapnic (r=0.83; P < 0.05) and poikilocapnic (r = —0.71; P <0.01) conditions but
not in the isocapnic (r = 0.1; NS) condition.

4. Discussion

The present study has yielded a number of important and novel findings. Firstly, the
ventilatory, CBF and cardiovascular responses to hypoxia are strongly influenced and reg-
ulated by PET(g,. Secondly, the strong correlations between the AHVR and CBF sensitivi-
ties suggest (1) a high AHVR decreases the CBF sensitivity during poikilocapnic hypoxia,
most probably due to hypocapnic-induced cerebral vasoconstriction and (2) 2 high AHVR
increases CBF sensitivity during periods of hypercapnic hypoxia, possibly mediated by
hypercapnic and hypoxic-induced sympathetic activation and/or the combined effects of
both hypercapnic and hypoxic-induced cerebral vasodilation.

4.1. Ventilatory and CBF Responses to Hypoxia

CBF rises in proportion to the severity of isocapnic hypoxia in all mammals. However,
during poikilocapnic hypoxia, there is considerable variability between individuals and
species because of the wide variability in AHVR, which determines how far the Pco; falls 7.
A strong AHVR and a large fall in Pco, in experimental subjects led to early reports that
hypoxic-induced cerebral vasodilation was a threshold phenomenon, scarcely beginning
until Pao, had fallen to about 30 Torr ®. Our results from the poikilocapnic protocol are not
inconsistent with this ‘threshold phenomenon’ i.e. the vasodilatory effects of the hypoxia
were balanced out by the vasoconstrictory effects of the hypocapnic, resulting in little
change in the CBF.

4.2. Relationship Between Variables (MAP & CBF Sensitivities)

Although hypoxia and hypercapnia are known to attenuate normal effective cere-
bral autoregulation®, this was not apparent in the poikilocapnic hypoxia protocol. Blood
pressure sensitivity was elevated during both the isocapnic and hypercapnic hypoxia pro-
tocols, indicating a greater degree of sympathetic-mediated cardiovascular stress. Cerebral
perfusion pressure, the difference between MAP and intracranial pressure when the latter
exceeds central venous pressure '’ is a major determinant of CBF. Although we did not
measure intracranial pressure or central venous pressure in our study, it is likely that both
increased with increasing levels of PETco,S. If so, cerebral perfusion pressure would be
higher during the isocapnic and hypercapnic hypoxia protocols, when compared with the
poikilocapnic hypoxia protocol. This likely increase in cerebral perfusion pressure is poten-
tially the major mediator of the increase in the CBF during the isocapnic and hypercapnic
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hypoxia protocols. Although not cause and effect, the relationship between the MAP and
CBEF sensitivities during isocapnia and hypercapnia, when cerebral autoregulation appears
to be attenuated, are consistent with the view that increases in MAP would lead to parallel
increases in cerebral perfusion pressure and therefore CBE.

4.3. Relationship Between Variables (AHVR and CBF Sensitivities)

During the poikilocapnic condition, a strong negative relationship was found be-
tween the AHVR and the CBF sensitivities. This relationship is perhaps not surprising
since a higher ventilatory drive to hypoxia per se will elicit greater decreases in PETco,.
Decreases in PETco, cause a rapid decrease in CBF due to hypocapnic-induced cerebral
vasoconstriction °.

In the present study, it is of interest that there were significant correlations between
the AHVR and CBF sensitivities during the hypercapnic condition. We speculate on two
possible explanations for this relationship. Firstly, the effects of both hypoxia and hypercap-
nia will cause increases in the sympathetic-mediated cardiovascular responses '*, resulting
in peripheral vasoconstriction and subsequent increases in cardiac output and hence MAP 3,
Since cerebral autoregulation is attenuated during these hypoxic and hypercapnic condi-
tions !, such increases in MAP are likely to cause increases in cerebral perfusion pressure
and therefore CBE. A second possibly for the correlations between the AHVR and CBF
sensitivities during the hypercapnic condition may be related to the combined effects of the
hypercapnic and hypoxic-induced cerebral vasodilation.
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Can Cardiogenic Oscillations Provide an
Estimate of Chest Wall Mechanics?

Eve Bijaoui, Daniel Anglade, Pascale Calabrese, André Eberhard,
Pierre Baconnier and Gila Benchetrit

1. Introduction

Every time the heart beats, it produces a mechanical deformation of the lungs causing
small fluctuations of airway pressure and flow called cardiogenic oscillations (CO). CO
have been observed on respiratory signals during pulmonary function tests, during relaxed
expiration as well as during apnea, as a mean for differentiating central and obstructive
apneas!. Finally, we have recently shown that the processing of CO in mouth pressure and
airflow can be used as a non-invasive measurement of airway resistance.

Ventilation can be assessed non invasively by respiratory inductive plethysmography
(RIP) which follows the cross-sectional areas of the ribcage and abdomen as they change
during respiration. Several studies have shown that a good approximation of tidal volume®
and derived airflow* can be obtained with RIP using a specific calibration procedure. RIP
can be used as a non-invasive technique for computation of respiratory mechanics®. CO
can also be observed on thoracic and abdominal signals obtained by RIP. The aim of the
study was to investigate the use of CO recorded on a RIP signal and in airway pressure
as means for determining a parameter related to the mechanical properties of the chest
wall.

2. Methods

2.1. Experimental Protocol

We studied 4 human voluateers (2M/2W) with no history of lung disease. Ribcage
(RC) and abdomen (AB) movements were recorded with computer-asgisted respiratory
inductance plethysmography (RIP) (Visuresp, RBI, France). Airflow (V) was measured

Eve Bijaoui, Daniel Anglade, Pascale Calabrese, André Eberhard, Pierre Baconnier and Gila
Benchetrit ¢ Laboratoire PRETA-TIMC, Université Joseph Fourier, 38700 La Tronche, France.
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Figure 1. Experimental setup for cardiogenic oscillations recordings. P: mouth pressure; V: pneumotach flow.

with a pneumnotachograph (Fleisch #1, Lausanne, Switzerland) connected to a differential
pressure transducer (163PC01D36, Micro Switch). Mouth pressure ( P) was measured with
a differential pressure transducer (142PC01D, Micro Switch) connected to a side port
proximal to the pneumotachograph. Simultaneous recording of heart sounds, by placing a
microphone over the chest (Figure 1), allowed us to decompose the signals into individual
cardiogenic cycles. _

Subjects wore a nose clip and laid down in the supine position while breathing through
a mouth-piece. All subjects were mechanically ventilated with the Driiger Evita 4 ventilator
in the spontaneous mode. Measurements were made at the end of expiration over a period of
up to 12 s during which subjects attempted to relax all respiratory muscles while supporting
the cheeks with the hands and keeping the glottis open. The ventilator settings, established
by the responsible physician, were kept constant for each subject throughout the experiment,
with the exception of PEEP. Six different levels of PEEP in 1-cmH,O stages and from 0 to
5 cmH,0, were applied in random order and maintained at least two minutes before taking
measurements. Figure 1 gives a representation of the experimental setup for cardiogenic
oscillations recordings on P, RC and AB signals.

In order to mimic changes in chest wall compliance, the subjects were asked to
perform the same experiment having their arms raised.

All signals were sampled at 100 Hz with a 16-bit analog-digital converter (Power-
Lab, ADInstruments, Australia). Data acquisition was performed using the Chart™ data
acquisition software (ADInstruments, Australia) and signals were stored on a PC computer
using for further analysis.

2.2. Data Processing

Data analysis was carried out using the Matlab™ 6.5 mathematical software (The
Mathworks, Nattick, MA).
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Figure 2. Representative example of abdomen, ribcage signals and computed RIP volume V measured during
a voluntary breath-hold episode, together with the heart sounds signals.

The method used for calibration of the RIP signal in order to get an estimate of the
absolute volume has been described in details elsewhere®. Briefly, a least-squares method
was applied over one breath to obtain a RIP volume (V) by a specific combination of RC
and AB signals compared to the integrated flow signal. Figure 2 shows a representative
example of RC, AB and V signals obtained in one subject during a breath-hold episode and
demonstrates that the presence of cardiogenic oscillations on both RC and AB as well as on
the computed V.

We first used the heart sound signal to divide the computed V and P into individual
cardiogenic cycles®. The first heart sound, which had the largest amplitude and identifies the
onset of ventricular systole, was used as the reference for each cardiogenic oscillations in
V or P. The volume changes (AV¢g) and pressure changes (AP¢o) caused by cardiogenic
oscillations were then calculated for each cycle (Figure 3). For each subject and each level
of PEEP, ten cardiogenic cycles were analyzed and the ratio Cco (/emH»0) of AVq to
APco was computed for each cycle. Finally, a mean value of C¢o was calculated for each
subject at each PEEP level.

3. Results

Figure 4 shows the effects of PEEP on C¢g for all subjects. We found that there was
no marked change in the value of Cco over the PEEP range investigated. Subject #4 was
not able to relax and keep the glottis open at 0 cmH,O PEEP therefore we did not get any
good Cco value for this PEEP level.
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Figure 3. Cycle-by-cycle cardiogenic oscillations on RIP volume (top) and mouth pressure (middle), together
with cycle-by-cycle heart sounds (bottom panel). AVco: variations in RIP volume caused by CO; APco: variations
in mouth pressure caused by CO

Figure 5 shows that repeating the experiment with the subject having the arms raised
resulted in a marked decrease in Cco. Values of Cco are taken at 0 cmH,O PEEP, except
for subject #4, in whom values shown were obtained at 1 cmH,O PEEP.

4. Discussion

Our goal was to investigate the use of CO in volume measured by RIP technique
and pressure as means for determining a parameter related to chest wall mechanics. This
involved first obtaining and processing P and Vin an appropriate way, and then interpreting
the resulting Cco in physiological terms. The data acquisition and processing steps involved
a number of assumptions.

We have previously discussed some of the issues about using cardiogenic oscil-

lations in pressure and flow?. An important point is the effect of an apnea on cardiac
activity. The changes in heart rate throughout the breath-hold maneuver were small
enough to be considered negligible and the individual cycles of P and V were highly
reproducible (Figure 3). Furthermore, the computation of individual Cco values at each
PEEP level showed good reproducibility (Figure 5), thus ensuring the robustness of the
method. :
The use of calibrated RIP tries to quantitatively relate changes in RC and AB signals
to tidal volume contributions from the ribcage and abdominal compartments, respectively.
However, the calibration factors involved are sensitive to posture®. Our subjects were in
supine position for the entire experiment duration therefore we did not expect our calibration
factors to change throughout the recording session.
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We found that there was no marked change in the value of Cco over the PEEP range
investigated (Figure 5). In addition, the values are similar to chest wall compliance values
reported by Pelosi et al.®. Indeed, they found that in normal subjects, chest wall compliance
remained unaffected by changes in PEEP varying from 0 to 5 cmH,0.

We also found that changing arm position lead to a decrease in Cco values. Arm ele-
vation is likely to “stiffen” the chest wall along with modifications in ribcage and abdominal
movements’. An increase in chest wall stiffness is characterized by a decrease in chest wall
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Figure 5. Effect of raising the arms on Cco. Each symbol represents the mean of 10 cardiac cycles; Errors bars
are SDs of the mean.

compliance. These findings support our hypothesis that Cco is somehow related to chest
wall mechanics.

Although the lung contribution to respiratory system mechanics is primarily altered
in numerous respiratory diseases, its chest wall contribution is not to be neglected®. For
instance, chest wall compliance is decreased in patients with acute respiratory distress
syndrome and acute lung injury. Chest wall compliance is also decreased in restric-
tive diseases, such as neuromuscular and thoracic wall disorders®. Chest wall mechan-
ics can be obtained in spontaneously breathing subjects using whole body plethysmog-
raphy, which requires the subject to be alert. In mechanically ventilated patients, chest
wall mechanics are determined using esophageal pressure measurements, which requires
the placement of a balloon in the esophagus and can thus be impractical in some clinical
situations.

In summary, we speculate that the cardiogenic compliance Cco obtained from cardio-
genic oscillations may be useful as a non-invasive means of obtaining information chest wall
compliance. The method developed is robust and could easily be applied in mechanically
ventilated subjects with lung injury or neuromuscular disorders.
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Nonlinear Modeling of the Dynamic
Effects of Arterial Pressure and Blood
Gas Variations on Cerebral Blood Flow
in Healthy Humans

Georgios D. Mitsis, Philip N. Ainslie, Marc J. Poulin,
Peter A. Robbins and Vasilis Z. Marmarelis

1. Introduction

Cerebrovascular resistance is controlled by multiple homeostatic mechanisms, which regu-
late cerebral blood flow (CBF), maintaining it relatively constant despite changes in cerebral
perfusion pressure! ™. The regulation of CBF was long viewed as a static phenomenon,
whereby the “steady-state” pressure-flow relationship is described by a sigmoidal curve
with a wide plateau, suggesting that CBF remains constant despite changes in pressure
within certain bounds. However, with the development of Transcranial Doppler (TCD)
ultrasonography for the noninvasive, high-temporal resolution measurement of CBF veloc-
ity (CBFV), it has been shown that CBFV can vary rapidly in response to variations of
systemic arterial blood pressure (ABP) over various time scales®™.

The availability of such data has revealed information about the dynamic properties
of cerebral autoregulation and the quantitative manner in which rapid changes in pres-
sure induce rapid changes in flow. It has also cast doubt on the validity of the notion
of “steady-state”, since no such “steady-state” is ever observed in the natural operation
of cerebral circulation. In addition to controlled experiments, spontaneous fluctuations of
beat-to-beat mean ABP (MABP) and mean CBFV (MCBFV), which possess broadband
characteristics, have been recently employed for the study of dynamic cerebral autoreg-
ulation, using linear”” and nonlinear® modeling methods. Impulse response or trans-
fer function estimates in linear analysis and Volterra models in nonlinear analysis have
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demonstrated that cerebral autoregulation is more effective in the low-frequency range
(below 0.1 Hz), where most of the MABP spectral power resides (i.e., most sponta-
neous MABP changes do not cause large MCBFV variations). The presence of signifi-
car;t nonlinearities, which are more prominent in this low frequency range, was indicated
in”,

It is also well established that arterial CO, and O; produce vascular responses in
cerebral vessels' ™2, with arterial CO, tension being one of the strongest physiologic mod-
ulators of CBF!. A number of studies have examined CBFV responses to step changes in
CO, and O, tension!®'3, and it was shown that this response is not instantaneous but lags
the gas tension changes by several seconds!?~13.

The reactivity of blood vessels to CO; and O, can be assessed by breath-to-breath
measurements of end-tidal CO; and O; (Percoz and Peroy); hence spontaneous variations of
the latter may be employed in the study of CBF regulation, in a similar manner to MABP vari-
ations. It is important to note that in this way the dynamics of autoregulation are studied under
normal operating conditions, in contrast to controlled experimental protocols, where the
system dynamics are probed in a specific manner. To our knowledge, this has been done
only in one study so far'?, whereby spontaneous breath-to-breath Pgrcoy variations were
employed to assess the effect of arterial CO, on MCBFV. However, the effect of MABP
and Pgrco; on MCBFV was assumed to be linear and nonlinearities were included
solely as second-order interaction terms, neglecting the strongly nonlinearities present in
autoregulation’. Hence in this paper, a novel methodology for modeling multiple-input
nonlinear systems, termed the Laguerre-Volterra network (LVN), is used to assess the
nonlinear dynamic effects of MABP, Percoz and Perop (and their interactions) on MCBFV
in an appropriate way.

