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ORAL PRESENTATIONS - SESSION 1
Ontogeny and phylogeny of respiratory control

1.1

Early development of respiratory rhythm
generation in mice and chicks

J Champagnat, G Fortin, S Jungbluth, V Abadie, F Chatonnet,
E Dominquez-del-Toro, L Guimaraes

UPR 2216 (Neurobiologie Génétique et Intégrative), IFR 2118 (Institut
de Neurobiologie Alfred Fessard), CNRS, 91198, Gif-sur-Yvette, France

Breathing in mammals starts in the foetus and acquires a vital
importance at birth. The ability to produce rhythmic motor behav-
iours linked to respiratory function is a property of the brainstem
reticular formation, which has been remarkably conserved during
the evolution of vertebrates. Therefore, to understand the biological
basis of the breathing behavior, we are investigating conservative
developmental mechanisms orchestrating the organogenesis of the
brainstem. In vertebrates, the hindbrain is one of the vesicles that
appears at the anterior end of the neural tube of the embryo.
Further morphogenetic subdivision ensues whereby the hindbrain
neuroepithelium becomes partitioned into an iterated series of
compartments called rhombomeres. The segmentation process is
believed to determine neuronal fates by encoding positional infor-
mation along the rostro-caudal axis. Before and at the onset of seg-
mentation, genes encoding transcription factors such as Hox,
Krox-20, kreisler, are expressed in domains corresponding to the
limits of future rhombomeres. Inactivation of these genes specifi-
cally disturbs the rhombomeric pattern of the hindbrain. The pre-
sentation will address the problem of whether this primordial
rhombomeric organisation influences later function of respiratory
control networks in chicks and mice.

Experiments were performed in embryos and after birth in trans-
genic mice. They show that, although expression of developmental
genes and hindbrain segmentation are transient events of early
embryonic development, they are important for the process of res-
piratory rhythm generation by brainstem neuronal networks. We
have found in chick that at the end of the period of segmentation,
the hindbrain contains neuronal rhythm generators that conform to
the rhombomeric anatomical pattern. We have also identified a
minimal rhombomeric motif allowing the post-segmental maturation
of a specific (GABAergic) rhythm-promoting circuit. Furthermore,
in vivo and in vitro analysis of neurons in transgenic mice revealed
postnatal respiratory phenotypes associated with defects of central
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pontine and/or afferent respiratory control in Krox-20, Hoxa1 and
kreisler mutants. Neonatal respiratory phenotypes are also induced
in mice by treatment with low doses of retinoic acid that slightly
change the early embryonic development of the Pons. Altogether,
these experiments indicate that segmentation-related specifica-
tions of the hindbrain rhythmic neuronal network influences the res-
piratory patterns after birth. Therefore, early developmental
processes have to be taken into account to understand normal and
pathological diversity of the breathing behaviour in vertebrates.

Acknowledgement: Supported by HFSP RG101/97, ACI (BDPI)
2000, CEE BIO4CT, ICCTI PRAXIS XXI (BD/11299/97).

1.2

Development of gill and lung breathing in amphibia
MJ Gdovin, VV Jackson, JC Leiter
Division of Life Sciences, University of Texas at San Antonio, TX, USA

In the 25 morphological stages of larval bullfrog development there
exists a gradual transition from gill to lung ventilation associated
with a developmental decrease in the contribution of the skin in
gas exchange. Bath application of GABA and/or glycine inhibited
gill but not lung burst activities of cranial nerve (CN) VII in the
premetamorphic (stages 16-19) in vitro tadpole brainstem prepa-
ration [1]. It was proposed that the neural basis of gill rhythmogen-
esis involved network inhibition, whereas lung rhythmicity was
pacemaker driven [1]. Bath application of a bicuculline/strychnine
solution abolished gill and enhanced lung bursting in stages
16-19 in vitro [1]. Bath application of the GABAg receptor antago-
nist 2-hydroxy-saclofen disinhibited the lung central pattern genera-
tor (CPG) resulting in precocious lung bursting patterns as early as
developmental stage 6 [2].

We recorded efferent activity from CN VIl and spinal nerve (SN) Il in
the in vitro tadpole brainstem preparation in three successive devel-
opmental groups (3-9; 10-15; 16—-19) before and after bath appli-
cation of a 10 uM bicuculline and 5 uM strychnine solution. We also
exposed the brainstem to bath pH 7.4, 7.8, and 8.2 before and after
bath application of bicuculline/strychnine. Bicuculline/strychnine
produced lung ventilatory bursts in all developmental stages tested,
indicating the presence of the lung CPG as well as excitatory
synapses to respiratory motor neurons as early as stage 3.

We also designed an experiment to examine the importance of
lung ventilation on the developmental shift from gill to lung burst-
ing. Two groups of tadpoles were hatched from eggs. Control tad-
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poles had free access to the air-water interface throughout devel-
opment, whereas “barrier” tadpoles were denied access to the air-
water interface via the placement of Plexiglas 2.5cm below the
surface of the water. CN VIl and SN efferent activities were
recorded in vitro at bath pH 7.4, 7.8, and 8.2 before and after bath
application of 10uM bicuculline and 5uM strychnine. Postmeta-
morphic barrier tadpoles exhibited different motor patterns than
stage-matched controls. Tadpoles reared in the barrier condition to
stages 20-25 possessed fictive gill and lung ventilatory activities
of premetamorphic tadpoles. All barrier tadpole preparations exhib-
ited robust, spontaneous lung burst activity following bath applica-
tion of bicuculline/strychnine.

We propose that developmentally dependent GABA- and glyciner-
gic mechanisms lead to disinhibition of the lung CPG such that
early in development gill motor patterns are the dominant respiratory
rhythm, whereas in late development the lung CPG is the dominant
respiratory rhythm. Denying the tadpole the ability to “practice” lung
breathing during metamorphosis produces a morphologically
correct postmetamorphic tadpole with an immature, or premetamor-
phic respiratory rhythm. We propose that prevention of lung inflation
in barrier tadpoles leads to premetamorphic levels of GABA- and
glycinergic inhibition, and that this inhibition may be altered by pul-
monary stretch receptor feedback in control tadpoles.

References

1. Galante RJ, Kubin L, Fishman AP, Pack Al: Role of chloride-
mediated inhibition in respiratory rhythmogenesis in an in
vitro brainstem of tadpole, Rana catesbeiana. J Physiol 1996,
492:545-558

2. Straus C, Wilson RJA, Remmers JE: Developmental disinhibi-
tion: turning off inhibition turns on breathing in vertebrates. J
Neurobiol 2000, 45:75-83

Acknowledgement: Approved by the University of Texas at San
Antonio Animal Care Committee. Supported by the NIH NINDS
Specialized Neuroscience Research Program.

1.3

Phrenic motoneuron and diaphragm development
during the perinatal period

1) Greer, M Martin-Caraballo

Department of Physiology, University of Alberta, Edmonton, AB, Canada

Several key events in the development of the perinatal rat phrenic
nerve and diaphragm have been determined, including the follow-
ing: i) Fetal inspiratory motor discharge commences within the
phrenic motoneuron (PMN) pool on embryonic day (E)17; gesta-
tion period is 21 days. ii) Phrenic axons grow to innervate the full
extent of diaphragmatic musculature by E17-E18. ii)) There is a
radical maturation of PMN morphology during the period from
E16-E20. We have subsequently gone on to examine functional
changes by examining PMN electrophysiological and diaphragm
contractile properties prior and subsequent to these pivotal devel-
opmental stages (E16—-P0).