2. Methods

2.1. Experimental Methods

The experimental data were obtained from ten healthy subjects (age: 29.1 & 4.8 years
[mean + SD], weight 78.5 + 4.8 kg, height: 175.4 & 5.5 cm) under normal, free-breathing
conditions. None of the participants was on any medication and all of them were nor-
motensive and did not have a history of any cardiovascular, pulmonary or cerebrovascular
diseases. ABP and CBFV were measured by finger photoplethysmography and by transcra-
nial Doppler ultrasonography in the right middle cerebral artery respectively, while Percoz
and Pgror were measured by mass spectrometry. The surrogate Doppler signal for CBF is
the mean value of the velocity corresponding to the maximum Doppler shift Vp, averaged
over the entire cardiac cycle. Although it does not account for changes in vessel diameter,
it has been found to represent CBF well in almost all practical cases’®, especially for the
conditions of this study. All experimental variables were sampled every 10 ms. Real time
beat-to-beat values of MABP and MCBFV were calculated by integrating the waveform of
the sampled signals within each cardiac cycle (R-R interval). The beat-to-beat values were
then interpolated and resampled at 1 Hz to obtain equally spaced time series of MABP and
MCBFV data. The breath-to-breath data were interpolated in order to obtain values every
1 sec.
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2.2. Mathematical Methods

The multiple-input LVN (MI-LVN) is a novel variant of the Volterra-Wiener ap-
proach for modeling multiple-input nonlinear systems'®. Its efficiency in modeling dynamic
pressure autoregulation has been demonstrated previously’. The MI-LVN combines
Laguerre expansions with Volterra-type networks, whereby each of the system inputs is
preprocessed by a different Laguerre filter-bank, the outputs of which are fully connected
to a layer of hidden units with polynomial activation functions. The MI-LVN representation
of a system is equivalent to the general Volterra model'®, given below for a two-input, Q-th
order system:

Q 2 2
yn) =ko + ZZ Z {Z e kai,,(nn. comp)x (n—my) - x;, (0 — mn)}

n=1i;=1 ir=1 my my,

H
where x| (n), x2(n) are the system inputs, y(n) is the system output and k;, i denotes the
n-th order Volterra kernel of the system. If /| = - -- = i,, k; ; denotes the i-th input, n-th
order self-kernel, which describes the linear (n = 1) and nonlinear (n > 1) effects of the
i-th input on the output, whereas if some of iy, ..., i, are different, it denotes the n-th

order cross-kernel of the system, which describes the nonlinear interactions between the
two inputs.

The Volterra kernels in (1) are obtained in terms of the parameters of the MI-LVN,
which are in turn determined by training the network with the input-output data via an
iterative gradient descent scheme. For more details, the reader is referred to!°. In this case,
the input signals of the MI-LVN are the spontaneous MABP, Prrco, and Pro» fluctuations,
while the output signal is the MCBFV variations. Six-minute data segments (i.e., with a
length of 360 points) are used to train the network.

3. Results

The mean values for the experimental data, averaged over the 45 min recordings, are
equal to 78.9 £+ 8.2 mm Hg, 38.6 + 2.6 mm Hg, 86.1 & 4.6 mm Hg and 55.5 + 4.4 cm/sec for
MABP, Percoz, Peroz and MCBFV respectively. Most of the signals power lies below 0.1
Hz, while MCFV exhibits some power up to 0.3 Hz. Note that the mean values of Percos,
Prrop are lower than their normal values (40 mm Hg and 100 mm Hg respectively), since
the study was conducted at a high altitude (~1103 m above sea level, barometric pressure
~660 mmHg).

The performance of the MI-LVN model is assessed in terms of the achieved output
prediction Normalized Mean Square Error (NMSE), which is defined as the sum of squares
of the residuals of the model prediction (i.e., difference from the true output) over the
sum of squares of the true output. The NMSEs for one-input (whereby the model input is
MABP, Pgrcoz or Peros) and two-input (whereby the first input is MABP and the second
is Perco2 or Peroz) models are given in Table 1. It should be noted that all the NMSEs
correspond to models with the same number of free parameters. While MABP variations
are the main determinant of MCBFV variations, the incorporation of Percoz or Peroz as
additional model inputs results in a considerable reduction of the achieved prediction NMSE
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Table 1. Mean prediction NMSEs (+standard deviations) for one- and two-input models.

Model input(s)/NMSE [%]
Model order @ MABP Percoz Pe1on MABP & Perco2 MABP & Peroz
1 (Linear) 32.8+13.2 71.6 +£12.1 733+ 153 248 +11.1 24.2 +10.6
3 (Nonlinear) 200+9.2 51.5+104 51.8 £ 13.6 145+ 69 149+ 6.7
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Figure 1. Left panel: Actual MCBFV output and model predictions (total, linear and nonlinear terms) for a
typical data segment. Right panel: Spectra of actual output and model residuals (linear and total).

(over 5%). The obtained results for Pgrco; and Peroz are similar, reflecting the fact that
the two signals are correlated; hence their dynamic effects on MCBFV are analogous. The
NMSE reduction achieved when nonlinear (third-order) models are employed is significant
(over 10% compared to linear models).

The performance of the MI-LVN model for a typical data segment, when MABP and
Pgrcoz are used as model inputs is illustrated further in Fig. 1, where the actual output
(MCBFV) is shown along with the model prediction, and the decomposition of the latter
into its linear and nonlinear components (left panel). In the right panel, the spectrum of the
MCBFYV output is shown along with the spectra of the linear and the total model residuals.
The model prediction is close to the true output and the contribution of the nonlinear terms,
as denoted by the shaded area, is prominent below 0.08 Hz.

The decomposition of the model output into its corresponding MABP, Pgrco, and
cross-term components is shown in the left panel of Fig. 2, while the spectra of the output,
MABP and total residuals are shown in the right panel. The contribution of the Pgrco2
terms and the cross-terms is significant and lies in the low frequencies (below 0.08 Hz
and especially below 0.04 Hz—denoted by the shaded area). By comparing Figs. 1 and
2 it can be inferred that the relative nonlinear-to-linear effect is greater for Pgrcoy than
MABP. When Pgro; is used as a second model input, the results are very similar (i.e., its
contribution lies mainly in the low frequency range) and are not shown separately in the
interest of space.

The first-order MABP and Perco; kernels (k; and k; in Eq. 1 respectively) for one
subject, averaged over the 45 min recording, are shown in Fig. 3 in the time and frequency
domains (log-linear plots). The MABP kernel is very consistent among different segments,
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Figure 2. Left panel: Actual output, model prediction and contributions of MABP, Pgrco: and nonlinear
interaction terms for the data segment of Fig. 3. Right panel: Spectra of output, MABP and total residuals.
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Figure 3. Average first-order MABP and Pgrrco? kemels (solid line) and standard deviations (dotted lines) for
one subject. Left panel: time domain, right panel: FFT magnitude.

as denoted by the tight standard deviation bounds, and exhibits a high-pass characteristic,
while the Pgrcoz kernel is more variable and exhibits a low-pass characteristic. The high
variance in the initial time lags, which is consistently observed (for both the linear and
nonlinear kernels), is viewed as a pure delay on the order of 3—4 sec. The latter is also
observed for the linear Prro kernel (not shown), which resembles its Prrco, counterpart,
reflecting the significant correlations between Prrcor and Peroo.

4. Discussion

Spontaneous fluctuations of MABP and MCBFV have been proven to be useful in
studying the dynamic characteristics of cerebral autoregulation® . Hereby, the same is
shown for spontaneous fluctuations of Pgrco» and Pgroz, which reflect the dynamic effects
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of blood gas variations on CBF regulation. The obtained results describe the function of
the system under normal operating conditions without any intervention, unlike previous
studies'®!%. Since the presence of nonlinearities in autoregulation is well established,®™
the models are obtained in an appropriate nonlinear, multiple-input context, employing a
recently developed methodology!®.

The results demonstrate that MABP variations explain the largest fraction of MCBFV
variations and that Percop and Pgrop fluctuations have a considerable effect in the low
frequency range (below 0.08 Hz). Since Pgrrco, and Perop are significantly correlated,
their dynamic effects on the output are similar. As shown by the spectra of the residuals
(Figs. 1-2), MABP terms act mainly through linear mechanisms, whereas the relative
nonlinear component of the Pgrco; and Pero; contribution is larger. This is shown also by
the achieved NMSEs when one-input models are considered (columns 1-3 in Table 1).

The linear MABP dynamics exhibit a high-pass characteristic, which implies that slow
MABP changes are attenuated more effectively, i.e., autoregulation of pressure variations
is more effective in the low-frequency range. The negative undershoot observed in the
time domain is indicative of an autoregulatory response. The form of the MABP first-order
kernel is very consistent among different subjects. The Pgrcoz and Pgros first-order kernels
reflect the correlations observed for the corresponding signals; specifically the Pgro; first-
order kernel is roughly a reversed version of its Pgrcoz counterpart in the time domain
and exhibits very similar low-pass characteristics in the frequency domain. They are also
more variable with respect to different subjects. A pure delay of 3-4 sec, roughly equal
for the Perco2 and Pero» responses, is associated with the high variance observed for the
initial time lags of the corresponding first and second-order kernels. Most of the power of
the second-order self-kernels and cross-kernels lies in the low frequency range, with the
peaks being related to the corresponding linear frequency response peaks (in the case of
cross-kernels this may imply the presence of nonlinear interactions which are active at the
specific frequency bands).

Finally, it should be noted that the analysis revealed significant nonstationarities of
no apparent pattern, which appear over different time scales, for the frequency response
characteristics of the first and second-order kernels. This is an important issue that should
be addressed in the future with appropriate time-frequency analysis methods.
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Mixed Venous CO, and Ventilation
During Exercise and CO,-Rebreathing
in Humans

Toru Satoh, Yasumasa Okada, Yasushi Hara, Fumio Sakamaki,
Shingo Kyotani, and Takeshi Tomita

1. Introduction

The physiological mechanism of exercise-induced hyperpnea is an important and long-
standing issue in respiratory physiology research.! However, the precise mechanism of
exercise-induced hyperpnea still is not understood. It has been confirmed that neural central
command from the hypothalamus plays an important role in respiratory control during
exercise.” Activation of receptors in working muscle®* and stimulation of the carotid body
by elevated plasma potassium’® have both been shown to contribute to exercise-induced
hyperpnea. However, most of the other hypotheses to explain exercise-induced hyperpnea
have been based on the observed close relationship between ventilation and the level of
metabolic work; these hypotheses include (1) sensing of CO- by receptors in the pulmonary
circulation,®® (2) sensing of arterial CO, partial pressure (PaCO,) as well as PaCO,
oscillation by the carotid body'®!! and (3) modulation of stretch-sensitive afferent activity
by CO,.'213 Thus, it has been widely assumed that metabolically produced CO; is the
most important element in the mechanism of exercise-induced hyperpnea. Therefore, the
relationship between ventilation (VE) and mixed venous CO, partial pressure (PvCO,)
as well as the relationship between VE and PaCO; needs to be fully analyzed in order to
understand the contribution of metabolically produced CO; to exercise-induced hyperpnea,
However, most of the previous reports on PvCO, dynamics during exercise in humans
were not based on direct measurement, but rather on the estimation of PvCO, by CO;
rebreathing,'* !> and PvCO, has been directly measured during exercise in humans only in
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a few studies.' This is mainly because sampling of mixed venous blood during exercise in
humans is technically difficult. In order to further understand the significance of metabolic
CO, production in the physiological mechanism of exercise-induced hyperpnea, we
collected data on the relationship between VE and PvCO,, as well as on the relationship
between VE and PaCO;. Furthermore, in order to evaluate these data more thoroughly,
we compared this VE-PvCO, relationship during exercise with that during a different
CO,-loading condition, i.e. during CO, rebreathing.

2. Methods
2.1. Subjects

The study subjects were 15 patients with cardiac diseases, who underwent a pul-
monary hemodynamic examination for the evaluation of their pulmonary hemodynamic
function. Eleven had mitral valvular heart diseases (4 dominant mitral stenosis, 4 dominant
mitral regurgitation and 3 combined mitral stenosis and regurgitation), 2 had dilated car-
diomyopathy, and 2 had chronic pulmonary thromboembolism. No patient had a ventilatory
disorder. Their ages were 51 + 15 years old (mean + S.D.). Eight patients were male and
7 were female. The purpose, protocol and risks of the study were fully explained to the
subjects, and written informed consent was obtained from each.

2.2. Monitoring of Hemodynamic and Ventilatory Parameters

A Swan-Ganz catheter was inserted via the right internal jugular vein into the pul-
monary artery, and a fine arterial catheter was inserted into the left radial artery. Continuous
monitoring of hemodynamic parameters including arterial and pulmonary arterial pressures
was conducted. CO, concentration in the expired gas was monitored with a gas analyzer
(AE280, Minato Medical Instruments, Osaka). VE was measured with a hot-wire flow-
meter. Arterial and pulmonary arterial blood samples were collected based on the protocol,
and blood gas values were measured using a conventional blood gas analyzer. Cardiac
output was determined using Fick’s equation.

2.3. Protocol of Exercise and CO, Rebreathing

For the exercise test, the subject was asked to get on an upright cycle ergometer and
pedal at a speed of 55 rpm (without any added load) for one minute, Then the load was
increased by 1 watt/4 sec (15 watts/minute) to the symptom-limited maximum. Expired gas
was analyzed every 6 seconds throughout the period of exercise. Arterial and pulmonary
arterial blood was sampled before exercise and every minute during exercise for blood gas
analysis. On the same day, the subject was tested for CO, rebreathing using a bag containing
6 liters of air, with hemodynamic, expired gas and blood gas analyses performed as during
exercise. O, consumption was determined in advance, and an equal amount of O, was
supplemented into the rebreathing bag to maintain a constant inspired O, concentration
throughout the rebreathing test. After a 30 minutes rest, a second rebreathing test was
conducted using a bag containing 6 liters of 100% O, to suppress the carotid body function!’
after breathing 100% O for 2 minutes.
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Figure 1. Blood and ventilatory gas changes during exercise and CO; rebreathing.

2.4, Statistical Analysis

The relationship between VE and PvCO, was evaluated by linear regression anal-
ysis. To compare the regression line between VE and PvCO, during exercise with that
during CO, rebreathing in every subject, slopes and y-intercepts of the regression lines for
15 patients were evaluated by linear regression analysis. Comparison of the two regres-
sion lines was performed using an analysis of covariance. P < 0.05 was considered to be
significant.

3. Results

Figure 1 depicts changes in VE, PaCO, and PvCO, at rest, and at the respiratory
compensation point during exercise, or at the maximal response during CO; rebreathing.
PaCO; did not change during exercise (38.3 + 3.7 to 39.5 + 5.4 mmHg), but was notably
raised during CO, rebreathing (36.3 +4.9t0 58.0 + 5.5 mmHg). PvCO, was greatly elevated
during both exercise (45.6 £ 3.3 to 61.9 £ 8.2 mmHg) and CO, rebreathing (45.3 4.2 to
60.2 £ 5.5 mmHg). VE increased from 7.5 4 2.2 to 30.5 4 9.1 1/min during exercise and
from 11.5 &= 4.0 to 31.4 + 6.7 I/min during CO, rebreathing.

An example of the relationship between VE and PvCO, during exercise and two
different CO,-rebreathing tests is depicted in Fig. 2. VE during CO, rebreathing using air
is slightly greater than that observed during exercise. When 100% O, was inhaled instead
of air, VE was reduced and the regression line shifted toward and lay near the regression
line for exercise, resulting in equal slopes for the two regression lines.

This analysis was applied to all 15 patients. Statistical equality of the three regression
lines for the relation between VE and PvCO, was ascertained (Fig. 3).

Next, to test whether these regression lines were substantially equal or not, an analysis
of covariance was performed between the regression lines for the three tests. The three
regression lines were similar, and the regression lines for exercise and for CO2 rebreathing
using O, were effectively equivalent. A separate statistical analysis was performed on the
data from each of the 15 subjects. The regression lines for exercise and CO, rebreathing
using O were substantially equal for all 15 subjects (Fig. 4). The P-value for the difference
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Figure 3. VE-PvCO:; relationship in 15 patients.

in regression lines between exercise and CO, rebreathing using air among the 15 subjects
was 0.08 for the slope and 0.16 for the y-intercept, and those for the difference between
CO, rebreathing using O, and exercise were 0.87 and 0.69, respectively.

4. Discussion

We have analyzed the human ventilatory response to exercise as a function of PvCO»,
and compared it with the ventilatory response for CO, rebreathing. This is the first study
to directly measure PvCQO, during both exercise and CO, rebreathing in humans. We have
found that the VE-PvCO; relationships during exercise and CO, rebreathing coincided
almost exactly.
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Figure 4. Slopes and y-intercepts of the regression lines between PvCO, and VE for 15 patients.

4.1. Physiological Significance of PvCO, in Respiratory Control

If ventilatory control during exercise and CO; rebreathing is mainly dependent on
CO;, chemosensitivity and if CO, chemoreceptors are located only in the arterial system,
there must be two different scales for receptor sensitivity in hypercapnic and eucapnic states,
because PaCO; changes little during exercise but markedly during CO, rebreathing. The
close coupling of VE and PvCO- in two different conditions in our study could be derived
from arterial chemoreception.'®!!-!¥ However, if CO, chemoreceptors exist in the venous
system, this close coupling can be explained as the result of a cause-effect relationship.
So far, the existence of venous CO, chemoreceptors in mammals has not been widely ac-
cepted. Cropp and Comroe!® and Sylvester et al.”’ have denied the existence of venous
CO; chemoreceptors in the dog, because infusion of CO,-equilibrated blood did not initiate
ventilatory responses until the infused stimulus reached the systemic arterial circulation.
Orr et al.?! also have claimed that venous CO, chemoreceptors do not exist in the cat, on
the basis of their observation that venous CO; loading did not induce respiratory increase
unless PaCO, was raised. However, Kollmeyer and Kleinman® changed PvCO; indepen-
dently of arterial blood composition using an extracorporeal shunting system in the young
puppy, and showed that CO, in venous blood stimulates ventilation. Sheldon and Green®
separated the systemic and pulmonary circulation in the dog, and demonstrated respiratory
increase by selectively elevating PvCO,. We conducted electrical stimulation of the rabbit
pulmonary artery, and found that neural respiratory output increased when we stimulated
the proximal dorsal surface of the pulmonary trunk.>* These reports suggest the existence
of CO, chemoreceptors in the venous system.

Nevertheless, in the present study we identified substantial equality between the
VE-PvCO; relationships during exercise and CO; rebreathing in each of our subjects. This
observation may indicate that CO- in mixed venous blood is involved in human respiratory
control under conditions in which PvCO, is elevated to a certain high level, such as
during exercise and CO, rebreathing. Further study is needed to more directly examine the
possibility of venous CO» chemoreception in humans.
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Effects of Pain and Audiovisual
Stimulation on the Hypoxic
Ventilatory Response

Suzanne B. Karan, J. Russell Norton, William Voter,
Linda Paimer, and Denham S. Ward

1. Introduction

The non-chemoreflex drive to breathe is complex and influenced by the cortical, limbic
and reticular activating systems. This reflex can be facilitatory or inhibitory and may have
different modulating effects on normoxic ventilation and the acute hypoxic response (AHR).
This interaction can be particularly important when considering the effects of the non-
chemoreflex drive on anesthetic induced ventilatory depression.!™ This study clarifies the
effects of pain and audiovisual stimulation (AVS) on ventilation and on the AHR.

2. Methods

We enrolled 25 (11 male; age 23.4 + 5.8 yr., mean == SD) healthy volunteers to com-
plete a stimulation-randomized (tests: AVS, Pain, Rest) protocol during the measurement of
their AHR. Subjects visited the 1ab prior to the experiment in order to acclimate to the appa-
ratus. All breathing experiments were performed with subjects breathing into an oronasal
facemask in a semi-reclining position.

AVS was a computer game entitled “You Don’t Know Jack® The Ride” (Berkeley
Systems®, Jellyvision Inc., 1998) that entailed the subjects’ answering trivia questions by
typing into a game controller. Pain (Visual Analog Scale of 3-6) was caused by a thermode
(Precision Pain Source (PPS-3), Cygnus, Paterson, N.J.) applied to the ventral forearm skin
following pre-sensitization with capsaicin cream® (Tmax = 47°C). Rest implies that the
subject had closed eyes with headphones (no noise) on the ears.
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The acute hypoxic response was determined by utilizing a step into five minutes of
hypoxia (saturation = 81.4 + 1.3) after five minutes of normoxia. A computer-controlled
gas-mixing system, using the dynamic end-tidal forcing technique, controlled the inspired
gas concentration on a breath-by-breath basis in order to achieve the desired end-tidal con-
centrations of CO; and O,. The control AHR was determined at a PpyCO, level slightly
above resting levels to ensure that ventilation had significant chemoreceptor input. The
PerCO; used in a particular subject was selected by a prior period of breathing 1% in-
spired CO, and measuring the average PgrCO; over five minutes after steady-state was
reached.

Minute ventilation (V,,) can be expressed either as the product of tidal volume and
breathing frequency or mean inspiratory flow and inspiratory time duty cycle, see equation
(1). Mean inspiratory flow rate is a good indication of central neural ‘output’, and duty
cycle indicates features such as bulbopontine control and pulmonary and somatic afferent
influences.” Together, these measures provide a more fundamental indication of the control
process than tidal volume and frequency.?

Since the acute hypoxic ventilatory response, AHR, is conveniently expressed as the
ratio of the change in ventilation to the change in saturation (sat), there results four terms
when the AHR is separated into its components, equations (2) and (3).

m:Vrf=(¥)(f> (1)

AV, AVy Af
=f. Ve . 2
Asat 4 (Asat) Y (Asat) @
. Vi I
AV, (T A (T) (Y A (-r) 3
Asat T o Asat T; Asat

Data is reported as mean =+ standard deviation except as noted. Statistical analysis
(STATA statistical package, Stata Corp., College Station, TX) was performed by analysis
of vatiance with these factors: gender, subject nested within gender, test, and test by gender
interaction. When a significant test effect was found, post hoc Wald test was used to isolate
the differences. When the distributions were skewed, a log transformation was used. P values
without correction for multiple comparisons are reported. One-sided t-test was used to test
the differences of the sensitivities from zero. P values greater than 0.05 are reported as not
significant.

3. Results

The table shows the values of the AHR and its components. PerCO, was well
controlled across tests and across normoxia (39.4 + 3.8 mmHg) and hypoxia (39.4 &+
3.6 mmHg). The calculated sensitivities for the components of ventilation were signifi-
cantly different from zero, except for the frequency sensitivity during pain (the frequency
sensitivity at rest showed marginal statistical significance). When a significant test effect is
indicated, post hoc pair-wise analysis always showed a difference between AVS and Pain
with the values for Rest in between.
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Table 1. Ventilatory measurements during normoxia and the sensitivities. Vent, Freq, V1, Ti/Tiors
and, V;/T; calculated during the last two minutes of normoxia. Freq sens, V sens, Ti/Ty, sens, and
Ti/T; sens are the change in the measurement from normoxia (averaged over minute 3-4) to hypoxia
(averaged over minute 7-8) divided by the change in saturation. * =P < 0.01.
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&g 5 = o B E g3 2 8 7 =2
T E g . 23 K g ¢ g 1 ¢
< 2 E O EZ £ FE £ £ 3 S
AVS 0.53 12.9 17.9 0.07 733 26.8 0.40 —-1.52 0.58 0.020
+0.35 £36 £23 +0.14 +146 +152 +0.04 +191 +0.13 +0.013
Pain 0.36 10.5 14.8 0.01 735 24.5 0.38 —2.59 0.48 0.012
027 £2.7 2.7 +0.12 +200 +£19.1 +0.04 +194 £0.10 +0.008
Rest 045 9.8 14.2 0.07 732 26.8 0.38 —1.65 0.46 0.018
+0.33 £1.7 +29 +0.18 +189 204 +0.05 +2.86 +£0.09 +0.018
Test sig. * * * NS NS NS P=0.06 NS * *
Sex sig. NS * NS P =0.04 * NS NS NS * NS

The stimulatory effect of AVS on minute ventilation occurred during both normoxia
and hypoxia. During normoxia, this was attributed to both increased frequency of ventilation
and increased inspiratory drive (V;/T;). For AVS, the AHR was increased because of an
increase in respiratory frequency without a change in the tidal volume sensitivity (eq. 2) or
by an increase in Vi/T; without a change in the V,/T; sensitivity (eq. 3). For Pain, the AHR
was not significantly increased. However, analysis of the components of AHR showed a
significant decrease in the Vi/T; sensitivity.

There did not seem to be any important sex differences in the results. The significant
difference in the normoxic ventilation and tidal volume could be because of the difference
in body mass between men and women.

4. Discussion

The effects of pain on respiration are not simple. Clinical observation confirms that
pain is often a respiratory stimulant and this is supported by the literature.’ The interaction
of pain and hypoxia, however, has not been clearly elucidated. Studies examining the
respiratory effects of post-operative pain relief have shown the most common agents to be
associated with significant hypoxemic events'®~'? that are not always predictably based on
patient or drug characteristics. Furthermore, the pathways that modulate these responses
may not involve chemoreflexes'® and may even bypass cortical structures.'*

In this study, painful thermal stimulation did not significantly increase normoxic venti-
lation, nor did it augment the acute hypoxic response. This agrees with previous experiments
done by Sarton etal.! in which a painful electrical stimulus (to a VAS of 4.5-5.5) did not aug-
ment the AHR. However, in contrast to our study, Sarton’s painful stimulus did cause a signif-
icant increase in normoxic minute ventilation (with non-significant increases in normoxic
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tidal volume and respiratory rate). Electrical stimulation may have a different effect on
ventilation than thermal stimulation, although both studies did control for similar VAS
scores.

In both studies, the painful stimulus caused a non-significant but downward trend of
the AHR. In our study, this inhibition of the AHR may be explained by further dissecting
out the components of the AHR. In fact, the inspiratory drive sensitivity (Vi/T; sens) was
significantly reduced during pain compared with rest. According to equation (3) above,
the ability to enhance the AHR relies upon the inspiratory drive. It is possible that Sarton
observed a similar trend, though this data was not published. The mechanism that underlies
this phenomenon may be a function of the subjects’ volitional control over ventilation. In
a study by Spicuzza and colleagues,'® the hypoxic ventilatory response was considerably
lower in yoga trainees compared with controls, with similar heart rate and blood pressure
responses between groups. This inhibition was mainly the result of a decreased frequency
of respiration.

In contrast, we found that AVS was a potent stimulant for ventilation during both

normoxia and hypoxia over both Pain and Rest. In comparison with the experiment of
Chin et al.,'® the AVS that we chose entailed a degree of mental coordination and caused
the increase in normoxic minute ventilation through an increase in respiratory frequency
(f) and inspiratory drive (V;/T;). Our normoxic observations are also in line with Mador
etal.,!” who found that audiovisual stimulation (watching television) did not increase minute
ventilation as much as mental arithmetic. This augmentation of minute ventilation was
achieved primarily via an increase in respiratory frequency and inspiratory drive.
_ During hypoxia, the ventilatory response was significantly augmented during AVS
when compared with Pain and Rest. This is in contrast to the observations of van den Elsen
et al.,? though their AVS (music videos) was different from ours. Furthermore, Pandit et al.
(this volume), using a similar AVS to van den Elsen (listening and watching a video of one’s
choice), also did not observe an increase in the AHR.

Although it has been theorized that the difference between the studies of the drug
effects on the AHR lies mostly in the difference in experimental conditions® as it relates to
the use of volatile anesthetics, one cannot disclaim the importance of the choice of AVS as
well. Itis possible that the state of arousal while watching a video of one’s choice is unlike the
“wakefulness” state induced by the mental interaction involved in playing a computer game.
The interaction of arousal and hypoxia may have more to do with the volitional control of
breathing. Though the results of our study are comparable to those of Chin'¢ and Mador'?,
other studies challenge these findings. In a study on the effects of emotions on respiratory
pattern, Boiten'® examined specific respiratory cycle responses to varying emotions, mental
activity, and pain (cold pressor test). He found the most significant ventilatory changes
during excitement. In contrast, respiratory pattern did not deviate significantly from baseline
while subjects performed only the mental activity.

Although there was no quantitative measure of dyspnea during our study, anecdo-
tally, subjects consistently reported less dyspnea during the AVS-AHR experiment when
compared with Pain and Rest. From animal studies, we know that there are suprapontine
stimulatory and inhibitory influences on ventilation.!® It is possible that during the Pain
and Rest experiments our subjects exerted a “subconscious volitional” respiratory pattern
control. In contrast, the augmentation of the AHR during AVS could have been the result
of suprapontine disinhibition, caused by distraction from our choice of AVS.
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What is clear is that experimental states of arousal and audiovisual stimulation need

to be more clearly defined and consistently measured, especially when comparing the con-
flicting results concerning the hypoxic drive and its interaction with pain and arousal.
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Effect of Progressive Hypoxia with
Moderate Hypercapnia on Ventilatory vs.
Respiratory Sensation Responses in
Humans

Yoshikazu Sakakibara, Atsuko Masuda, Toshio Kobayashi,
Shigeru Masuyama, and Yoshiyuki Honda

1. Introduction

Ventilatory response to CO, combined with hypoxic stimulation has been well documented
as exhibiting a positive interaction between the two stimuli in humans', and in cats®>.
Furthermore, Mohan and Duffin* examined the effect of hypoxia on ventilatory response to
CO; using a modified Read’s rebreathing method, covering wide range of CO, including
hypocapnic region following prior hyperventilation.

Although respiratory sensation such as dyspnea and breathlessness are known to be
elicited by CO, and hypoxia® 5, it is not well known if there is a positive interaction between
both chemical stimuli in the same manner as in ventilation. We previously’ examined both
ventilation and respiratory sensation during hypercapnia conducted by modified CO2 re-
breathing with 4 different levels of oxygenation. In that study, we found that, irrespectively,
ventilatory responses showed a positive interaction during these multivariable chemical
stimuli, and respiratory sensation responses to hypercapnia showed only parallel upward
shift with increasing hypoxic stimulation. The purpose of the present study was therefore
to confirm this different profile between ventilation and respiratory sensation by applying
progressive hypoxia with varying hypercapnia levels, method opposite to our previous one.

2. Methods

The study was carried out on 15 young healthy adults (4 males and 11 females).
Their age, height, weight and body surface area were (22.3 = 4.0) yrs, (161.8 & 6.5) cm,
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(54.0 & 5.0) kg and (1.6 £ 0.1) m*(mean + S.D.), respectively. They did not smoke and
had no cardiopulmonary disorders. Although all subjects were familiar with the laboratory
equipment and ventilatory response tests, they did not know the purpose or results until all
tests were completed. The study protocol was approved by the local ethics committee, and
all subjects gave their informed consent before participating. The subjects were kept free
of food and caffeine intake for at least 2 hours prior to the experiment.