Summary data will be presented demonstrating the following: 1) As
PMNs develop from E16 to PO, there are changes in passive mem-
brane properties; resting membrane potential becomes hyperpolar-
ized by ~10mV, the input resistance decreases ~3-fold, and the
mean rheobase increases by a factor of ~2.6. 2) There are signifi-
cant changes in the amplitude, duration and the afterpotentials of
action potentials from E16-P0 which places restrictions on the
repetitive firing patterns of fetal PMNs. 3) The changes in PMN
firing properties are primarily due to age-dependent changes in the
expression of voltage-sensitive calcium and calcium-activated
potassium currents. 4) Both dye and electrical coupling have been

detected amongst subpopulations of PMNs between ages E16
and PO. 5) There are marked changes in diaphragm muscle con-
tractile properties that develop in concert with PMN repetitive firing
properties so that the full-range of diaphragm force recruitment can
be utilized at each age and potential problems of diaphragm
fatigue are minimized.

Data presented will be derived from the following references:

1. Martin-Caraballo M, Greer JJ: Electrophysiological properties of
rat phrenic motoneurons during the perinatal development. J
Neurophysiol 1999, 81:1365-1378

2. Greer JJ, Allan DW, Martin-Caraballo M, Lemke RP: Invited
Review: An overview of phrenic nerve and diaphragm muscle
development in the perinatal rat. J App/ Physiol 1999,
86:779-786

3. Martin-Caraballo M, Campagnaro PA, Gao Y, Greer JJ: Contrac-
tile properties of the rat diaphragm during the perinatal
period. J Appl Physiol 2000, 88:573-580

4. Martin-Caraballo M, Greer JJ: Development of potassium con-
ductances in perinatal rat phrenic motoneurons. J Neurophys-
jol 2000, 83:3497-3508

5. Martin-Caraballo M, Greer JJ: Voltage-sensitive calcium cur-
rents and their role in regulating phrenic motoneuron electri-
cal excitability during the perinatal period. J Neurobiol 2001,
46:231-248

Acknowledgements: Funded by CIHR, AHFMR and Alberta Lung
Association.

14

Central neuromodulation and adaptations during
respiratory development
IR Moss, A Laferriére, J-K Liu

Developmental Respiratory Laboratory, McGill University Health
Centre Research Institute, Montreal Children’s Hospital, Montreal,
Quebec, Canada

Consecutive daily hypoxia in developing swine results in a relatively
lower hyperventilatory response than does a single exposure to the
same hypoxic protocol [1]. We have hypothesized that this relative
hypoventilation is associated with a decreased excitatory versus
inhibitory neuromodulatory influence on central integrative path-
ways of breathing control.

Among the many central neuromodulatory systems shown to influ-
ence respiration, our laboratory has focused on the excitatory sub-
stance P/neurotachykinin and on the inhibitory opioid systems, the
natural peptides and receptors of which are found in central respi-
ratory-related regions. During hypoxia, neuropeptide release from
neurons into the interstitial brain space is enhanced. Theoretically,
therefore, the increased extracellular ligand concentrations should
enhance receptor activation. On the other hand, however, the
signal transduction pathways of ligand-activated G-protein recep-
tors, including the neurotachykinin and opioid receptors, entail tem-
porary internalization of the receptors from the membrane into the
cytoplasm, rendering them temporarily unavailable for further acti-
vation. Thus, the functionality of each neuromodulator system
depends on the ratio of extracellular peptide molecules to the
number of available receptors at any moment. We have asked
whether a differential degree of receptor internalization between
neurotachykinin and opioid receptors might contribute to the rela-
tively diminished hypoxic response observed in developing piglets.
To answer this question, we have first focused on the binding of
neurotachykinin-1 receptors (NK-1R) and mu-opioid receptors
(MOR) in the brainstem of the mature rat in response to recurrent
or single episodic hypoxia as compared to normoxia. The hypoxia
protocol was 6 episodes of 8% O, -92% N, for 5 min, each fol-



lowed by 21% O, -79% N, for 5 min, either on 6 consecutive
days (recurrent episodic hypoxia), or on the 6th day only, following
5 daily normoxic exposures (single episodic hypoxia). Brains were
collected either 5 min or 2 h after the last gaseous exposure. Brain-
stem sections underwent autoradiography with iodinated sub-
stance P for NK-1R or DAMGO for MOR. In nucleus tractus
solitarius (NTS) from brains collected 2h after the last exposure,
the binding densities of NK-1R and MOR were unaltered by a
single episodic hypoxia, and were greatly increased after recurrent
episodic hypoxia, indicating an upregulation of both receptors by
the recurrent episodic stimulus. In the NTS from the brains col-
lected 5 min after the last hypoxic exposure, there was an impor-
tant discrepancy in the binding response between the NK-1R and
the MOR: The NK-1R displayed a significant decrease in ligand
binding after both single and recurrent episodic hypoxia, implying
enhanced receptor internalization. In contrast, the binding of MOR
was not changed, implying that the rate of receptor internalization
was not altered by the hypoxic exposure. This difference would
result in relatively greater availability of functional MOR to opioid
peptides during hypoxia.

At present, we are carrying out the same experiments in developing
piglets, using the same hypoxia protocols. If the findings in piglets’
brains (to be presented at the Satellite meeting) are the same as
those in the adult rat brain, the greater availability of functional
MOR as compared to NK-1R during hypoxia may explain the atten-
uated ventilatory response to repeated hypoxia during development
in piglets.

References

1. Waters KA, Paquette J, Laferriere A, Goodyer C, Moss IR: Cur-
tailed respiration by repeated vs. isolated hypoxia in maturing
piglets is unrelated to NTS ME or SP levels. J App/ Physiol
1997, 83:522-529

Acknowledgement: Supported by a research grant (to IRM) and a
postdoctoral research fellowship (to J-KL) from the Canadian Insti-
tutes of Health Research.

1.5

Phylogeny of central CO,/pH chemoreception in
vertebrates

WK Milsom

Department of Zoology, University of British Columbia, Canada

The traditional view has been that respiratory chemoreceptors
responsive to changes in Pco,/pH first evolved in air-breathing ver-
tebrates at both peripheral and central sites. Levels of arterial Pco,
in water breathing fish are typically less than 2-3 torr and it has
been assumed that the ventilatory responses of fish to changes in
aquatic Pco,/pH were due to the effects of acidosis on haemoglo-
bin oxygen transport. There is growing evidence, however, to
suggest that fish also possess peripheral chemoreceptors respon-
sive to changes in Pco,/pH per se that reside primarily in the gills,
are innervated by the glassopharyngeal and vagus nerves, and
respond primarily to changes in aquatic rather than arterial Pco,.
Their distribution overlaps extensively with that of the gill O,
chemoreceptors in fish and it is not yet clear whether both
responses arise from the same sensory cells. To date, there is no
convincing evidence that strictly water breathing fish possess
central chemoreceptors.

There is, however, growing evidence to suggest that some species
of air-breathing fish possess central CO, chemoreceptors. Central
chemosensitivity has been reported in invitro brainstem-spinal
cord preparations from both a primitive (holostean) and a modern
(teleost) actinopterygian (ray finned) fish. Stimulation of these puta-
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tive receptors had no effect on fictive gill ventilation but stimulated
fictive air breathing. Unfortunately, the fictive breathing rates of
these preparations were more than 25times the resting rates
reported for intact animals raising questions about the physiologi-
cal significance of changes in the fictive motor output identified as
air breathing under these conditions. In the South American lung-
fish (a sarcopterygian fish belonging to the lineage giving rise to
higher vertebrates), on the other hand, central perfusion with mock
csf of differing pH stimulated air breathing at rates similar to those
seen in control animals. While these data suggest that central
chemoreceptors have arisen several times in evolutionary history,
hand in hand with the evolution of air breathing, this issue is not yet
totally resolved.