The subjects were exposed to progressive hypoxia test with three different CO, levels.
We maintained the PerCO; level at normocapnia, 2 and 4 Torr higher than normocapnic
level during progressive hypoxia test, they were designated as HCO, HC2 and HC4, re-
spectively. Before conducting progressive hypoxia test, the rebreathing bag was filled with
6-8 L of room air. The subject initially breathed room air in a resting condition through
an open respiratory circuit for 2-3 min. After this, they started rebreathing room air from
the bag. During rebreating, we maintained the PgrCO, level at normocapnia by adjusting
the by-pass flow to the CO, absorber and defined this test as HCO run. Under hypercap-
nic condition, i.e., the HC2 and HC4 runs, we supplied an adequate volume of oxygen
via a small tube inserted into the inspiratory portion of the respiratory valve in order to
prevent a decline in oxygen level for about 5 minutes after PrCO, level reached 2 or
4 Torr higher than normocapnic condition. Then we discontinued oxygen administration
and kept these PerCO> levels by adjusting the by-pass flow to the CO, absorber. Dur-
ing all the runs, we monitored PgrO2 and PerCO, by rapid response O,-CO; analyzer
(San-ei, H-21, Tokyo, JAPAN) and arterial oxygen saturation (Sa0,) and heart rate (HR)
by pulse oxymeter (Ohmeda, Biox III). Respiratory sensation was continuously rated on a
visual analog scale (VAS) 15 cm in length, that was marked with a regular intervals and word
clarification were put aside some of these marks. Ventilatory parameters such as minute
ventilation (VE), tidal volume (VT) and respiratory frequency (f) as well as gas fractions
were measured with an electric spirometer (Minato Aeromonitor AE-280, Osaka, JAPAN).
VAS, electrocardiogram and VE, one output of AE-280, were sampled at a rate of 1 kHz
simultaneously and stored into a PC. The experiment was terminated 3-4 min after the start
of rebreathing or when SaO, approached to 80%. VE and VT were normalized by body
surface area. Every parameter was averaged within 6 different sections of data such
as during air breathing, just before conduction of hypoxia, and 4 stages of progressive
hypoxia, 96, 91, 86, 81% in Sa0O2. VE and VAS scores were plotted against SaO,, and
the slopes of VE/SaO, (/min/m*/%) and VAS/Sa0,(/%) were taken as hypoxic sensitivity
of ventilation (HVR; hypoxic ventilatory response) and respiratory sensation to hypoxia,
respectively. For each subject three runs were performed in the order of HCO, HC2, and
HC4 with intervals longer than 60 min. The same set of experiments was conducted twice
in the morning and afternoon of the same day.

Statistical difference of mean among the different groups were examined by using
Dunnett’s multiple comparison as well as the paired t test, both tailed. A p-value less than
0.05 was considered significant.

3. Results

PerCO; and ventilatory parameters before and during progressive hypoxia were pre-
sented in Figure 1. Pg7CO; was controlled to reach almost exactly the desired level. Itis to be
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Figure 1. Hypoxic ventilatory response curves (left) under 3 different CO» levels (+0, 42, and +4 Torr above
normocapnia), and their slopes (right). Values are mean & SE (n=15).

noted that f showed little response to hypercapnia, whereas VT increased with hypercapnia
(Table 1). As expected, the slope of the Sa0,-ventilation response curve became steeper in
accordance with increasing CO; level as expected (Figure 1). There was a significant in-
crease in the steepness of HVR in the HC4 (+4 in Figure 1) compared to the HCO run
(+0 in Figure 2) (p=10.01). On the other hand, the slope of the Sa0,-VAS response curve
remained almost unchanged (Figure 3) and the curve appeared to shift parallel and upward
with intensifying hypercapnia (Figure 1); its magnitude assessed by the intercept of regres-
sion equation of VAS to SaO; did not reach statistical significance (p = 0.15) between HCO
and HC4 runs.

Mean VAS during progressive hypoxia with different CO, levels was plotted against
mean ventilation (VE in Figure 3). The VAS-VE curves appeared to shift rightward with
increasing CO, level from normocapnia (+0 line in Figure 3) through 2 and 4 Torr higher
than normocapnic PgrCO; (42, and +4 line in Figure 3, respectively). The mean values
plotted in Figure 3 represented all the results including the two VAS data with no-response.
However, we excluded these two data from the calculation of the linear regression lines of

Table 1. Ventilatory responses to progressive hypoxia with 3 different hypercapnia

Sa02 (%) 97 96 91 86 81
HCO
CO2 (Torr) 40.9+4.19 41.0+3.83 41.0£3.83 40.6+£3.81 40.7£3.70
f (cpm) 142+£4.22 15.24+5.38 15.8+£6.82 15.9+£7.09 17.0+£7.54

VT (ml/m"2)  597.3+£24891 636.9+24936 649.54167.65 721.74£22046  745.0+202.45

HC2
CO2 (Torr) 42.9+4.50 43.0+3.92 4234378 4224+3.98 42.61+3.98
f (cpm) 14.54+5.40 153+5.07 17.1+£7.92 17.3+£8.18 18.3+8.17
VT (ml/m™2)  654.1+£231.61 661.7422696 698.94203.20 765.7+198.86  820.9+224.44

HC4
CO02 (Torr) 44.9+4.08 44.6+3.84 443+£3.75 43.543.65 44.7+3.64
f (cpm) 14.7+5.63 156584 16.4 £6.16 17.3+£7.85 18.8+7.98
VT (m/m™2) 670.9+£21843  703.0£206.77 808.5£26570 864.7£200.04 866.0%196.10

HCO, HC2, and HC4 are normocapuic run, and hypercapnic runs with 2, or 4 Torr higher than normocapnic PerCO, respectively.
CO2, f and VT are end tidal PCOs, respiratory frequency, and tidal volume, respectively. Data are presented as mean & SD
(n=15).
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Figure 2. Hypoxic VAS response curves (left) under 3 different CO, loads (40, +2, and +4 Torr above the
normocapnia), and their slopes (right). Values are mean + SE (n=15).
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Figure 3. Relationships between VAS and ventilation during progressive hypoxia with 3 different CO; loads.
Values are mean + SE (n = 15).

VAS to ventilation. The slopes of these regression lines were 0.81 + 0.20, 0.47 £ 0.20 and
0.65 % 0.10, during HCO, HC2, and HC4, respectively (mean + SE, n = 13). As the paired t
test showed borderline significance between HCO and HC4 (p = 0.06), we further predicted
VAS at ventilation 10 (I/min/m?) by using these regression lines. Their mean + S.E. were
3.6 +0.57,2.2 4+ 0.80 and 2.8 + 0.46, during HCO, HC2, and HC4, respectively.

There was statistical significance between HCO and HC4 (p = 0.01) when used paired
t tests, but no statistical difference was seen when used Dunnett’s way.

4. Discussion

In the present study, we exposed subjects to progressive hypoxia with moderate and
almost steady hypercapnia and found a positive interaction in the ventilatory responses. On
the other hand, respiratory sensation during these chemical challenges showed a parallel
shift. Thus we could confirm our previous results, where a modified Read’s rebreathing
method was used to give a hypercapnic stimulation under 4 different steady hypoxia levels’.
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The present results clearly indicate that the mechanism underlying respiratory sensation
response to hypercapnic hypoxia, or vice versa differs from that of ventilation, although
either of these chemical stimuli is able to arouse respiratory sensation’*°. This also leads to
assume that our results are not fully explainable by the central command hypothesis °.

Pulmonary stretch receptors excited by inhaled furosemide alleviate the dyspneic
sensation induced by loaded breathing!®. Our present results demonstrate that ventilatory
responses to chemical stimuli were largely depended on VT (Table 1). As it is reasonable to
assume that such larger VT during hypercapnia activate more pulmonary stretch receptors,
most of the decreased amount of respiratory sensation can be ascribed to CO, loads in the
present experiments. The mechanism involving pulmonary stretch receptors, however, is
not considered to exclude the central command hypothesis!©.

In conclusion, we confirmed the contrasting profile between ventilatory vs. respiratory
sensation that was, in the present study, induced by progressive hypoxia with varying steady
hypercapnia. The underlying mechanism of the respiratory sensation to chemical stimuli
is not fully explained neither by the central command theory, or by pulmonary stretch
receptors.
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Frequency Response of the Input
Reaching the Respiratory Centres
During Moderate Intensity Exercise

Philippe Haouzi, Bruno Chenuel and Bernard Chalon

1. Introduction

It has been suggested that the intrinsic properties of the brainstem respiratory neurones,
responsible for a short term potentiation phenomenon, could slow and magnify the effects
of an immediate and steady centrally mediated stimulus to breathe during exercise!->*.
Worth of note is that this phenomenom has been described mainly during and following
stimulation of somatic afferent fibres or the sinus nerve®. Such a short term potentiation
phenomenon was put forward to try to reconcile the traditional description of the dynamics
of the VE on and off-transient response to exercise, which has a 60 second time constant
and follows the VO, and VCO, time course*>-®.

We sought to predict the behavior of the neural inputs reaching the brainstem res-
piratory neurones after extracting from available data in animals and in humans a short
term potentiation phenomenom (STP). More specifically, our purpose was to determine
if a temporal relationship exists between the VE response, after “suppresssion” of a STP
component, and the expected constant amplitude of motor activation during sinusoidal work
rate changes at different periods of oscillations.

2. Methods

Two studies were re-examined: one reporting preliminary data obtained in trotting
sheep and one previously published by Casaburi et al.®.

Three sheep walked on a treadmill, breathing through a face mask. The speed of
locomotion was changed sinusoidally from 50 to 100 m/min at period (T) ranging from 10
to 2 minutes. The fluctuating work rate was applied after 3 minutes of constant work rate at
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the mid point of the sinusoid (75 m/min). The phase lag (Ph) of the fundamental component
(same frequency as the input function) of VE, and VCO, responses were computed as
follows:

Ph = Tan"! (Re/Im)

Where Re and Im are the real and imaginary parts of the response determined after
second-by-second interpolation of the respiratory and locomotor (X) responses as:

NT NT
Re = 2/NT Z(x(t)-Mx) cos (27tft) and Im = 2/NT Z((x(t)—Mx)) sin(27tft)
t=0 t=0

Where x (t) is the response value as time t (in seconds), Mx is the mean value of
x for an integer number of cycle (N), T is the period of the input signal (in seconds) and
f (=1/T) is its frequency in cycles per second.

In the study of Casaburi et al.%, five healthy subjects performed cycloergometer
exercise. Work rate was changed sinusoidally in the moderate intensity domain (below
lactate threshold) at period (T) ranging from 10 to 0,75 minutes and in a stepwise manner
(steady state).

According to the model proposed by Eldridge et al. 2, any signal from a central or
peripheral source reaching the respiratory neurones is amplified and slowed due to some of
their intrinsec properties. For moderate exercise, the gain of this component may represent
half of the total gain of the response with a time constant which differs during the on
and off transient (ranging from 15 to 50 seconds in the cat). We substracted the expected
phase lag (Phst) of STP to the VE response using these parameters. Phst was computed as:
Phst = tg~! (27tft), where T is the time constant of STP. T values of 15 and 50 seconds
have been used in this report.

3. Results

The phase lag between VE and the work rate input increased dramatically with the
frequency of oscillations and was longer than VCO, in sheep as already reported in humans.
The increase in VE phase lag with the frequency of oscillations was more pronounced in
humans than in sheep and was associated with slower pulmonary gas exchange dynamics.

The phase lag was corrected for a short term potentiation phenomenon® showing the
expected temporal profile of the theoretical input to the respiratory neurones which would
account for the observed ventilatory outcome (figure 1 and 2). This “signal” preceeded
the changes in pulmonary gas exchange (shorter phase lag), but had a frequency response
very different from the expected flat response of the motor control. Even, for the longest
STP time constants (figure 2), the signal to breath is still decreasing with the frequency of
oscillation lagging WR with a phase of about 45° at the period of oscillations of 2 minutes.

4. Discussion

The present results do not support a parallel activation of the systems controlling res-
piration and the locomotor or motor activity. As previously argued, the frequency response
of the ventilatory response appears to be compatible with mechanisms linking ventilation
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Figure 1. Evolution of the phase bewteen work rate oscillations and both CO- output (black bars) and ventilation
(white bars) at 3 periods of cycling oscillations in sheep and humans. It is a convention that phases are shown with
negative values. Note that phase lag of ventilation follows the changes in CO; output phase. The expected frequency
response of the signal reaching the central nervous system after correction of the ventilatory response for a short
tem potentiation phenomenon (STP) with a 15 sec time constant is shown in hatched bars. The frequency response
of the signal reaching the central nervous system (without STP) is expected to be faster than the pulmonary gas
exchange.
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Figure 2. Evolution of the phase bewteen work rate oscillations and ventilation after extraction of a short term
potentiation component of various time constants (ranging from 10 to 50 seconds). Note that the phase lag between
work rate oscillations and this “signal” increased when the frequency oscillations increased even with the “slowest”
short term potentiation phenomenom. The horizontal dotied line is the expected frequency response of a central
command component which has no time constant.
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to VCO‘Z"IO. Results were very similar in humans and animals, suggesting commun control
mechanisms of respiration during exercise in mammals coupling ventilation and VCO;" 10
The faster ventilatory response during trotting in sheep was always associated with faster
VCO, kinetics than in humans resulting in similar difference in phase lag between these
two factors.

However, a short term potentiation phenomenon?? would slow the ventilatory out-
come resulting from any rapid signal coming from a peripheral source. This implies that
the signal stimulating breathing has faster kinetics than those of gas exchange at the lung
level. The expected dynamic characteristics of this feedforward signal is incompatible
with a signal proportional to the motor act which should have a flat frequency response
(figure 2). The nature of this signal is still open to question and can not be inferred from
our analysis, but it is proportional to events associated with the change in metabolic rate
(phase lag increased with the frequncey of oscillations) and is faster than VCO,.

The parameters used to describe STP were drawn from animal studies. The gain
during moderate exercise was assumed to be half of the total gain as postulated for moderate
exercise!. There are no data available on the characteristics of STP in humans or in large
mammals in response to similar peripheral stimulations. However, the fact that VE phase
lag is only slightly longer than VCO, phase implies that, even with very fast STP dynamics,
the signal stimulating breathing during exercise should lead VCO,.

In conclusion, the present analysis confirms pervious results which do not support the
contention that a proportional adjustment of motor activity and minute ventilation exists
during moderate intensity exercise. They support however the idea that the main component
of the VE response is linked to the level of pulmonary gas exchange, but relying on signal(s)
preceeding the changes in gas exchange in the lungs (VCO,).
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VARIABILITY AND PLASTICITY
OF BREATHING



Effects of Resistive Loading
on Breathing Variability

Non Linear Analysis and Modelling Approaches

S. Thibault, P. Calabrese, G. Benchetrit and P. Baconnier

1. Introduction

The ventilatory system as many biological systems is a complex dynamical one involving
many controls and regulations. More over, in a reconstructed phase space respiratory data
present a structure similar to a strange attractor (cf. Figure 1). In this way, considering
the respiratory system as a deterministic chaotic one seems to be a good hypothesis to
understand breathing and its variability. This hypothesis remains controversial. Donaldson
(1992) shows that respiratory trajectories of resting human are not random but chaotic
using the Largest Lyapunov Exponent (LLE). Unfortunately, Hughson ef al. (1995) said
that previous suggestion of Donaldson (1992) that human respiratory pattern was chaotic
appears from the outcome of surrogate data analysis in their study to have been premature.
Similarly, Fortrat et al. (1997), in human resting breathing could not conclude that venti-
lation derive from a deterministic chaotic system. On the contrary, Sammon ef al. (1991,
1993a, 1993b) show that irregular inspiratory-expiratory phase switching and central respi-
ratory pattern generator (CRPG) output in rats are consistent with low-dimensional chaos.
Small et al. (1999) bring evidence that respiratory variability in infants during quiet sleep
is deterministic and not random. Starting from the hypothesis that controlling the pres-
ence of chaos by changing a parameter of a system brings further evidence of the chaotic
nature of the system we tried to modify, experimentally and on simulations, the chaotic
dimension of the ventilatory system by changing the resistive load in resting breathing
human.

S. Thibault, P. Calabrese, G. Benchetrit and P. Baconnier « Laboratoire TIMC/IMAG (UMR
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2. Method

2.1. Data Acquisition

We used data of Calabrese et al. (1998). Digitalisation frequency was 64 Hz. Airflow
signal from 7 volunteers have been recorded with a pneumotachograph mounted on a face
mask. Recording was made under 5 conditions: control and 4 different levels of resistance,
3.6,5.8, 8.8 and 13.1 cmH,0.L ! s. Flow resistive loads were added throughout the entire
breath.

2.2. Analysis

We used the LLE which gives the average rate of divergence of two nearby
trajectories as an index of global variability of the system. First, we have to reconstruct
the phase space (cf. Figure 1) for applying the tools for chaos detection. Embedding
dimension and a fixed lag are needed and are determined using, respectively, the
algorithm of false nearest neighbours and the first minimum of mutual information.
The LLE was then computed with the algorithm of Wolf (1985) which can be simply
described as follows (cf. Figure 2): an initial length L(#,) is found by joining the initial
point #, to its nearest neighbour on a different trajectory. This one must occur later
enough in the time series and, not for the first step but for the others, the orientation of
joining vector compared to the last one (6; and 6,) must not be too different. The final
length L'(#;) joins the points at the time #;, and the procedure is repeated along the
fiducial trajectory, in other words, until we have gone through the entire time series.

x10°

X(t+38)

x(t)

x(t+19)

Figure 1. Reconstructed phase space from airflow data (subject #7). Embedding dimension and time lag are
respectively 3 and 19 iterations (20.30 s).
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experimental data. From Wolf (1985).

The LLE is computed such that:

1 & L'(t)

A= lo
K — o = £ L(tx-1)

where A is LLE (bits.iteration™!) and K is the total number of iterations (see Figure 2 with
K =3).

2.3. Modelling

In parallel, we have built a mathematical model of the ventilatory system. It simulates
the interactions between 2 objects: an active one, CRPG and a passive one, the mechani-
cal respiratory system. As the CRPG has been shown to be able to exhibit a deterministic
chaotic-like behaviour (Del Negro et al., 2002), to model it, we use a Duffing oscilla-
tor (Dang-Vu et al., 2000) which can exhibit chaotic behaviour. The passive mechanical
ventilatory system is depicted as a single homogenously ventilated alveolar compartment
of a fixed elastance (E) connected to a rigid airway of a fixed resistance (R) (Otis et al.,
1956). The pressure generated by the respiratory muscles is the result of the conversion
by the muscles of the CRPG output (x) into a pressure; since only inspiration is active
we represent that by a conditional function, f(x). When the afferent pathways are func-
tional, the CRPG activity can be modulated by the lung volume (z) variation, we represent
that, as simply as possible by the term A - ;. Finally we obtain the following equation
set:

f=a-i+b-x"+oa-sinfw-1)+A-2

E 1
?=—§'Z+E'f(x)
i=

with
B-x x>0
ﬂ”:{o x<0
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LLE (bits.iteration™)
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Figure 3. Value of LLE in function of resistive loads. (® ) represents mean value (+SD) of LLE for experimental
data and (W) value of LLE obtained by simulation at the same resistive loads.

t is the time. a, b, oc and w are Duffing oscillator parameters set in a way to present a chaotic
behaviour. Only the value of resistance R changes, taken the same values as that of the
experimental conditions.

3. Results

3.1. Experimental Data

Time lag increases with resistive load. This is in accordance with the decrease of
respiratory frequencies as described by Calabrese ef al. (1998). In fact, mutual information
in airflow data is strongly linked to breath cycle duration. Value of embedding dimension
is equal to 2 for subjects #3 and #5 and to 3 for the others. Mean values of LLE are
0.16 bits.iteration~! for control, 0.11, 0.10, 0.08 and 0.10 bits.iteration~! respectively for
the four successive loads (cf. Figure 3). An ANOVA analysis shows a significant decrease
of LLE with increase of resistance value (p < 0.05), and a post hoc Fischer’s PLSD test
shows a significant decrease in LLE values as compared with resting breathing at all levels
of resistance. In five out of the seven subjects we observed an increase of LLE from the
third level to the fourth level (cf. Table 1).

3.2. Simulations

Time lag, contrarily to experimental data does not present a significant increase
with resistive load. The embedding dimension is equal to two in all cases which is in
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Table 1. Value of LLE (bit.iteration™") for all subjects and for all levels of
resistance. The last row presents means (£SD) for all levels of resistance.

resistive loads (cmH>0.L71.s)

subjects control 3.6 5.8 8.8 13.1
#1 0.19 0.12 0.14 0.05 0.08
#2 0.10 0.08 0.08 0.06 0.09
#3 0.18 0.12 0.11 0.10 0.07
#4 0.14 0.05 0.08 0.07 0.04
#5 0.21 0.11 0.07 0.03 0.11
#6 0.18 0.18 0.12 0.11 0.16
#7 0.11 0.10 0.11 0.10 0.12

mean (+8D)  0.16 (£0.04) 0.11 (40.04) 0.10(£0.02) 0.08 (£0.03)  0.10 (£0.03)

accordance with those found with experimental data. We observe with simulations the
same tendency as for the experimental results namely a decrease in LLE with the increase
of resistance until the value of 8.8 cmH,0.L~!.s. Moreover, simulation amazingly mimics
the increase of LLE from the third level to the fourth level observed in five out of the seven
subjects (cf. Figure 3). Simulations with extra resistive loads lead to a LLE value equal
to —0.02 bit.iteration™" for 85 cmH,0.L~".s indicating that we obtained chaos vanishing
and resurgence of limit cycle or fixed point.

4. Discussion

First our global result indicates that adding resistance allows to reduce chaos intensity
of breathing. Moreover, the increase of LLE from the third to the fourth level of added
resistance obtained in five subjects is not an isolated observation. In an analysis of breathing
variability using multilinear regression model, Brack et al. (1998) showed an increase of
random uncorrelated fraction of breathing variability with high levels of resistance. This is
likely to agree with our result on the effect of the highest level of added resistance as the
random uncorrelated fraction of Brack et al. (1998) includes non linearity. In this way our
results suggest that the use of LLE seems to be a good way to quantify breath to breath
variability. The final increase of LLE questions the use of adding high resistive loads as a
way to obtain chaos vanishing and thus as a tool to assess the chaotic nature of breathing.
Despite this and the fact that a positive LLE does not systematically mean that a systemis a
deterministic chaotic one (Ruelle, 1990), simulations using our deterministic model present
the same qualitative tendencies for LLE values than experimental ones. This supports the
hypothesis of chaotic nature of respiratory system. That embedding dimension value stay
the same for a subject along the load increase could reveal no other oscillators are involved in
CRPG with adding resistive loads. Finally, respiratory variability may become pathological
under assisted ventilation leading to instability. This situation may be seen as a stronger
chaotic behaviour that should be important to control using a key parameter and/or predict
their occurrence using our modified model adding ventilatory support.



298 S. Thibault et al.
References

Brack, T., A. Jubran and J. T. Tobin. 1998. Effect of Resistive Loading on Variational Activity of Breathing.
Am. J. Respir. Crit. Care Med. 157: 1756-1763.

Calabrese, P., T. Pham Dinh, A. Eberhard, J.-P. Bachy and G. Benchetrit. 1998. Effects of Resistive Loading on
the Pattern of Breathing. Respiration Physiology. 113: 167-179.

Dang-Vu H,, C. Delcarte and M. Wysocki. 2000. A mathematical model of respiratory system exhibiting chaos.
Int. J. Diff. Equat. Appl. 1: 399-408.

Del Negro, C. A., C. G. Wilson, R. J. Butera, H. Rigatto and J. C. Smith. 2002. Periodicity, Mixed-Mode
Oscillations, and Quasiperiodicity in 2 Rhythm-Generating. Biophysical Journal. 82: 206-214.

Donaldson, G. C. 1992. The chaotic behaviour of resting human respiration. Respir. Physiol. 88: 313-321.

Fortrat J.-O., Y. Yamamoto and R. L. Hughson. 1997. Respiratory influences on non-linear dynamics of heart rate
variability in humans. Biol. Cybern. 77: 1-10.

Hughson R. L., Y. Yamamoto and J.-O. Fortrat. 1995. Is the Pattern of Breathing at Rest Chaotic? A Test of the
Lyapunov Exponent. Adv. Exp. Med. Biol. 393: 15~19.

Otis, A. B., C. B. Mc Kerrow, R. A. Bartlett, J. Mead, M. B. Mcllroy, N. J. Selverstone and E. P. Radford 1956.
Mechanical Factors in Distribution of Pulmonary Ventilation. J. Appi. Physiol. 8: 427-443.

Ruelle, D. 1990 Deterministic chaos: the science and the fiction. Proc. R. Soc. Lond. A. 427: 241-248.

Sammon M. P. and E. N. Bruce. 1991.Vagal afferent activity increases dynamical dimension of respiration in rats.
J. Appl. Physiol. 70(4): 1748-1762.

Sammon M., J. R. Romaniuk and E. N. Bruce. 1993a. Bifurcations of the respiratory pattern associated with
reduced lung volume in the rat. J. Appl. Physiol. 75(2): 887-901.

Sammon M., J. R. Romaniuk and E. N. Bruce. 1993b. Bifurcations of the respiratory pattern produced with phasic
vagal stimulation in the rat. J. Appl. Physiol. 75(2): 912-926.

SmallM., K. Judd, M. Lowe and S. Stick. 1999. Is breathing in infants chaotic? Dimension estimates for respiratory
patterns during quiet sleep. J. Appl. Physiol. 86(1): 359-376.

Wolf, A., I. B. Swift, H. L. Swinney and A. Vastano. 1985. Determining Lyapunov Exponents From a Time Series.
Physica 16D 285-317.



Effects of Intermittent Hypoxic Training
and Detraining on Ventilatory
Chemosensitive Adaptations

in Endurance Athletes

Keisho Katayama, Kohei Sato, Hiroshi Matsuo, Koji Ishida,
Shigeo Mori, and Miharu Miyamura

Key words: hypoxic ventilatory chemosensitivity, hypercapnic ventilatory chemosensitivity

1. Introduction

It is well known that chronic exposure to hypoxia and sojourns at high altitude lead to
an increase in the hypoxic and hypercapnic ventilatory responses (HVR and HCVR), as
indexes of ventilatory chemosensitivities to hypoxia and hypercapnia!. Similarly, recent
studies”> found that intermittent hypoxia at rest also induces an increase in HVR, whereas
only a few studies have investigated the influence of intermittent hypoxic training, i.e., live
low-train high, on ventilatory chemosensitivity; Levine et al.* and Benoit et al.’? indicated
that an enhanced HVR appeared after intermittent hypoxic training. We also have found
that HVR tended to increase after intermittent hypoxic training in untrained subjects, but
HCVR did not®. However, surprisingly, no study has attempted to investigate ventilatory
chemosensitive adaptations to intermittent hypoxic training in endurance athletes who have
blunted ventilatory chemosensitivity, despite the fact that intermittent hypoxic training is
commonly used by endurance athletes.

Cardiorespiratory adaptations to hypoxic training have been reported by many investi-
gators, but physiological responses after the cessation of altitude training have received little
attention. To elucidate the change in ventilatory chemosensitivity after hypoxic training,
we measured HVR and HCVR in untrained subjects before and after intermittent hypoxic
training and again after detraining®. Consequently, it was found that the increased HVR
after intermittent hypoxic training returned to the initial level after detraining. However,
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to our knowledge, there are no available data concerning the influence of detraining after
intermittent hypoxic training on ventilatory chemosensitivity in endurance athletes.

The purpose of the present study, therefore, was to elucidate the characteristics of
ventilatory chemosensitive adaptations to intermittent hypoxic training and detraining in
endurance athletes by comparing those observed in untrained subjects.

2. Methods

Five trained male endurance runners (athlete group), who belonged to a collegiate
track team [peak maximal oxygen uptake (VOppea) > 65 ml-kg~'-min~"'], and five un-
trained male subjects (non-athlete group, Vospeax < 55 ml-kg™'-min~") participated in this
study. The subjects were informed of the experimental procedures and their informed con-
sent was obtained. This study was approved by the Human Research Committee of the
Research Center of Health, Physical Fitness and Sports, Nagoya University.

Subjects were first familiarized with the equipment used in the experiment. Before
the endurance exercise training, Vozpeak at sea level was determined for each subject. To
determine a training intensity, VOppeax Was also measured in a hypobaric chamber, which
simulated an altitude of 4,500 m (432 torr). On another day, the measurements of HVR and
HCVR were performed for each subject. These measurements were performed at sea level
at both the pre- (Pre) and post-training. The post-training test was performed twice, i.e.,
on the first day after 2 wk of intermittent hypoxic training (Post) and on the first day after
2 wk of detraining (De). The subjects in each group trained for 30 min/d, 5 d/wk for 2 wk
on a mechanically braked bicycle ergometer at 70% of altitude Vozpeak in the hypobaric
chamber, which was set to simulate an altitude of 4,500 m.

HVR was determined by using a progressive isocapnic hypoxic test’, and a rebreath-
ing system*® was used. Inspired minute ventilation (V1), end-tidal CO, and O, fractions
(FETCO, and FETO,), and arterial oxygen saturation (Sa0,) were measured continuously
during rebreathing. The subjects breathed through a mouthpiece attached to a hot wire
flowmeter. Sample gas was drawn continuously through a sampling tube connected to the
mouthpiece in order to measure FETCO, and FETO, by means of a gas analyzer, and end-
tidal partial pressure of CO, and O, (PETCO, and PETO,) were calculated from FETCO, and
FETO,. PETCO, was maintained within 32 torr of the resting level during measurement.
Sao, was measured by using a finger pulse oximeter. HVR was estimated as the slope of
the line calculated by the linear regression relating V1 to Sao; (AV/ASa0;, 1'min™"-%™"),
and the slope was presented in positive numbers by convention.

HCVR was determined by two methods: the CO; rebreathing (HCVRR) and the single
breath CO, (HCVRgp) methods. The measurements of HCVRg and HCVRgg were also
similar to those of our previous studies®. In the rebreathing method, subjects rebreathed a
gas mixture of 7% CO; in O, from a bag (5-6 liters) in a plastic box for 3—4 mind. Viand
PETCO, were recorded in the same ways as in the HVR test. HCVRg was assessed as the slope
of the line (S) determined by the linear regression relating PETCO, to Vi (AVI/APETCO;,
I'min~!-torr~!). On the other hand, the single breath CO, test was performed according
to the protocol described by McClean et al.%, i.e., application of a single CO, mixture
composed of 13%C0,-21%0,-66%N, was repeatedly given to each subject: six to eight
times, separated by 2- to 3-min intervals. The apparatus consisted of a bag-in-box circuit
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similar to that used for the CO, rebreathing test. The subjects were seated comfortably in
a chair and began breathing room air through a mouthpiece with a noseclip. A T-valve was
attached between the bag and the mouthpiece, and the port was connected to either room
air or the bag containing the test gas. During testing, tidal volume (VT), V1, FETCO,, FETO,,
and inspiratory time (T1) were recorded continuously. When stable levels of FETco, and
VT had been achieved, the inspiratory gas was switched from room air to the bag for a
single tidal breath by turning the T valve during the expiratory phase of the previous breath.
During the expiratory phase of the test breath, the T valve was turned back again to its
initial position. Data for analyzing HCVRgg were limited to breaths within the first 20 sec
following transients of hypercapnia. HCVRgp was quantified in a manner similar to that
suggested by Khoo!?, units [A(V1/T1)/APETCO, ml-sec™!-torr™!].