An intriguing and related finding is that central CO, chemosensitiv-
ity appears to develop slowly in amphibian tadpoles. It is not
present in young tadpoles but develops over time. The receptors
initially stimulate gill ventilation but transfer their influence to lung
ventilation just prior to metamorphosis from the aquatic larval stage
into the air breathing adult form. In association with this the primary
location of the receptors in the brainstem shifts from a diffuse dis-
tribution to a rostral concentration. While central chemoreceptors
have been demonstrated in reptiles and birds, not much is known
of their properties or distribution. They have been well studied in
mammals where there is growing evidence for multiple sites of
central CO,/pH chemoreception and evidence to suggest that the
mechanism of sensory transduction may vary both within and
between receptor populations. While there has been much recent
interest in the membrane channels, receptors and electrical cou-
pling of several chemosensitive sites, this work has largely been on
cells with downstream respiratory rhythmicity in preparations
whose responses are very different (in terms of changes in fre-
quency and amplitude of phrenic output) from that which is seen in
intact animals.

The phylogenetic trends that are emerging indicate that the use of
CO, chemoreception for cardio-respiratory processes may have
arisen much earlier than previously believed, that CO,/pH
chemoreception arose in the periphery before the evolution of
central CO,/pH chemoreceptors, that the sites of CO,/pH
chemoreception (both peripheral and central) have increased
throughout the course of vertebrate evolution and that the mecha-
nism of CO,/pH chemotransduction may vary. The sum of the data
suggests that CO,/pH chemoreceptors have arisen multiple times,
at multiple sites during vertebrate evolution.

Acknowledgement: Supported by the NSERC of Canada.

1.6

Transgenic approaches to the study of respiratory
function
DM Katz

Department of Neurosciences, Case Western Reserve University
School of Medicine, Cleveland, OH 44106-4975, USA

Genetically engineered mice have proven an invaluable tool for
establishing linkages between individual genes and the generation
of complex behaviors, including respiration. This presentation will
focus on the use of mice carrying targeted gene deletions (gene
knockouts) to elucidate the role of neuronal growth factors in the
development of the neural respiratory controller and breathing
behavior. In particular, | will focus on the role of brain-derived neu-
rotrophic factor (BDNF) and glial cell line-derived neurotrophic
factor (GDNF) in development of peripheral chemoafferent
neurons and central respiratory output. Initial studies in my labora-
tory demonstrated that mice that are homozygous for a null muta-
tion at the bdnf locus exhibit a severe developmental deficit in

S3

3
o
o
=
3
@
o
o
(7]
L
o
)
3]
Q
7}




S4

Respiratory Research Vol 2 Suppl 1 Neural control of breathing

control of breathing, characterized by depressed and irregular ven-
tilation and central respiratory output and a lack of hypoxic ventila-
tory drive [1,2]. These deficits are due at least in part to loss of
peripheral chemoafferent neurons that require BDNF for survival
during fetal development [1,3,4]. Surprisingly, null mutations in the
gdnf gene result in a similar phenotype, despite the fact that BDNF
and GDNF are structurally unrelated and signal through wholly dif-
ferent classes of receptors. However, we recently found that BDNF
and GDNF are both required for survival of the same population of
chemoafferent neurons and that null mutations in either gene
results in chemoafferent cell loss [5]. This dual requirement for
BDNF and GDNF appears to be related to the fact that both mole-
cules are expressed in the fetal carotid body and act as target-
derived survival factors for chemoafferent neurons [5,6]. Loss of
chemoafferent input at fetal stages is particularly deleterious for
maturation of ventilatory function, as chemoafferent drive is
required for stabilization of central respiratory output after birth.
Potential implications of these findings for human developmental
disorders of breathing will be discussed.
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1.7

Prenatal nicotine exposure up-regulates
catecholaminergic traits in peripheral arterial
chemoreceptors of newborn rat pups

EB Gauda, R Cooper, PR Akins, G Wu

Department of Pediatrics, Johns Hopkins Medical Institutions,
Baltimore, Maryland 21287, USA

Infants born to smoking mothers have depressed hypoxic arousal
responses, reduced respiratory drive, and blunted ventilatory
responses to hypoxia. These abnormalities in respiratory control
are believed to be features of infants at risk for Sudden Infant
Death Syndrome (SIDS). The peripheral arterial chemoreceptors in
the carotid body are extensively involved in modulating respiratory
responses to hypoxia, and arousal responses during sleep. Similar
to findings in infants exposed prenatally to tobacco smoke, prena-
tal exposure to nicotine, a major component of tobacco smoke,

alters acute ventilatory responses to short exposures to hypoxia
and hyperoxia (Dejours test), manipulations that are used as a test
of peripheral arterial chemoreceptor in function in newborn rats.
Nicotine, through binding to cholinergic receptors, causes depolar-
ization and catecholamine and opioid release from cells and
neurons. Chemosensory type 1 cells in the carotid body and a
subset of chemoreceptor sensory neurons in the petrosal ganglion
are rich in catecholamines and contain nicotinic receptors. Physiol-
ogy and pharmacology data also suggest that the carotid body
contains met-enkephalins. Release of dopamine and norepineph-
rine from chemosensory type 1 cells with subsequent binding to
inhibitory dopaminergic and adrenergic receptors on carotid sinus
nerve fibers results in diminished neuronal output from the carotid
body leading to depressed hypoxic ventilatory responses. Similarly,
the release of met-enkephalins from type 1 cells and binding to
delta-opioid receptors on the carotid sinus nerve decreases
hypoxic chemosensitivity.

We used insitu hybridization histochemistry to determine the
effect of prenatal nicotine exposure on the change in the levels of
mRNAs for the enzymes regulating dopamine and norepinephrine
synthesis, tyrosine hydroxylase (TH) and dopamine-beta-hydroxy-
lase (DBH), respectively and preproenkephalin (PPE) mRNA in the
rat carotid body and petrosal ganglion during postnatal develop-
ment. We also determined the change in the level of D,-dopamine
receptor mMRNA expression in these tissues induced by prenatal
exposure to nicotine. In the carotid body, prenatal nicotine expo-
sure increased TH mRNA expression in animals at 0 and 3 postna-
tal days (both, P<0.05 vs control) without affecting TH mRNA
levels at 6 and 15 days. However, at 15 postnatal days, DH
mRNA levels were increased in the carotid body of animals prena-
tally exposed to nicotine. D,-dopamine receptor mRNA expression
in the carotid body increased with postnatal age and was unaf-
fected by nicotine exposure. In the petrosal ganglion, prenatal nico-
tine exposure increased the number of ganglion cells expressing
TH mRNA in animals at 3 days (P<0.01 vs control). DBH mRNA
expression was not induced nor was PPE mRNA expression up-
regulated in the petrosal ganglion in treated animals. PPE was not
expressed in the carotid body in control or prenatally treated
animals. In conclusion, prenatal nicotine exposure up-regulates
mRNAs for synthesizing enzymes for two inhibitory neuromodula-
tors, dopamine and norepinephrine, in peripheral arterial chemore-
ceptors that might contribute to abnormalities in cardiorespiratory
control in animals prenatally exposed to nicotine. A possible role
for brain-derived neurotrophic factor (BDNF) in nicotine induced
up-regulation of catecholaminergic traits in peripheral arterial
chemoreceptors will be discussed.

Acknowledgement: This work supported by NIH RO1 DA13940.

ORAL PRESENTATIONS - SESSION 2
Respiratory rhythm generation and its state-
dependent modulation

2.1

Role of the pre-Botzinger complex in respiratory
rhythm generation in vivo: influence of respiratory
network drive

IC Solomon

Department of Physiology and Biophysics, State University of New
York at Stony Brook, NY, USA

We have previously demonstrated that microinjection of DL-homo-
cysteic acid (DLH), a glutamate analog, into the pre-Bétzinger



complex (pre-BotC) can produce either phasic or tonic excitation
of phrenic nerve discharge. Our initial findings were obtained
during hyperoxic normocapnia; thus, the influence of respiratory
network drive, including intrinsic pre-B6tC neuronal excitability, on
the DLH-induced modulation of phrenic motor output requires clar-
ification. We, therefore, examined the effects of chemical stimula-
tion of the pre-BotC during increased respiratory network drive
elicited by hypercapnia, hypoxia (ie, peripheral chemoreflex), or
focal pre-BotC tissue acidosis in chloralose-anesthetized, vago-
tomized, mechanically ventilated cats. For these experiments, we
selected sites in which unilateral microinjection of DLH into the
pre-B6tC during hyperoxic normocapnia (PaCO,=37-43 mmHg)
produced a non-rhythmic tonic excitation of phrenic nerve dis-
charge. During hypercapnia (PaCO,=59.7+2.8 mmHg; n=17),
similar microinjection produced excitation in which respiratory
rhythmic oscillations were superimposed on varying levels of tonic
discharge. A similar pattern of modulation was observed in
response to microinjection of DLH into the pre-B6tC during normo-
capnic hypoxia (PaCO,=38.5+3.7; PaO,=38.4+4.4; n=8) and
during focal pre-BsétC tissue acidosis (n=7). Further, during
increased respiratory network drive, these DLH-induced respiratory
rhythmic oscillations had an increased frequency compared to the
preinjection baseline frequency of phrenic bursts (P<0.05). These
findings demonstrate that tonic inspiratory motor activity evoked by
chemical stimulation of the pre-B6tC is influenced by and inte-
grates with modulation of respiratory network drive mediated by
input from both central and peripheral chemoreceptors, as well as
focal pre-BotC CO,/H* chemosensitivity.

Acknowledgement: Supported by HL 63175.

2.2

Distribution of calcium binding proteins, sodium
channels and persistent sodium current in the rat
ventral respiratory group

DR McCrimmon, GF Alheid, K Ptak, PA Gray, G Zummo,
S Escobar, JL Feldman

Department of Physiology and Neuroscience Institute, Northwestern
University, Chicago, IL 60611, USA; Department of Neurobiology and
Interdepartmental PhD Program in Neuroscience 2, UCLA, Los
Angeles, CA 90095, USA

The ventral respiratory group (VRG) is important in generating both
the breathing rhythm and motor pattern. The VRG is generally sub-
divided into 4regions, the Bétzinger complex, preBoétzinger
Complex (pBc), rostral VRG, and caudal VRG based on neuron
discharge patterns and axonal projections. Anatomical markers
provide a potential bridge between the physiological analysis of the
respiratory system and the neurochemical elements that are the
ultimate building blocks of this system. An example of this
approach is the coincidence of NK1 receptors with neurons in the
pBc complex [1]. VRG labeling by antibodies to calcium binding
proteins (parvalbumin, calbindin, and calretinin) in some respects
complements the NK1 immunoreactivity. Parvalbumin has been
suggested to label VRG neurons [2]. We have verified this by
demonstrating that parvalbumin positive neurons project to the
ipsilateral and contralateral VRG as well as to the phrenic nucleus.
We have also found that a prominent gap in the column of VRG
related parvalbumin cells [2] likely corresponds to the pBc since
parvalbumin cells are rare in this zone and never co-localize with
NK1 receptors. Calbindin and calretinin immunoreactive cells are
scattered in the pBc and rostral VRG but rare in the Boétzinger
complex. Calbindin neurons are intermingled, but not colocalized
with pBc NK1 cells. Calretinin is not colocalized with NK1, except
for a small population of cells at the caudal ventral edge of the
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pBc, which likely corresponds to NK1 bulbospinal neurons [3].
Finally, preliminary evidence indicates glycine immunoreactivity in
some parvalbumin neurons within the Boétzinger complex region. In
addition to this compartmentalized distribution of calcium binding
proteins within the VRG, preliminary evidence is consistent with a
differential distribution of Na channel alpha subunits. A slowly inac-
tivating persistent Na current is postulated to underlie the pace-
maker activity seen in a subset of pBc neurons [4]. Within the CNS
at least 5 different Na channel alpha subunits have been identified,
termed Nav1.1, 1.2, 1.3, 1.5 and 1.6. Of these Nav1.6 has been
most strongly linked to persistent Na current. Inmunohistochemical
examination of Nav1.2, 1.3 and 1.6 demonstrated Nav1.2 is widely
expressed in the VRG including some NK1 neurons. Nav1.3 was
present in cranial motoneurons. In neurons acutely dissociated
from the pBc of 1-15day old rats, whole-cell voltage clamp
recordings were used to analyze transient and persistent Na cur-
rents and single-cell RT-PCR was used to probe for Navi.1, 1.2
and 1.6 mRNA. Whole-cell recordings were made using an exter-
nal solution containing 50mM NaCl. Slow ramp depolarization
from -80 to +30mV revealed a TTX-sensitive, persistent Na
current. The current kinetics were dependent upon the ramp
speed. A slow ramp (100 mV/s), elicited an inward non-inactivating
current in 42% (10 of 24) of neurons sampled from the pBc. These
results are consistent with a role for persistent Na current in regu-
lation of the subthreshold behavior, including pacemaker activity.
Moreover, single-cell RT-PCR revealed the presence of Nav1.6 in
40 of 72 cells (65%). The Nav1.1 subunit mRNA was present in
47 of 82 neurons (67%) and was co-expressed with Nav1.6 in
28% of cells. Preliminary findings on Nav1.2 mRNA are consistent
with the immunohistochemistry with it present in 7 of 18 (38%)
pBc neurons.
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2.3

Information processing at the nucleus tractus
solitarii and respiratory rhythm generation
K Ezure

Department of Neurobiology, Tokyo Metropolitan Institute for
Neuroscience, Japan

The nucleus tractus solitarii (NTS) relays information from primary
visceral receptors to the central nervous system and is critically
involved in the reflex control of autonomic functions. In the respira-
tory system, it is a part of so-called dorsal respiratory group (DRG)
and plays an important role in the regulation of respiration.
Although people have noticed that the NTS in general is not a
simple relay nucleus but a place of information processing, such
concept has not necessarily been realized in the respiratory
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system. Based on our recent data on NTS neurons, we now show
some aspects of information processing taking place at the NTS.
Inflation or deflation of the lungs evokes various respiratory
reflexes by activating mainly two types of pulmonary stretch
receptors. Slowly adapting receptors (SARs) are activated solely
by inflation of the lungs and firmly involved in the Hering-Breuer
reflex; on the other hand, rapidly adapting receptors (RARs) are
activated by both inflation and deflation of the lungs but their
functional role is still controversial. We aimed to determine the
input-output properties of their second-order relay neurons
(P-cells and RAR-cells, respectively) in the NTS. P-cells are key
neurons of SAR-induced reflexes and have long been regarded
as simple relay neurons; however, our experiments in the rat
clearly showed that firing of P-cells (and RAR-cells) was modu-
lated with central (not via afferents) respiratory rhythm, indicating
that these second-order relay neurons are under influence of the
respiratory center. In other words, the respiratory center gates
the afferent inputs at the NTS before such inputs act on respira-
tory neurons that underlie the elaboration of various respiratory
reflexes. Now P-cells and RAR-cells have been revealed to
receive complex synaptic inputs involving glycinergic and
GABAergic inhibitions and non-NMDA and NMDA glutamate
receptor-mediated excitations [1]. Therefore, these ‘“relay
neurons” are crucially organized into the medullary respiratory
network and can exert a phasic influence on the central rhythm
generating mechanisms even without receiving afferent inputs
from SARs and RARs.