The maximal exercise test was conducted in the same way as in our previous studies™®.
An incremental protocol on an electromechanically-braked bicycle ergometer was used, i.e.,
starting at 60 W, the load was increased by 30 W every 2 min. Expired gases were collected
into a Douglas bag during the last 30 sec of each intensity level until exhaustion. Expired
gas volume (VE) was measured with a wet-gas meter. Gas analysis was performed by means
of an O, and CO; analyzer. Heart rate (HR) was continuously recorded using a three-lead
electrocardiogram. The maximal ventilation per minute was estimated as VEpeak, and the
peak HR value was expressed as HRpea. The highest values obtained for Vo, during the
exercise protocol was used as VOopeak.

The values were expressed as means & SD. The differential changes in the parameters
during the experimental periods between the athlete and non-athlete groups were compared
using a two-way analysis of variance (ANOVA) with repeated measurements. Differences
in the parameters at each session (Pre, Post, and De) within each group were determined
by using a Newman-Keuls test, and the comparison of parameters between groups at each
session was achieved using the Mann-Whitney test. The level of significance was set at 0.05.

3. Results

Figure 1A indicates the changes in HVR at Pre, Post, and De in the two groups. HVR
in the athlete group was significantly lower than that in the non-athlete group at Pre. In the
athlete group, HVR increased significantly after intermittent hypoxic training. Similarly, the
HVR in the non-athlete group tended to increase at Post, but the increase was not significant.
Following 2 weeks of detraining, the increased HVR in both groups returned to the pre-
training levels. There was no statistical difference in HVR between the groups during the
experimental period. The magnitude of the changes in HVR (% AHVR) was calculated as
the difference between those obtained before and after intermittent hypoxia (Pre-Post) and
after intermittent hypoxic training and after detraining (Post-De). An increase in % AHVR
after intermittent hypoxic training was significantly greater in the athlete group than in the
non-athlete group (Fig. 1B). Reduction of % AHVR in the athlete group following detraining
was also greater than that in the non-athlete group, but it was not statistically significant
(Fig. 1B).

HCVRg in the athlete group at Pre and De were significantly lower than those in
the non-athlete group (Table 1). There were no significant changes in HCVRgy in either
group after intermittent hypoxic training and detraining, and there was not a significant
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Table 1. HCVRg and HCVRgp throughout the experimental period.

Pre Post De
HCVRg A 1.17+047% 1.33+0.50 1.01+0.49%
(I-min~"-torr— 1) N 240+ 0.53 2.29+041 2481+0.72
HCVRsp A 88+52% 92+327% 83134
(ml-sec—!-torr™ 1) N 14.1+6.2 14.8+6.1 13664

A: athlete group, N: non-athlete group. 1 Significantly different from the non-athlete group (P < 0.05).
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Figure 1. A: Changes in HVR throughout the experimental period. B: The magnitude changes in HVR
(%AHVR) in both groups during intermittent hypoxic training and detraining. Values are means=+ SD.
*Significantly different from Pre (P < 0.05). {Significantly different between the groups (P < 0.05).

difference in HCVRR between the athlete and non-athlete groups during the experimental
period. HCVRgp in the athlete group at Pre and Post was also significantly lower than
that in the non-athlete group (Table 1). HCVRgp did not show any changes in the ath-
lete and non-athlete groups after intermittent hypoxic training and detraining, and there
was not a significant difference in HCVRgg between the groups during the experimental
period.

Vozpeak in the athlete group tended to increase after intermittent hypoxic training,
but it showed a decrease after detraining [67.0+ 1.8 (Pre), 70.2+3.2 (Post), 68.7+
3.2 ml’kg~!-min~"!]. VOzpesx in the non-athlete group increased significantly after intermit-
tent hypoxic training, and a significant loss of VOzpeak occurred after 2 weeks of detraining
[52.8 + 1.4 (Pre), 56.7 & 3.9 (Post), 53.8 + 2.4 (De) ml-kg~!-min~!]. No significant changes
were observed in VEpea and HR ez in either group during the experimental period.

4. Discussion

In the present study, we found that 1) HVR in the athlete group increased significantly
after intermittent hypoxic training for 2 weeks, and the increased HVR returned to the pre-
training level after 2 wk of detraining. % AHVR after intermittent hypoxic training was
greater in the athlete group than in the non-athlete group; 2) HCVRg and HCVRgp were
unchanged in both groups after intermittent hypoxic training and detraining.
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A limited number of investigators have examined that the effect of intermittent hypoxic
training on ventilatory chemosensitive adaptations*: they have reported that an enhanced
HVR appeared after intermittent hypoxic training. In our previous study®, we also found that
HVR tended to increase after intermittent hypoxic training. However, in these studies, the
subjects were untrained individuals, and no study has attempted to investigate the ventilatory
chemosensitive adaptations to intermittent hypoxic training in endurance athletes. HVR in
the athlete group before intermittent hypoxic training was lower than that in the control group
(Fig. 1A), and this result is consistent with previous study''. Following intermittent hypoxic
training, the blunted HVR in the athlete group increased significantly, and HVR in the non-
athlete group also tended to increase, although it was not significant. After detraining, the
increased HVR in both groups returned to a level similar to that before training. % AHVR
after intermittent hypoxic training and detraining was greater in the athlete group than in the
non-athlete group, but it was not statistically significant after detraining (Fig. 1B). These
results suggest that hypoxic ventilatory chemosensitivity is variable by intermittent hypoxic
training and detraining, and that hypoxic ventilatory chemosensitivity are changeable in
endurance athletes than in untrained individuals after intermittent hypoxic training and
detraining.

It has hitherto been reported blunted HCVRg, as an index of central hypercap-
nic chemosensitivity, in endurance trained athletes as compared with that in untrained
subjects'!. Similiary, HCVRy in the athlete group is significantly lower than that in the un-
trained subjects in this study. There was no change in HCVRy as a result of either endurance
training or detraining (Table 1), and this indicates that central hypercapnic chemosensitivity
does not increase readily due to intermittent hypoxic training. Since previous study in hu-
mans has shown an increase in the slope of HCVRy during chronic exposure to hypoxia!,
one of the reasons why there was no increase in HCVRg, after intermittent hypoxic training
may be attributable to the duration of the exposure to hypoxia. In addition, HCVRsg was
also assessed before and after intermittent hypoxic training in the present study. Before
training, HCVRgp in the athlete group was significantly lower than that in the non-athlete
group (Table 1). Several investigators have proposed that a single breath of CO is a useful
method for evaluating sensitivities of peripheral chemosensitivity to hypercapnia’. Thus,
the results from this study indicate that peripheral hypercapnic ventilatory chemosensitivity,
as well as central hypercapnic ventilatory chemosensitivity, is lower in endurance athletes.
As far as we know, this is the first study to assess HCVRgp in endurance athletes. However,
no significant changes were found in HCVRgp after intermittent hypoxic training in either
group. Previous studies have reported that peripheral hypercapnic ventilatory chemosensi-
tivity increases during sojourns at high altitude'” and after intermittent hypoxia (1h/day)?.
Therefore, the duration of intermittent hypoxic training (30 min/day), as applied here, may
have been insufficient to elicit an increase in HCVRsg. In other words, it is possible to hy-
pothesize that HCVRgp may increase after intermittent hypoxic training as training periods
are prolonged.

In conclusion, HVR in the athlete group increased significantly after intermittent
hypoxic training, and the increased HVR returned to the pre-training level after detraining.
% AHVR after intermittent hypoxic training and detraining were greater in the athlete group
than in the non-athlete group. HCVRg and HCVRgg in both groups were unchanged after
intermittent hypoxic training and detraining. These results suggest that hypoxic ventilatory
chemosensitivity is more sensitive to intermittent hypoxic training and detraining than
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hypercapnic ventilatory chemosensitivity, and that there is more variation in the changes
in hypoxic ventilatory chemosensitivity in endurance athletes than in untrained individuals
after intermittent hypoxic training and detraining.
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Effects of 5 Consecutive Nocturnal
Hypoxic Exposures on Respiratory
Control and Hematogenesis in Humans

Jon C. Kolb, Philip N. Ainslie, Kojiro Ide, and Marc J. Poulin

Introduction

Alterations in respiratory control during periods of either chronic or discontinuous hypoxic
exposures seem to be facilitated by two main processes, which contribute to the increase
in ventilation and a decrease in end-tidal Pco, (PETco,). The first of these processes is
an increase in the acute hypoxic ventilatory response (AHVR). An increase in the AHVR
allows ventilatory acclimatization to altitude to proceed, despite respiratory alkalosis and
a withdrawal of the stimulus to the chemoreceptors!. The second process is evident in
a leftward shift of the acute hypercapnic ventilatory response (AHCVR), and also in an
increase in the slope of this relationship, which is normally determined under euoxic or
hyperoxic conditions. The leftward shift in the AHCVR has been suggested to be related
to the degree of re-setting of the central chemoreceptors to start responding to a lowered
PC022-

Several studies have demonstrated a progressive increase in the AHVR during both
natural altitude acclimatization®* and intermittent hypoxic exposures®®. During natural
altitude acclimatization, a leftward shift of the AHCVR has been well documented’:8.
However, the effect of intermittent exposure to hypoxia on AHCVR has received little
investigation. In one study, subjects were exposed to a simulated altitude of 4,500 m for
30 min-day~! for 6 days®. Whilst there was a significant increase in AHVR there was no
significant difference in the AHCVR.

The general aim of the present study was to establish an overnight hypoxic exposure
that would elicit changes in ventilatory sensitivity to variations in O, and CO,, which are
similar to those observed during natural acclimatization. In particular we wished to address
the following questions:
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¢ Would five consecutive overnight exposures to a simulated altitude of 4300 m elicit
changes in the slope and/or intercept of the AHCVR?

® Assuming that alterations in the AHVR are similar to that previously reported for
both intermittent and chronic hypoxia, would changes in respiratory control persist
following five days of normoxic recovery?

* Would the hematological variability during the nocturnal hypoxic exposures be similar
to other intermittent and chronic hypoxic studies?

We tested the specific hypothesis that five consecutive nocturnal hypoxic exposures
would elicit similar changes in respiratory control and hematogenesis to those reported
during chronic altitude acclimatization.

Methods

The experiments were conducted in our laboratory located at 1103 m above sea level,
and the average barometric pressure for the study days was 667 & 14 (SD) Torr. Twelve
male subjects (26.6 4.1 yrs) slept 8 h/day overnight for 5 consecutive days in purpose-
designed tents (Hypoxico, Inc) at a simulated altitude of 4300 m (FiO, = ~13.8%). Subjects
entered the tents at approximately 2300 hrs and exited at 0700 hrs the following morning.
Between the nocturnal hypoxic exposures (~16 h normoxia), subjects maintained their
normal daily activities. Throughout a control sleep (normoxia) and all overnight hypoxic
exposures, pulse oximetry (Nellcor N-295, Nellcor Inc., Hayward, CA, USA) was used to
continuously monitor arterial oxygen saturation (Sa0,). Prior to entering the tents, subjects
were fitted with a fine nasal catheter which was connected to a CO, analyzer (Normocap
Oxy Monitor, Datex-Ohmeda, Mississauga, Ontario, Canada) for determining overnight
PETco, values. PETco, values were measured and averaged over a 5 minute period each
hour throughout each night.

Blood measurements were conducted each night prior to entering the tents and follow-
ing 8 h of hypoxia prior to exiting the tents. Micro blood samples (~200 pl) were obtained
by finger tip penetration and immediately analyzed for capillary blood gases (P.O, and
P.CO,), hemoglobin, and hematocrit using an i-STAT Portable Clinical Analyzer (G6+
cartridge, i-STAT Corp., Princeton, NJ, USA). After the 5 nocturnal hypoxic exposures
subjects were permitted to go home, but were asked to maintain their normal diet and
physical activity levels.

Measurements of AHVR, ventilation in hyperoxia (VEnyperoxia) and AHCVR were
assessed twice prior to, immediately after, and 5 days following the hypoxic exposure
using the technique of dynamic end-tidal forcing®'® according to the following protocol.
After an initial 8 min lead in period of eucapnic euoxia (PETo, = 88 Torr), the hypoxic
stimulus was varied by holding PETo, at 6 descending steps (PETo, = 75.2, 64.0, 57.0,
52.0, 48.2, and 45.0 Torr), each step lasting 90 sec. Throughout the hypoxic challenge,
the PETco, was held constant 1.5 mmHg above resting values. The hypoxic levels were
calculated to provide equal steps in oxygen saturation of the arterial blood (Sa0,) via the
relationship described by Severinghaus'!. A linear regression was then performed between
the mean values for VE and 100-Sa0; during the final 20 sec of each step. The slope of this
relationship yielded numerical values for AHVR; this represents an index of the sensitivity
to hypoxia'?. Immediately following the measurement of AHVR, the PETo, was elevated
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to 300 Torr for 5 min while PETco, remained constant at eucapnia. The last 2 min of this
period was averaged and used to determine VEngyperoxia- Then, PETco, was raised rapidly
over 1-2 breaths by an additional 7.5 Torr for 5 min whilst PETo, remained constant at
300 Torr. Combined with the results from the measurements of VEpyperoxia, the last 2 min of
the hypercapnic period was used to calculate the AHCVR.

Results

Mean SaO; values for all subjects during all 5 hypoxic exposures were significantly
lower (P < 0.001) than Sa0O- measurements recorded during the control sleep (left panel,
Figure 1). Mean Sa0- on the 5™ hypoxic exposure was significantly higher when compared
to the 1** hypoxic night (P < 0.001) and 2™ and 3™ hypoxic exposures (P < 0.05). The
mean PETco, values for all subjects (right panel, Figure 1) during each of the overnight
hypoxic exposures were significantly lower than control sleep values (P < 0.001). Further-
more, the overnight PETco, group mean from the 5™ hypoxic night was significantly lower
than hypoxic nights 1, 2, and 3 (P < 0.001).

Figure 2 illustrates a decline in P.CO, values which persisted between the intermit-
tent hypoxic exposures (lower left panel), with a significant difference observed between
evening values (normoxia) at the commencement of the control sleep and prior to expo-
sure 4 (P < 0.01). Following 5 days of recovery, P.CO- blood gas measurements had
returned to near control values. The hypoxic intervention elicited responses for hemoglobin
and hematocrit (Figure 2, upper and lower right panels), illustrated by increasing trends
for both evening and morning values. Significant differences were revealed for morning
hemoglobin and hematocrit on exposures 3 and 5 when compared with the control sleep
(P < 0.05).