RAR-cells respond characteristically to lung deflation but do not
necessarily respond to lung inflation. This is somewhat peculiar
since RAR afferents respond to both inflation and deflation of the
lungs. This suggests the possibility that lung inflation that activates
RARs on one hand suppresses RAR-cell firing on the other hand.
Recently we found evidence that this suppression is caused by
synaptic inhibition of RAR-cells from P-cells (P-R linkage) [2]. This
implies that some P-cells are inhibitory and that the SAR and RAR
systems are not independent but work cooperatively to evoke res-
piratory reflexes. On the assumption that RAR pathways mediate
inspiratory facilitation, this P-R linkage seems to explain the neu-
ronal mechanisms underlying the Hering-Breuer inflation and defla-
tion reflexes. That is, inflation of the lungs activates preferentially
SAR pathways by inhibiting RAR pathways and deflation of the
lungs activates RAR pathways.

In the NTS area, ie in the DRG, we identified a novel group of
inspiratory neurons, which receive monosynaptic inputs from low-
threshold vagal afferents and respond to lung deflation [3]. It is
quite possible that RAR afferents innervate these deflation-sensi-
tive inspiratory neurons (tentatively termed ly neurons). Until now
we have no suitable answer to the question why two types of
inspiratory (lo. and IB) neurons exist in the DRG. The fact that
DRG inspiratory neurons are classified into at least three groups,
lo, IB and ly neurons, has made the situation more complex but
provides new insight into the organization and role of the NTS,
which integrates afferent inputs and the central respiratory
rhythm.
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2.4

Central mechanisms controlling upper airway

patency
M Dutschmann, JFR Paton*

Department of Animal Physiology, University of Tiibingen, Germany;
*Department of Physiology, University of Bristol, Bristol, UK

The neurones of the ponto-medullary respiratory network drive two
functionally and anatomically distinct pools of motoneurones. One
set is located within the spinal cord that innervates the diaphragm
and intercostal muscles. A second group of motoneurones is
located within the nucleus ambiguus imbedded in the ventral respi-
ratory group that project via cranial motor outflows to co-ordinate
the activity of laryngeal and bronchial muscles to control airway
resistance and airflow. These spinal and cranial motor activities
have to be precisely co-ordinated to ensure efficient ventilation.
We recently included this behaviour as imperative for a definition of
eupnoea. Thus, beside a rhythmic eupnoeic (ramp) discharge
pattern of pump motoneurones, a phasic respiratory modulation of
glottal resistance should be observed and expressed as glottal
dilation during inspiration and transient glottal constriction during
post-inspiration [1]. During the last decade mechanisms underlying
respiratory rhythm generation were studied primarily in reduced
in vitro preparations. The work concluded that the respiratory
rhythm is generated by pacemaker neurones located in the Pre-
Botzinger complex and is independent of inhibitory glycinergic
synaptic transmission (for review see [2,3]). However, a potential
role for glycinergic transmission for the eupneic co-ordination of
circuitry controlling the upper airway was largely disregarded.

To determine a role for glycinergic inhibition within the pon-
tomedullary network, we used the arterially perfused working heart-
brainstem preparation (WHBP) of neonatal and mature rat. This
preparation allows both kinesiological and cellular studies of
central and peripheral mechanisms controlling upper airway resis-
tance [1]. Recording of the recurrent laryngeal nerve activity as an
index of motor output to the glottis revealed post-inspiratory activity
that shifted towards the inspiratory phase after strychnine antago-
nism of glycine receptors (0.5—1.5uM). This shift of post-inspira-
tory activity was also obtained at the cellular level: intracellular
recordings of post-inspiratory neurones revealed that the hyperpo-
larisation during the inspiratory phase was converted to a depolari-
sation with spike discharge after exposure to strychnine. This lead
to a massive disturbance of the eupnoeic modulation of glottal
resistance by converting the inspiratory glottic dilatation (seen
during control) to a paradoxical constriction, as demonstrated by
measuring changes in laryngeal resistance. Similar results were
obtained in both neonatal and juvenile rats suggesting that glycin-
ergic mechanisms co-ordinating ventilatory movements with upper
airway resistance are functional at birth. The effects of glycinergic
inhibition were mimicked during exposure of neonatal preparations
to prolonged hypoxia. During the secondary hypoxic depression of
respiration post-inspiratory activity was shifted towards inspiration
causing a paradoxical glottic constriction during neural inspiration.

We conclude that integrity of glycinergic neurotransmission within
the ponto-medullary respiratory network is essential for co-ordinat-
ing the neuronal activities which control upper airway resistance
and ventilatory movements and consequently the eupnoeic breath-
ing pattern in rats from birth.
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2.5

Mechanisms of respiratory rhythm generation in
vitro. . Pacemaker neurons and networks in the
pre-Botzinger complex (pre-BotC)

JC Smith*, N Koshiya*t, CA Del Negro*, RJ Butera*, CG Wilson*

*Laboratory of Neural Control, NINDS, NIH, USA; *Blanchette
Rockefeller Neurosciences Institute, Johns Hopkins University, USA;
*Laboratory for Neuroengineering, Georgia Tech, USA

We have proposed that the inspiratory rhythm-generating kernel in
the pre-BotC consists of a heterogeneous network of glutamater-
gic neurons with voltage-dependent pacemaker-like bursting prop-
erties. This model is based on our optical imaging [1],
electrophysiological [2], and mathematical modeling [3] studies of
inspiratory () neurons within the pre-Bs6tC of rhythmically active
in vitro transverse slice preparations from neonatal rats. For elec-
trophysiological and imaging studies, we have developed novel
methods to optically identify |neurons with CaZ*-sensitive dyes
combined with IR-DIC imaging for whole-cell current camp (CC)
and voltage clamp (VC) analyses of neuronal membrane conduc-
tance and synaptic mechanisms. In computational modeling
studies we have developed models of single pacemaker neurons
and  synaptically-coupled  networks of these neurons
(50-500 cells) with heterogeneous distributions of
cellular/network parameters. Model predictions have been tested
experimentally from single-cell electrophysiological measurements
and from macroscopic recordings of neuron population activity
within the pre-BétC [2].

Electrophysiological and optical measurements demonstrate a sub-
population of pre-B6tC | neurons that exhibit voltage-dependent
rhythmic bursting under CC after blockade of non-NMDA gluta-
matergic synaptic transmission or after blocking synaptic transmis-
sion with Ca?* channel blockers. The intrinsic bursting frequency
of these pacemaker-type cells was a monotonic function of base-
line membrane potential, spanning a frequency range of over an
order of magnitude (~0.05-1 Hz); the voltage-dependence and fre-
quency range varied for different cells indicating heterogeneity.
Under VC with synaptic transmission intact, these pacemaker
neurons exhibited glutamatergic synaptic drive currents. Optical
imaging and cross-correlation of rhythmic Ca2* activities of multi-
ple cells demonstrate that the glutamatergic synaptic interactions
synchronize bursting within the heterogeneous population, but with
a temporal dispersion in neuronal spiking including pre-l spiking
patterns [2,3]. Measurements of pre-B6tC population activity show
network frequency control by changing pre-B6tC excitability, like
predictions from our network models [3].

We have obtained evidence that a persistent Na* current (INaP) is
the main subthreshold-activating cationic conductance underlying
the voltage-dependent pacemaker bursting. We measured Nat
currents in bursting pacemaker and non-bursting pre-B6tC | cells.
In all cells tested under VC, voltage ramp commands at rates of
<100 mV/s inactivated the fast Na* current and yielded N-shaped
IV curves with a negative slope region between —60 and —35mV.
TTX (1 uM) blocked this inward current. The slowest ramp speed
tested (8.3 mV/s) failed to fully inactivate the negative slope gener-
ating current. The current is therefore a TTX-sensitive INaP. The
peak amplitude of INaP ranged from -50 to -100pA at
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Em=-20mV (peak conductance =~1-2nS). Boltzmann plots
gave half-maximal activation voltage of ~—40mV and a slope factor
of ~5, very similar to values used for INaP in our pacemaker neuron
models [3]. In non-pacemaker | cells, the ratio of INaP/lleak was
insufficient to support intrinsic bursting as predicted by our
models. Further tests of the role of INaP have been performed
using the dynamic clamp to artificially add INaP to non-pacemaker
neurons. INaP transformed these neurons into rhythmic bursters
with voltage-dependent behavior quantitatively similar to our
models and experimental observations.

These results generally support our conceptual and computational
models for the rhythm-generation kernel as a heterogeneous pace-
maker network.
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2.6

PreBo6tzinger complex (preB6tC) neurokinin-1
receptor (NK1R) expressing neurons are required
for eupnea in adult awake rats

PA Gray, WA Janczewski, N Mellen, DR McCrimmon,
JL Feldman

Departments of Neurobiology and Physiological Science and IDP in
Neuroscience, UCLA, USA; Department of Physiology and NUIN,
Northwestern University Medical School, USA

Normal respiratory rhythm in mammals is hypothesized to be gener-
ated by NK1R neurons in the preB&tC. Ablation of these neurons
in adult rats was predicted to severely perturb normal breathing
rhythm. We directly injected substance P conjugated saporin
(SP-SAP) into the preBstC to selectively kill NK1R neurons [1].
Four to five days postinjection in rats with greater than 75% bilat-
eral loss of preBstC NK1R neurons, spontaneous breathing
rhythm transformed from normal, ie, eupnea, to ataxia, with greatly
reduced ventilation and consequent disturbances in blood gases
and pH. Hypoxic or hyperoxic challenges produced prolonged,
often fatal, apnea. PreB6tC NK1R neurons are therefore necessary
for generation of the eupneic breathing rhythm.
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2.7

The neural mechanisms involved in the generation
of three types of respiratory activities in the
transverse slice preparation of mice

IL Nagel, SP Lieske SP, M Thoby-Brisson, AK Tryba, JM Ramirez
Department of Anatomy, University of Chicago, Chicago, IL 60637, USA

The transverse medullary slice preparation of mice expresses three
distinct types of fictive respiratory activity patterns, that are gener-
ated within the pre-Bétzinger complex [1]. Under normoxic condi-
tions these patterns include both fictive eupneic and sigh activity.
Sighs occur at a lower frequency than eupnea. Respiratory
neurons in the pre-Botzinger complex that are active during
eupneic activity also burst during the sigh. The sigh burst was
selectively blocked by DL-AP5 (50 uM) and low concentrations of
cadmium (4 uM). In contrast, the generation of eupneic bursts was
not abolished at these concentrations. Thus, although there is an
overlap between the neural populations underlying the generation
of both activities our data suggest that different burst generating
mechanisms underlie eupneic and sigh bursts.

During prolonged hypoxic conditions sigh and eupneic activity
cease and the respiratory network continues to generate a rhyth-
mic activity, which we refer to as fictive gasping. The duration and
rise time of integrated inspiratory activity decreases significantly
during the transition from fictive eupnea to gasping. Further, phasic
synaptic inhibition in expiratory neurons is suppressed and post-
inspiratory neurons are transiently activated in phase with inspira-
tory activity. We postulate that the same neuronal network in the
pre-Botzinger complex generates both eupneic and gasping activ-
ity via a network reconfiguration that involves a selective suppres-
sion of synaptic inhibition. This suppression leads to changes in
the shape of inspiratory activity, a suppression of phasic hyperpo-
larization in expiratory neurons, and an inspiratory activation of
post-inspiratory neurons.

In the presentation, we will discuss the interaction of pacemaker
and network properties in the generation of the frequency, shape,
and amplitude of the different respiratory activities. We will present
evidence indicating that non-NMDA, NMDA, glycinergic, GABAer-
gic and electric synaptic mechanisms are all essential for the gen-
eration of fictive eupneic activity. In contrast, synaptic inhibitory
mechanisms appear not to be essential for the generation of
gasping activity.
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ORAL PRESENTATIONS - SESSION 3
Plasticity

3.1
Serotonin-dependent respiratory plasticity
GS Mitchell, TL Baker, DD Fuller, RW Bavis

Departments of Comparative Biosciences, University of Wisconsin,
Madison, WI 53706, USA

Serotonin initiates neuroplasticity in a number of invertebrate and
vertebrate experimental models. The first report of serotonin-

dependent plasticity in respiratory motor control was a long-lasting
facilitation of phrenic activity following episodic stimulation of
chemoafferent neurons [1], a phenomenon now known as long-
term facilitation (LTF). Recent progress has contributed consider-
ably towards an understanding of the mechanisms and
manifestations of this potentially important model of respiratory
plasticity. In this presentation, recent progress in understanding
the mechanism of LTF will be reviewed. In all studies, we exposed
awake or anesthetized Sprague Dawley rats to episodic hypoxia as
an experimental model of LTF. Both awake and anesthetized rats
express LTF following episodic hypoxia. Intermittent, but not con-
tinuous hypoxia elicits LTF, indicating remarkable pattern sensitivity
in its underlying mechanism. Both episodic chemoafferent activa-
tion by stimulation of the carotid sinus nerve and episodic hypoxia
in carotid denervated rats elicit LTF, suggesting that at least two
discrete mechanisms contribute to LTF in anesthetized rats.
Hypoxia-induced LTF requires serotonin receptor activation during,
but not following episodic hypoxia, indicating that serotonin is nec-
essary to initiate but not maintain LTF. Phrenic LTF following
episodic hypoxia is blocked by intrathecal administration of a sero-
tonin receptor antagonist (methysergide) or protein synthesis
inhibitors (cyclohexamide, emetine) to the cervical spinal cord. On
the other hand, intraspinal drug administration had no effect on
hypoglossal LTF. Thus, the relevant serotonin receptors in phrenic
LTF are within the spinal cord, suggesting a location within the res-
piratory motor nucleus itself. These observations form the basis of
our working hypothesis that LTF is initiated by episodic activation
of 5-HT, receptors on respiratory motoneurons, thereby initiating a
cell-signaling cascade leading to new protein synthesis. Although
the specific protein(s) necessary for LTF is (are) unknown, we
recently found that episodic hypoxia and LTF are associated with
elevations in ventral spinal concentrations of brain derived neu-
rotrophic factor (BDNF). The elevation in BDNF following episodic
hypoxia is blocked by local application of methysergide, suggesting
that it may be a causal agent in LTF. Although the physiological (or
pathophysiological) role of LTF is uncertain, it may reflect a general
mechanism whereby intermittent activation of raphe serotonergic
neurons elicits plasticity in respiratory motoneurons. Thus, the
same fundamental mechanism may be operational in a number of
physiological (eg. altitude or repetitive exercise) or pathophysiolog-
ical (eg. lung disease or neural injury) states.
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3.2

Age and gender effects on serotonergic
innervation and modulation of the hypoglossal
motor nucleus

M Behan, AG Zabka, GS Mitchell

Department of Comparative Biosciences, University of Wisconsin,
Madison, WI, USA

Aging results in structural, functional and neurochemical alterations
in the respiratory system. Serotonin (6HT) plays a major role in
breathing and the control of upper airway function. We tested the
hypothesis that with increasing age there is a selective decrease in
serotonergic modulation of respiratory motoneurons, in particular
hypoglossal motoneurons to the tongue in male rats. We used light
microscopic immunocytochemistry to study the distribution of 5HT



axons and boutons throughout the hypoglossal nucleus in young
and old rats male and female rats. Aged male rats (>12 months)
had fewer serotonin immunoreactive axons and boutons in the
hypoglossal nucleus than young male rats (<6 months). In contrast,
5HT immunoreactivity in the hypoglossal nucleus in female rats
was higher than in age-matched males, and increased with age. In
order to assess the functional consequences of this anatomical
reorganization, we measured long term facilitation (LTF), a sero-
tonin-dependent, long lasting increase in respiratory motor output
following episodic hypoxia. LTF in the hypoglossal motor output
was significantly reduced in aged male rats by comparison with
young male rats [1]. In contrast, hypoglossal LTF increased in aged
female rats in diestrus, but not in estrus. Taken together, these
data suggest that in males, but not females, normal aging may
result in decreased serotonergic facilitation of hypoglossal
motoneurons that could result in reduced airway patency.
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3.3