Immediately following the hypoxic exposure AHVR was increased by 1.6+ 1.3
I'min~1%! (P < 0.01) when compared with the control values (Figure 3, left panel).
When tested at 5 days following the hypoxic exposure, the AHVR had returned to control
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Figure 1. Changes in arterial oxygen saturation (Sa0,) and end-tidal Pco, (PETco,) throughout the nocturnal
hypoxic intervention. CS, control sleep (F10; = 20.9%); E1-ES, hypoxic exposures (FiO; = 13.8%). Values
represent overnight means £ SD. * Denotes significantly different than CS, or significantly different from ES
(* P < 0.05; *** P < 0.001).
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Figure 2. Hematological variability during each of the overnight sessions. CS, control sleep (Fj0; = 20.9%),
E1-E5, hypoxic exposures (FiO; = 13.8%). RS, recovery after five days post intervention. Closed symbols,
evening measurements prior to entering hypoxic tent; Open symbols, moming measurements prior to exiting
hypoxic tent. * Denotes significant difference between evening values against evening control sleep, or significant
difference between morning values against morning control sleep. (* P < 0.05; ** P < 0.01; *** P < 0.001).
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Figure 3. (Left panel): Acute hypoxic ventilatory response to isocapnic hypoxia (AHVR) before, immediately
following 5 consecutive nocturnal hypoxic exposures, and after 5 days of recovery. Values are means & SD. *
Denotes significantly different from control measurements. (** P < 0.01). (Right panel): Ventilatory responses
to increases in PETco,during hyperoxic conditions prior to, and following the 5 nights of normobaric hypoxia.
Values are means + SD. * Denotes significant difference (P < 0.05) in the intercept of the AHCVR at day 1
recovery from control values; # denotes significant difference (P < 0.05) in the slope of the AHCVR at day 1
recovery from control.
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levels. There was a significant increase in ventilation when measured under conditions of
hyperoxia (P < 0.001). This increase in hyperoxic ventilation returned to control vaiues
when measured following the 5 days of recovery. Mean values for both the slope and
intercept of the AHCVR are illustrated in Figure 3 (right panel). There was a significant
increase in the slope (1.54 1.4 I'min~!. Torr™!; P < 0.05) and a decrease in the intercept
(—=2.7+4.3 Torr; P < 0.05) of the AHCVR relationship. These changes in the AHCVR
returned to baseline following 5 days of recovery. Collectively, the data indicate that 5 days
recovery from the hypoxic exposure provided a suitable time frame during which AHVR,
VEnyperoxia, and AHCVR returned to pre exposure values. In other words, the time course
for both ventilatory acclimatization and de-acclimatization were very similar.

Discussion

The present study has yielded a number of important and novel findings:

® Five nights of normobaric hypoxia elicited a pronounced increase in AHVR and
leftward intercept shift of the AHCVR, together with an increase in the slope of this
relationship.

® The significant decrease in PETco, throughout the nocturnal hypoxic intervention
correlated both with the leftward shift and increase in the slope of the AHCVR
(r =0.55; P < 0.05 and r = 0.40; P < 0.05 respectively).

® The hematology responses to discontinuous hypoxia were similar to those reported
during chronic hypoxia!®>~13

Consistent with our hypothesis, these results indicate that 5 consecutive nights of
normobaric hypoxia elicit similar modifications in respiratory control and hematogenesis
as those reported in response to chronic altitude exposure. As far as we are aware, this study is
the first to show a leftward intercept shift of the ventilatory response to an increase in PETco,,
together with an increase in the slope of this relationship, following an intermittent hypoxic
exposure. The major reasons why previous intermittent studies’and chamber studies!s-!?
have not shown changes in the AHCVR are most likely due to the level of hypoxia being
too moderate and/or the duration of exposure being too short. For example, Schoene et al.
demonstrated that AHCVR did not increase at barometric pressure of 452 Torr, while
it did increase at 305 Torr’. The simulated altitude utilized in the present investigation
may have been sufficient to elicit substantial respiratory alkalosis and subsequent changes
in the AHCVR intercept and slope similar to observations made during natural altitude
acclimatization.
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Memory, Reconsolidation and Extinction
in Lymnaea Require the Soma of RPeD1
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Rosenegger, Kashif Parvez, Hisayo Sadamoto, and Ken Lukowiak

Abstract

The central pattern generator (CPG) that drives aerial respiratory behaviour in Lymnaea
consists of 3 neurons. One of these, RPeD1—the cell that initiates activity in the circuit,
plays an absolutely necessary role as a site for memory formation, memory reconsolidation,
and extinction. Using an operant conditioning training procedure that results in a long-
term non-declarative memory (LTM), we decrease the occurrence of aerial respiratory
behaviour. Since snails can still breathe cutaneously learning this procedure is not harmful.
Concomitant with behavioural memory are changes in the spiking activity of RPeD1. Going
beyond neural correlates of memory we directly show that RPeD1 is a necessary site for
LTM formation. Expanding on this finding we show that this neuron is also a necessary site
for memory reconsolidation and ‘Pavlovian’ extinction. As far as we can determine, this is
the first time a single neuron has been shown to be a necessary site for these different aspects
memory. RPeD1 is thus a key neuron mediating different hierarchical aspects of memory.
We are now in a position to determine the necessary neuronal, molecular and proteomic
events in this neuron that are causal to memory formation, reconsolidation and extinction.

Introduction

The freshwater snail, Lymnaea stagnalis, serves as an excellent model in the study
of associative learning and memory (Lukowiak et al., 2003). Aerial respiration is a simple,
easily observable, and tractable behaviour that is driven by a 3-neuron CPG, whose necessity
and sufficiency has been experimentally demonstrated (Syed et al., 1990; 1992; Figure 1).
Since Lymnaea are bimodal breathers (cutaneous and aerial respiration) it is possible to
teach the snail not to perform this behaviour in a hypoxic environment where this behaviour
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Figure 1. A schematic of the aerial respiratory neural network. The central pattern generator (CPG) drives
acerial respiration; its activity is modified by sensory neuronal input to RPeD1. Sensory input (both mechano-
and chemosensory) from the osphradial area can excite or inhibit CPG activity by altering RPeD1 activity. The
VD4 (inspiration) excites VK cells, which are closer pneumostome motor neurons and IP3 (expiration) excites
V1/1, which are opener motor neurons. RPeD1 also causes excitation of opener pneumostome muscles. Tactile
stimulation of the pneumostome results in its closure and suppression of CPG rhythmogenesis. The 3-neuron CPG
is both sufficient and necessary to produce the rhythmic neural output necessary for aerial respiration.

should predominate without causing harm to the snail (Lukowiak et al., 2000). Depending
on the specific training procedure used snails exhibit varying lengths of memory persistence
ranging from 2-3 hours (termed intermediate term memory, ITM) to 34 weeks (termed
long-term memory, LTM; Lukowiak et al., 2000). Protein and RNA synthesis inhibitors
differentially affect ITM and LTM; LTM requires both new protein and RNA synthesis
whereas ITM only requires new protein synthesis (Sangha et al., 2003a). This learned
behaviour and its memory are context-dependent and subject to extinction (McComb et al.,
2002). Neural correlates of memory have in addition been found in one of the three CPG
neurons, RPeD1 (Spencer et al., 1999, 2002).

While we are interested in coming to an understanding of the neuronal and molecular
mechanisms of LTM, we are currently expending a great deal of time and energy attempting
to determine the neuronal mechanisms of two related memory phenomena, reconsolidation
and extinction. By doing so, we believe that we will be better able to determine how memory
is formed.

What is reconsolidation of memory? The notion that the events experienced immedi-
ately prior to brain trauma are the ones most likely to be forgotten has been well-accepted
since it was first proclaimed by Ribot in 1882 in the form of the “Loi de Regression”. From
this finding the consolidation hypothesis was formulated stating that memories initially
exist in a fragile form and are strengthened over time, becoming less and less vulnerable
to interference. More recently, there have been accounts that a memory re-enters a labile
state upon memory reactivation or recall, and must be reconsolidated before once again
returning to a stable state. Reconsolidation therefore may provide a dynamic mechanism by
which memories can be updated and changed (Nader, 2003). To what extent the entire post-
acquisition cascade of intracellular events is recapitulated each time a memory is activated
and reorganized has yet to be fully elucidated.

The notion that a classically conditioned memory could be extinguished is generally
attributed to Pavlov. However, while just about every undergraduate psychology student
knows that extinction occurs, the phenomenon is not really understood. First of all we
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have to appreciate that extinction is not forgetting, nor is it simply a case of unlearning.
Rather, ‘Paviovian’ extinction involves the formation of a new memory that co-exists along-
side the original memory. The data presented here are consistent with the hypothesis that,
during extinction, a new associative memory is being formed, specifically, an association
between the behaviour and the absence of reinforcement. In addition the data support the
view that, shortly after extinction training, there is a critical period, in which protein syn-
thesis and gene transcription are required for its induction in order for extinction-memory
to be stored alongside the original LTM.

Methods

Operant Conditioning Procedure

Briefly, individually labeled snails are placed in a 1-liter beaker containing 500 ml of
room temperature hypoxic pond-water. The water is made hypoxic by bubbling N2 through
it 20 minutes prior to and during training. A gentle tactile stimulus (using a sharpened
wooden applicator) is applied to the pneumostome area (the respiratory orifice) every time
the snail begins to open its pneumostome to perform aerial respiration. This tactile stimulus
typically only evokes pneumostome closure. The time of each attempted opening is recorded
and tabulated. Between training sessions snails are placed in eumoxic pond water where
they were allowed to freely perform aerial respiration.

Operational Definitions of Learning and Memory

We operationally define memory as we have previously done (Spencer et al., 1999;
2002). Learning is present if the number of attempted pneumostome openings in the last
training session is significantly less than the number of attempted openings in the 1*' training
session. In order to have memory, two criteria have to be met: i) the number of pneumostome
openings in the memory test is significantly lower than in the first training session and, ii)
the number of pneumostome openings in the memory session is not significantly higher
than that of the last training session. If both these criteria are not met, memory for operant
conditioning is not present. An ANOVA followed by the appropriate post-hoc statistical test
is used to determine if the criteria are met. The form of memory tested in our experiments is
known as non-declarative memory and the memory is stored within the same neural circuit
that mediates the behaviour.

Soma Ablation Procedure

The soma of RPeD1 is required for LTM formation (Scheibenstock et al., 2002). The
soma ablation procedure involves anesthetizing the animals with 1-3 ml of 50 mM MgCl,
that was injected through the foot. This paralyzes the snail, allowing a dorsal midline incision
to be made that exposes the animal’s brain. Using a fine glass hand-held microelectrode,
the RPeD1 soma is ablated by gently “poking” it. The incision is small enough to allow the
animal to heal without suturing. Animals began to wake from the effects of the anesthetic
within several hours of the surgery. To ensure that the proper cell’s soma is ablated, a trained
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individual ‘blinded to’ the experiments attempts to visualize the cell that was ablated under
the microscope at the conclusion of the experiment. In all cases the cell that had been ablated
could not be found.

Results

RPeD1 is a Necessary Site of Memory Formation

One of our model system’s experimental advantages is that it is possible to surgically
remove the soma of RPeD1, whilst leaving behind a fully functional (i.e. all synaptic activity
both pre- and post- continue to occur and de novo protein synthesis continues to occur)
primary neurite. Ablation of the somata, however, removes the nucleus and thus transcription
of new message cannot occur. If RPeD1’s soma is ablated before operant conditioning
training, learning occurs as does ITM (only dependent on new protein synthesis), but LTM
formation cannot. Removal of RPeD1’s soma after learning and memory consolidation
occurs does not interfere with the ability to access the already formed LTM. Thus RPeD1
is a necessary site of LTM formation (Figure 2; Scheibenstock et al., 2002).

RPeD1 is a Necessary Site for Memory Reconsolidation

The notion that the events experienced immediately prior to brain trauma are the ones
most likely to be forgotten (Ribot, 1882) led to the consolidation hypothesis, stating that
memories initially exist in a fragile form and are strengthened over time (Nader, 2003).
We now wish to explore what happens when a memory is made active. We hypothesize,
as have others, that if the recently activated memory is to be retained, it is necessary for

2h 24h

MT
Figure 2. RPeD1 soma ablation and memory formation. Ablating RPeD1 somata 2 days before training does
not affect the snails (N = 20) ability to learn. That is, there is a statistically significant difference between Session
1 and 2. In addition, these snails (N = 20) can form intermediate term memory (ITM). That is, in a memory test
(MT) 2 h after the last training session the criteria for memory are met. However, if the memory is tested 24 h

later in these same snails (N = 20), the criteria for memory are not met. We conclude that RPeD1 soma-ablated
snails do not form LTM.
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Figure 3. The soma of RPeD1 is required for reconsolidation. Operant training was administered (TR1-TR4)
over the course of 2 days (n=19). Three days later 9 animals received a memory recall session (MR in A)
immediately followed by the ablation of the soma of RPeD1 (SoAb); while the remaining animals (B; n= 10} did
not receive a MR session but still underwent the ablation procedure. Animals were tested for savings 4 days later.
Memory was not observed in the group that received the MR session in conjunction with the ablation procedure
(TS 4 days post RPeD1 soma ablation). Memory was observed in the other soma-ablated group, the one that did
not receive a MR session. *p < 0.01 as compared to MR.

a reconsolidation process to occur (i.e. altered gene activity and de novo protein synthesis
are required for ‘re-storage’ of memory). This implies that memory re-enters a labile state
when it is made active and must be reconsolidated before once again returning to a stable
state. Whether the reconsolidation process occurs within the same neurons, using the same
processes as were necessary for the initial consolidation process, remains to be determined.
Based on our findings concerning initial memory consolidation we hypothesize that if we
remove the soma of RPeD1 immediately after a memory test reconsolidation will not occur
and thus there will be no memory. That is, we will ‘instantaneously’ bring about forgetting
by preventing the molecular processes necessary for memory formation from re-occurring.
As can be seen (Figure 3), reconsolidation does not occur if we ablate RPeD1s somata
immediately after memory recall. Thus, RPeD1 in addition to being a site for memory
consolidation is also an obligatory site for memory reconsolidation.

RPeD1 is a Necessary Site for Extinction

The modern study of extinction began with Pavlov and has been shown to be ubig-
uitous across species (C. elegans to humans). Extinction, however, is not the destruction
of the original memory. We hypothesize, as have others, that extinction is new learning
which is consolidated into a new memory (dependent on altered gene activity and new
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Figure 4. Extinction requires the soma of RPeD1. 25 snails received two 45-minute operant conditioning
sessions. 1 hour later animals underwent surgery in which the soma of either LPeD1 (n = 14) or RPeD1(n=11)was
ablated. 2 days later extinction training was administered: two 45-minute extinction sessions separated by 1 hour
(snails did not receive a tactile stimulus to the pneumostome when they opened the pneumostome to perform aerial
respiration). 4 hours later all animals were tested for LTM. LPeD1 soma-ablated animals demonstrated memory
for the extinction training; TS (L) was significantly different than the last training session but not significantly
different than the 1% training session. RPeD1 soma-ablated animals did not demonstrate memory for extinction
training; TS (R) was not significantly different than the last training session and was significantly lower than the
first training session.

protein synthesis) and this new memory coexists with and ‘covers up’ the old memory.
Forgetting, on the other hand, is the obliteration of memory. What distinguishes extinction
from forgetting is the phenomenon of spontaneous recovery, the reappearance of the
original memory with time. While the behavioural phenotype of extinction and forgetting
are similar, the neuronal mechanisms have to be different. The mechanistic details of
extinction are of interest as extinction is used as a therapeutic tool in the treatment of fear
disorders and substance addiction.

It is uncertain what the underlying neuronal mechanisms of extinction are. To begin to
answer this question we operantly conditioned snails, allowed the memory to be consolidated
and then ablated the soma of RPeD1 (Figure 4). We then attempted to extinguish the learned
behaviour. Following the ablation of RPeD1 somata LTM could not be extinguished. These
data are consistent with the hypothesis that: 1) The memory for extinction requires altered
gene activity and new protein synthesis; and 2) That during extinction a new associative
memory is being formed. Thus the soma of RPeD1 is a necessary site for extinction. These
data show: 1) That the memory for extinction is stored along with the original LTM in
RPeD1, and 2) Because spontaneous recovery occurs, show that the memory for extinction
only obscures the original LTM.

Discussion

Together all these data support our general hypothesis that RPeD1 is a key neuron
that plays important and necessary roles in different aspects of memory. We are now in
a position to directly determine the molecular processes that cause memory formation,
extinction and reconsolidation. We will also to begin to determine how one memory can
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temporarily obscure another (i.e. extinction) at the single cell level. We will also determine
how the prevention of the reconsolidation process allows forgetting.