Integral-differential calculus computations by
short-term potentiation and depression in
NTS-pontine pathways

C-S Poon

Harvard-MIT Division of Health Sciences and Technology,
Massachusetts Institute of Technology, MA, USA

Neural integrators are a class of neural networks that afford
extended temporal summation of neural activity or, equivalently, low-
pass frequency filtering of neurotransmission [1]. In the respiratory
system, a biphasic neural integrator in the carotid chemoreflex
response is demonstrated by the classic short-term potentiation
(STP) and afterdischarge of phrenic activity [2]. Recently, a new
class of neural networks called neural differentiators, which afford
high-pass frequency filtering of afferent inputs through short-term
depression (STD) of neurotransmission, has been identified in the
vagal-carotid control of the expiratory off-switch [3]. The differentia-
tor response is characterized by: 1) a habituation-like adaptation to
the vagal Hering-Breuer (HB) reflex lengthening or carotid chemore-
flex shortening of expiratory duration; 2) secondary adaptive effects
in the form of pontine-mediated and NMDA receptor-dependent
post-stimulus rebound and recovery of these vagal or carotid [4] (or
hypoxia [6]) mediated responses.

To elucidate the mechanism of the habituation of the HB reflex, we
obtained extracellular field potentials (FPs) in the medial and com-
missural regions of the nucleus tractus solitarius (NTS) evoked by
electrical vagal stimulation (1 min) in urethane-anesthetized, para-
lyzed and mechanically ventilated rats (n=17) in vivo. FPs from
vagal A-fibers (stimulus current, 20-70uA, response latency,
4-5ms) revealed a stimulus frequency-dependent (20-80Hz)
STD similar to the synaptic accommodation observed in vitro [6]
and the habituation of HB reflex invivo [4]. FPs from C-fibers
(150-350 1A, 20-45ms) also demonstrated a frequency-depen-
dent (5—-20Hz) STD during afferent activation but their amplitude
remained depressed for >50s post-stimulation. Microinjection of
the NMDA receptor antagonist D-APV abolished the short-term
memory following C-fiber activation but not the frequency-depen-
dent STD with A- or C-fibers. The characteristics of the vagal A-
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and C-fiber mediated responses are reminiscent of the type | and
type Il NTS neurons found in vitro [7].

To elucidate the mechanism of the pontine-mediated adaptation of
the HB reflex, we obtained extracellular recordings of pontine neu-
ronal activity simultaneously with phrenic nerve recording during
electrical vagal stimulation (1.5xT, 80Hz, 1 min). Neurons with
tonic and respiratory modulated activity were found within or near
the parabrachialis (PB) and Kélliker-Fuse (KF) complex. Most tonic
neurons in KF (n=11) were depressed during and/or shortly after
vagal stimulation that elicited the characteristic biphasic adaptation
of the HB reflex in the phrenic activity, whereas most tonic neurons
in medial PB (n=22) were not affected. Activity of respiratory mod-
ulated neurons (n=4) recorded in KF remained in phase with
phrenic activity during vagal stimulation. Results showed that vagal
input induced STD of tonic neurotransmission in KF.

These findings support a dual-process nonassociative learning
model of integral-differential calculus computations in the brain [8]
through activity-dependent STP and STD of neurotransmission in
primary and secondary afferent pathways.
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3.4

Activity-dependent plasticity in desecending
synaptic inputs to spinal motoneurons in an in
vitro turtle brainstem-spinal cord preparation
SM Johnson, GS Mitchell

Department of Comparative Biosciences, School of Veterinary
Medicine, University of Wisconsin, Madison, WI 53706, USA

Long-term (>1h) and short-term (sec-to-min) activity-dependent
synaptic plasticity have been proposed to contribute to the pattern-
ing of rhythmic network activity. There is, however, very little experi-
mental evidence to support this hypothesis. Previously, we
demonstrated that electrically-evoked descending synaptic inputs to
respiratory-related spinal motoneurons express long-term depres-
sion (LTD) or long-term potentiation (LTP) following spinal stimula-
tion at different frequencies in an in vitro turtle brainstem-spinal cord
preparation [1]. For example, evoked potentials in pectoralis (expira-
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tory) nerves express LTD following 1 and 10Hz spinal stimulation
(900 pulses), while potentials in serratus (inspiratory) nerves
express LTP following 100 Hz spinal stimulation (900 pulses).

In this study, we hypothesized that activity-dependent synaptic
plasticity is expressed in identified synaptic connections within the
respiratory control system of adult turtles (Pseudemys), and that
LTD is expressed in respiratory descending synaptic inputs to pec-
toralis motoneurons following 10Hz spinal stimulation. Using
in vitro turtle brainstem-spinal cord preparations (n==6), the lateral
funiculus at spinal segment C5 (rostral to pectoralis and serratus
motoneurons) was electrically stimulated (10Hz, 900 pulses,
400pA) while the preparation spontaneously produced rhythmic
respiratory motor output. One application of spinal stimulation
immediately decreased respiratory burst amplitude by ~75% on
both pectoralis and serratus (P<0.05), but amplitudes returned to
pre-stim levels within 30 min. Thus, 10Hz spinal stimulation pro-
duces short-term depression of expiratory and inspiratory motor
output. In separate experiments (n=5), three episodes of 10Hz
conditioning stimulation (separated by 5 min) nearly abolished pec-
toralis and serratus burst amplitudes during stimulation (P<0.05).
Pectoralis bursts returned to pre-stimulus levels within 30 min, but
serratus bursts returned to pre-stimulus levels within 20 min and
tended to exceed pre-stim levels by 30—-40% at 50 min after condi-
tioning (P>0.05). Closer examination showed that serratus burst
amplitudes at 50 min post-stim were depressed by ~20% in 3/5
preparations, and potentiated by 100-150% in 2/5 preparations.
Spinal stimulation did not change hypoglossal burst amplitude.

In conclusion, 10 Hz spinal stimulation did not exclusively elicit LTD
in spontaneous expiratory activity in pectoralis nerves, suggesting
that LTD is expressed in nonrespiratory-related descending synap-
tic inputs to pectoralis motoneurons, or that spontaneous respira-
tory activity in pectoralis motoneurons overrides the expression of
LTD. We hypothesize that the activity-dependent plasticity
observed with spinal stimulation is due to spinal mechanisms
because hypoglossal respiratory activity was unaltered.
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3.5

Carotid body dopaminergic mechanisms during
acclimatization to hypoxia
GE Bisgard, JA Herman, PL Janssen, KD O’Halloran

Department of Comparative Biosciences, University of Wisconsin, W,
USA

Increased carotid body sensitivity to hypoxia has been found to be
an important component of the mechanism of ventilatory acclimati-
zation to chronic hypoxia. Considerable attention has been focused
on the potential role of dopamine in the mechanism of increased
carotid body sensitivity to hypoxia. This is related to the likely
important role dopamine plays in carotid body function. Dopamine
has a well-established role as having an inhibitory modulatory
effect on the carotid body. For example, dopamine infusion inhibits
carotid body responses to hypoxia and dopamine D, receptor
blockade causes an increased response of the carotid body to
hypoxia. Thus, it has been hypothesized that a down-regulation of
dopaminergic inhibition could be occurring within the carotid body
making it more responsive to hypoxia during ventilatory acclimatiza-

tion to prolonged hypoxia. A study in cats [1] supported this
hypothesis. The investigators used domperidone, a peripheral
dopamine D, receptor antagonist, and found that it was no longer
effective in increasing the ventilatory and carotid body responses
to hypoxia after acclimatization, suggesting that dopamine inhibi-
tion had been abolished. However, similar studies failed to support
this finding in goats [2] or human subjects [3].