Aerial respiratory behaviour in Lymnaea is an important but stereotyped homeostatic
behaviour. Only 3 neurons (RPeD1, VD4 and IP3) are capable of interacting to produce
the appropriate rhythm. Other neurons when tested both in vitre, in culture and in vivo,
following removal of the specific neuron from the CNS, with similar transmitter and elec-
trophysiological phenotype cannot substitute for these 3 specific neurons. The obligatory
rhythm needed to drive the aerial respiratory behaviour is an emergent property of the inter-
play between the 3 neurons. Yet this ‘hard-wired’ circuit possesses great plastic properties,
in that specific training procedures are capable of adjusting the operation of the circuit, so
that when the circuit should be active (i.e. in hypoxia) it is not. Embedded within the *hard-
wired’ circuit are ample ‘plastic-properties’ (i.e. the ability to change the synaptic input to
and from neurons; as well as the ability to change specific intrinsic membrane properties,
etc.) that are competent to allow associative learming to come about and for the learning to
be consolidated into LTM.

Knowing that a single neuron is a necessary site for memory formation, memory
reconsolidation (Sangha et al 2003b) and extinction (Sangha et al 2003c) will enable us
to direct our attention to the underlying molecular mechanisms of each of these different
aspects of memory. As a start we can show that an inducer of gene activity, CREB, is both
presentin RPeD1 and is activated during the memory consolidation process (Sadamoto et al.,
2004). We are also in the process of initiating studies directed to gaining an understanding of
the proteomic basis of LTM in RPeD1. However, we need to emphasize that other neurons
besides RPeD1 are probably necessary players in the mediation of LTM. We will therefore
have to perform similar experiments on those neurons (e.g. VD4, IP3, RPeD11) as we
have done for RPeD1 before we are able to completely specify the necessary and sufficient
molecular mechanisms of LTM of this form of associative learning in Lymnaea.
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Conclusions and Perspectives



Modeling and Control of Breathing:
Perspectives from Pre- to
Post-Genomic Era

Opening Remarks for IX Oxford Conference

Chi-Sang Poon

Three years ago on Cape Cod, Massachusetts in the U.S., the VIII Oxford Conference
celebrated a new millennium of frontiers in modeling and control of breathing. Today, we
are thrilled to be here to once again try and push the envelope on this important field with
a brand new post-genomic perspective.

I wish to first of all take this opportunity to recognize those who are past participants
of the Oxford Conference series. Thanks to your continuing contributions and support, you
are now part of the legacy of this legendary event. And for those who are joining us for the
first time: congratulations and welcome onboard! This is really a historic moment for new
membership as this particular meeting (which is about to take place) will mark the silver
jubilee of the Oxford Conference series.

Yes, it was some 25 years ago, in September 1978, when the first meeting of this kind
began at Oxford University as a brain child of two pioneers: Dan Cunningham at Oxford
and Richard Herczynski at the Polish Academy of Sciences. The idea back then was to bring
together people like the two of them—a physiologist and a mathematician—in order to talk
about control of breathing from both ends of the spectrum. That first meeting proved to be a
smashing success and that prompted a sequel meeting four years later at Lake Arrowhead,
CA, which was organized by (among others) Dr. Brian Whipp and Dr. Susan Ward, then at
UCLA (I am glad both of them are here with us today). From then on, just one thing after
another and the “Oxford Conference” has continued every three years in various places
around the globe. The thrust of each Oxford Conference might vary somewhat from time to
time but one thing has never changed: a call for both modeling and experimental approaches
to the study of control of breathing.
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Physiology, of course, is an experimental science and we cannot overemphasize the
importance of experiments. But then—why “modeling”? Well, the answer is very simple
indeed: believe it or not, modeling is arguably one of the “oldest professions” in science!
In the history of physiology, modeling has been used to advantage in many fundamental
discoveries by people like Darwin, Mendel, Heymans, Watson and Crick, and Hodgkin
and Huxley, etc. And yet, in the pre-genomic era through the end of the 20" Century,
modeling had somehow fallen by the wayside. Indeed, almost all of the Nobel awards
after Hodgkin and Huxley have been in areas of cellular/molecular biology and genetics,
and none had anything to do with physiological modeling whatsoever. Ironically, the only
cardiorespiratory related award during this period (aside from the award on the development
of beta-blocker, which was attributed to the associated principles for drug treatment) was
about cell-to-cell signaling by nitric oxide, which is best known nowadays for its treatment
of erectile dysfunction. (It was no coincidence that this award came just shortly after the
wonder drug Viagra hit the market in 1998!)

So, what has gone wrong? Make no mistake about it: Nobel or not, cardiorespiratory
physiology as a major scientific discipline is going strong. But who knows what will be the
next breakthrough in this field, seven decades after Heymans’ landmark discovery of the
carotid bodies? There are certainly many, many exciting leads right now, some of which will
be found at this meeting. But one thing almost for certain is: the next big break (I mean really
big break) would probably not simply come from a new cell or molecule or gene alone, but
would likely involve some kind of model or theory as well. The post-genomic era has been
a real awakening for biomedical research: now that the genome bubble is over, science’s
“oldest profession” is coming back full circle! All of a sudden the new buzzwords these
days are like bioinformatics, systems biology, computational biology, in-silico experiments,
etc, which are all code names for computational modeling.

Let me illustrate . .. The genome is kind of like a Chinese abacus, the world’s first
computer. Obviously, in order for an abacus to work we must have all the beads in place.
But even then it still won’t do us any good if we don’t know how to do the math on those
beads. The founding fathers of the Oxford Conference had the wisdom to realize early on
that in order to fully understand such a complex phenomenon as control of breathing, one
will need not only good experimental data but also good computational modeling in order
to make sense of those data.

Finally, in commemoration of the silver jubilee of the Oxford Conference I had the
pleasure of making a little mascot out of a mini-abacus. Nine numbers (1-9) have been
entered on the abacus to signify the nine Oxford Conferences. Now, on behalf of the XIII
Oxford Conference I have the honor to present this mascot to Dr. Jean Champagnat, the
organizer of the IX Oxford Conference, as a symbol of the passing of the torch.

Thank you very much.



Post-Genomic Perspectives in Modeling
and Control of Breathing

Jean Champagnat

Robustness and flexibility of neuro-biological systems are important parameters to consider
with respect to possible gene-behavior links. On the one hand, respiration is an exceptionally
reliable and continuous rhythmic behaviour, so that the rhythmic neuronal network requires
strict biological specifications because it becomes vital after birth. Thus, rhythm generation
is a robust mechanism that persists in a variety of reduced states and preparations. Many
contributors in the present volume illustrate the efficiency of such an in vitro strategy. This
has provided extremely powerful approaches for examining many issues of interest at the
cellular and molecular levels such as rhythm generation, network configuration, synaptic
transmission, neuromodulation and signal transduction. On the other hand, the respiratory
behaviour has to be highly flexible and to continuously adapt so that it remains appropriate in
the face of ever changing conditions. One of the major successes of the Oxford Conference
series has been to include a balanced contribution from molecular and cellular biologists,
modelers and human physiologists, which together show that respiratory physiology has
developed a unique experience in examining complex, integrated behaviors such as the
ventilatory responses to exercise, hypoxia or sleep in animals and humans.

By the beginning of this Millennium, Physiology has probably reached a major mile-
stone in its history. Sequencing projects in humans and laboratory animals have renewed
biology because we have, for the first time, quantitative and statistical views of the genome.
Initial draft DNA sequences of the entire human genome are easily accessible. Strategies
aimed at the systematic identification of genes, inter-specific comparisons and studies of
human polymorphisms are under way on a large scale. This is a very critical time for physi-
ologists. Questions are now arising concerning the function of these 28 000 genes that seem
to be included in the human genome. Identifying all the genes and proteins in an organism
is like providing a catalog of individual components: we need to know how these parts
are assembled to form functional organs or regulatory pathways. The respiratory system
is highly suitable to understand physiological compensations as well as complex disease
etiology following experimental or pathological gene inactivation. However, it is unclear
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yet how respiratory physiologists and neurobiologists will tackle new perspectives offered
by systematic explorations of gene and protein expression patterns. Whilst the transition
from genetically oriented work to successful biological achievements is occurring relatively
slowly, one of the greatest challenges in integrative physiology and biomedical research
today is the elucidation of the underlying genetic architecture of complex behaviors. This is
particularly true in the field of respiratory physiology and neurobiology. One of the topics
newly introduced into the 9" Oxford Conference is a first inquiry into this question. Indeed,
many of the contributors have oriented their presentation in relation to a possible link with
gene expression, or in contrast, with functional flexibility, the major property of breathing
control during everyday life.

Animal models are now available to investigate the neurobiological basis of the large
variety of normal and pathological breathing patterns. Mechanisms underlying central and
obstructive sleep apneas, exercise-induced hyperpnea, apneustic respiration, periodic, clus-
ter type, and other irregular breathing are considered in this volume from the in vivo, in vitro
and modeling approaches. Sections 2 to 4 of this volume are devoted to the core function of
the respiratory network, sensory afferent control and elementary mechanisms for generat-
ing an inspiratory rhythm and burst pattern. Several contributors show that the respiratory
controller can be isolated in a variety of experimental situations that maintain rhythmic
inspiratory activity. In these preparations, individual rhythmic cells are now recorded elec-
trophysiologically and viewed by direct optical imaging of intracellular calcium levels; they
can be modelled, characterized immunochemically and their voltage-dependent and synap-
tic properties are currently analysed to eventually reveal the link between protein expression
and generation of the rhythm.

Accumulation of new data on molecular mechanisms of respiratory control provides
an ideal situation for the use of genetically engineered models. Mice in which molecular
regulations are affected by the deletion of specific genes were actively generated during the
past ten years and they are widely used for functional studies in a post-genomic perspec-
tive. Since the 2000 Oxford Conference, the transgenic modet strategy has in fact invaded
the field of respiratory physiology. Examples can be found in this volume and many other
on-going studies were presented in Paris. For example, because multiple neurotransmit-
ters are involved in adaptive respiratory responses, loss-of-function studies in sections 2
and 4 of this volume, have concentrated on transgenic mice in which genes involved in
the biosynthesis of neurotransmitters (glutamic acid decarboxylase, acetylcholinesterase)
and ligand/receptor interactions (purinergic P2X receptors, pituitary adenylate cyclase-
activating polypeptide) are inactivated. Analysis of these mutants obviously requires the
entire panel of physiological skills together with a comparative analysis of multiple or con-
ditional mutants to understand compensatory behavioral regulations. It is now clear that
targeted gene inactivation is highly effective in analyzing the central control of breathing.
Importantly, this approach provides together with pharmacology, a unique opportunity to
investigate relevant molecular signaling in intact animals in vivo. Oxygen sensing initi-
ates another set of integrative respiratory regulations that interest molecular geneticians.
Progress is hindered due to the complexity of regulations and the lack of appropriate phar-
macological tools: studies using transgenic mice might help to resolve the role of specific
metabolic or transduction pathways in central and peripheral chemoreceptors (section 2
of this volume). Different sites may vary in their sensitivity and threshold as well as
in the stimulus specificity for CO, or pH. Heme and/or redox sensitive proteins such as
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mitochondrial cytochromes are oxygen sensors. Important potassium channels include the
K(ATP) and small-conductance Ca2+— activated, as well as the background K+ channel
subunit TASK-1, which comprises four transmembrane segments and two pore domains
involved in both oxygen- and acid-sensing. All these molecules are actively studied in
transgenic mice.

Gene microarrays and proteomics are tools now available and currently used to ad-
dress cellular signaling. The aim is to follow genomic expression under specified physio-
logical or pathological conditions, or after down-regulation, inactivation or over-expression
of specific genes. From a clinical point of view, the identification of differentially expressed
transcripts in normal versus pathological human tissues, coupled to the growing availabil-
ity of single-nucleotide polymorphism maps add to the process of gene discovery. Many
aspects of human respiratory pathology are considered in the present volume, while only
a few diseases are related to inherited disorders. One example is the mutation in the gene
encoding succinate deshydrogenase D causing carotid body tumors (this volume, page 71).
For an extensive review on the genetic basis of breathing parameters, the reader should
consider the recent issue of Respiratory Physiology and Neurobiology on “Functional ge-
nomics and proteomics in control of breathing” (vol. 135, nos 2-3, pages 107-268, 2003).
Otherwise, the genetic analysis of aberrant control of ventilation using human twins and
familial aggregation strategies remains difficult to differentiate from confounding environ-
mental effects. Variability of respiratory parameters in human populations, although pro-
visionally important to approach gene control underlying biological diversity in complex
respiratory regulations, is highly dependent on physiological conditions including cardio-
vascular regulations and cerebral blood flow (this volume, section 6). Furthermore, despite
an extensive history of physiological investigation and modelling analysis, understanding
breathing patterns during sleep (section 5) or exercise (section 7) remains a challenge in
integrative respiratory neurosciences. While some combination of neurogenic, chemore-
flex and circulatory-coupled processes are likely to contribute, the precise details of the
control process remain unresolved. There is growing agreement that the ventilatory control
process during exercise contains elements of substantial redundancy or occlusive interac-
tions, so that synaptic plasticity provides novel perspectives in modeling ventilatory control
(section 8 of this volume). In this respect, as stressed by C.S. Poon (page 321), the extensive
modelling effort has led to many new concepts and methodologies in respiratory control,
including the dynamics of the chemical control of breathing, the re-breathing technique
for CO, response measurement, the systems analysis of respiratory instability or exercise
hyperpnea, the optimization of ventilatory pattern and the nonlinear analysis of breathing
pattern variability.

Central to discussions at the 9" Oxford Conference has been the new and growing
interest in transcription factors that are required for the control of breathing patterns. For
example, recent investigations provided evidence that a single factor, the hypoxia-inducible
factor HIF-1, (pages 53 to 64 of the present volume) plays a major role in essential adaptive
responses to hypoxia, including brain regulation of catecholamine synthesis. Manipulation
of HIF-1 either pharmacologically or by gene therapy, may represent a novel approach to the
treatment of cerebral and myocardial ischemia. Among transcription factors, those involved
in development are important to consider. Developmental aspects of the respiratory thythm
have gained recent importance because results obtained in vitro are mostly from neonates.
Attempts to isolate the respiratory network at the different stages of development until



326 J. Champagnat

adulthood have been stimulated and results have accumulated on the mechanisms underlying
embryonic maturation leading to the onset of fetal breathing, the prenatal evolution of the
rthythm, birth-related events and postnatal development. Transgenic mice are widely used
in developmental studies and important respiratory defects are induced at birth by the
inactivation of, for example, Hox or Krox-20 genes that are important in the patterning of
the rhombencephalic neural tube (pages 143). Furthermore, development and plasticity of
respiratory control is also critically dependent on peptide neurotrophic factors that mediate
survival, proliferation and differentiation of different neuronal populations as well as the
control of mature respiratory rhythm generation (page 115). Studies of early stages of
network development in vertebrate evolution indicate that the respiratory circuit may be
under the same genetic constraints and factors that are involved in early hindbrain patterning
and control respiratory-like rhythmic movements that are among the earliest detectable
behaviors of the mammalian fetus. These valuable insights open new avenues as to why the
genetic codes underlying a vital function such as breathing have been selected, conserved
and optimized during evolution. Genetic approaches offer great potential to improve our
understanding of the physiology and pathology of respiratory control. It is our hope that
this volume of Advances in Experimental Medicine and Biology will stimulate continued
discussion of the major challenges facing respiratory neuroscience in the post-genomic
perspective.
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