In goats and dogs dopamine has a biphasic effect on carotid body
activity, eg a bolus intra-carotid infusion of dopamine causes a burst
of excitation followed by prolonged inhibition of afferent discharge
frequency. A low affinity excitatory carotid body dopamine receptor
has been postulated [4]. We made the hypothesis that there could
be a facilitated dopaminergic excitation within the carotid body
during acclimatization to hypoxia. This hypothesis would be compat-
ible with the greatly increased metabolism of dopamine that occurs
in the carotid body during chronic hypoxia [5]. If the dopamine-
mediated excitation could be blocked, then one could test this
hypothesis. After an extensive search of dopaminergic antagonists,
we found that the dopamine excitatory activity was mediated by the
serotonin type 3 receptor (5HT,) and that this excitatory activity
could be blocked by specific 5SHT; antagonists such as tropisetron.
Tropisetron blocked not only the excitatory activity induced by sero-
tonin, but also that produced by dopamine and by the specific 5SHT,
agonist, chlorophenylbiguanide, in the goat carotid body.

Carotid sinus nerve recording studies showed that the response of
the goat carotid body to acute hypoxia was significantly attenuated
by tropisetron. Further studies in awake goats were carried out in
order to test the hypothesis that 5SHT; antagonists could block ven-
tilatory acclimatization to hypoxia. Blockade with tropisetron failed
to modify the time-dependent increase in ventilation that occurs in
goats during ventilatory acclimatization.

Our data provide no evidence to support the hypothesis that carotid
body dopamine acting via either dopaminergic or 5HT, receptors
mediates ventilatory acclimatization to hypoxia in the goat.
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3.6

Circadian patterns of breathing

JP Mortola, EL Seifert

Department of Physiology, McGill University, Montreal, Quebec, Canada
Life has evolved on a planet with rotation around itself and the

Sun. A fundamental mechanism of adaptation is the capacity of
time-keeping, such that daily and seasonal events can be antici-



pated and prepared for. Many physiological variables have a circa-
dian pattern, which in mammals is controlled by a biological clock
with its own period of 24 h, placed in the suprachiasmatic nucleus
of the hypothalamus. Among the most studied are the patterns of
activity (Act), body temperature (Tb) and metabolic rate (oxygen
consumption, VO,, and carbon dioxide production, VCO,). In the
rat, a mostly nocturnal animal, all these variables increase during
the dark hours of the night. Since all of them are known to influ-
ence pulmonary ventilation (VE), it is expected that also the
breathing pattern, and possibly its controlling mechanisms, will
present circadian oscillations. In rats chronically instrumented for
measurements of Tb and Act by telemetry, VO, and VCO, were
measured continuously for several days by an open-circuit
method, while VE was monitored by a modification of the baromet-
ric technique [1]. All variables of the breathing pattern (tidal
volume VT, frequency f, and VE) increased in the dark (D) com-
pared to the light (L) hours, with minor L-D differences in VE/VO.,,.
The L-D differences in VE, and in all other parameters, persisted
when comparisons between the L-D phases were made for the
same level of either very low or very high Act, indicating that the
oscillations in breathing pattern do not depend on Act. Indeed,
ongoing experiments on rats in which circadian patterns are dis-
turbed by sudden phase shifts between D and L, indicate a very
poor correlation between levels of Act and breathing, which is
much better correlated with Tb.

Sustained hypoxia (10% O,) blunted the amplitude of the circadian
oscillations of all variables, Act being the least affected, and Tb the
most [2,3]. In constant L (‘free running’ conditions), in which the
natural period of the clock is unmasked, the effects of hypoxia on
the Tb oscillations were not accompanied by a change in the clock
period [2], and were not abolished by sino-aortic denervation [4],
suggesting that hypoxia does not affect the clock itself but acts
elsewhere centrally to affect the circadian patterns, possibly at the
level of the hypothalamic thermoregulatory centers. Alterations in
Tb patterns were also observed in men living intermittently at high
altitude [5]. Preliminary observations in adult rats seem to indicate
that the hypoxic effects on the oscillations of Tb are less marked in
females than males.

Sustained hypercapnia had minimal effects on Tb, activity, VO, and
VCO,, and, as observed during sustained hypoxia [3], the degree
of hyperventilation (percent increase in VE/VO,) was essentially
independent of the time of the day.

In conclusion, the existence of a biological clock implies the oscilla-
tions of numerous variables known to affect the breathing pattern;
indeed, VT, f, and VE present daily oscillations. The hyperventila-
tory responses to hypoxia and hypercapnia, however, remain con-
stant, despite the fact that hypoxia and hypercapnia can have major
and differential effects on numerous physiological variables and
their circadian patterns.
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3.7

Site(s) and mechanism of changes in arterial
chemo-sensitivity after carotid (CBD) and/or aortic
(AOD) denervation

HV Forster, A Serra, T Lowry, R Franciosi

Departments of Physiology and Pediatrics, Medical College of Wisconsin
and Zablocki VA Medical Center, Milwaukee, WI 53226, USA

Through injections of NaCN at various locations in awake piglets
and rats, we gained insight into the plasticity of arterial chemosen-
sitivity. Less than 8 day old piglets exhibited both carotid and aortic
chemosensitivity. The aortic chemosensitivity persisted after 8 days
only if CBD had been performed, but CBD after 8 days of age
resulted in restoration of aortic chemosensitivity. At the site of
aortic chemosensitivity, there was greater serotonin (5-HT)
immunoreactivity in CBD than in carotid intact piglets and this
increase was dependent upon intact aortic innervation. Intravenous
injections of the 5-HTba receptor antagonist, methiotepin, prior to
the NaCN injection eliminated aortic chemosensitivity. Western
blots indicated the expression of the 5-HT5a receptors at this
aortic site and the protein existed equally in CBD and carotid intact
piglets. AOD + CBD resulted in chemosensitivity in the left ventri-
cle which was attenuated by prior injection of the 5-HT5a receptor
antagonist. Neonatal and adult rats also developed aortic
chemosensitivity after CBD. These data indicate there are multiple
sites for plasticity in arterial chemosensitivity, which appears to
involve upregulation of serotonin acting at the 5-HT5a receptors.
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ORAL PRESENTATIONS - SESSION 4
Intracellular signalling and synaptic modulation

4.1

Activating convergent signal pathways in
respiratory neurons of the ventral medullary group

DW Richter, U Bickmeyer, AM Bischoff, U Guenther, M Haller,
PM Lalley, T Manzke, E Ponimaskin, B Wilken

Department of Neurophysiology, University of Goettingen, Goettingen,
Germany

Opiates are known to disrupt the respiratory rhythm by binding to
u- and d-type opioid receptors of respiratory neurons within the
ventral medullary group and by activating signal pathways that
induce depression of neuronal excitability and synaptic interaction.
In previous experiments we demonstrated that opioid depression
of respiration can be treated by a variety of drugs that increase
intracellular cAMP levels.

In the present study, we investigated how activation of p-type opioid
receptors can be counteracted and respiratory depression be
treated by activation of convergent signal pathways targeting the
same second messenger systems of the neurons. Our starting point
was the observation that a compensatory effect can be achieved
with Buspirone, a drug purported to activate 5-HT, , receptors and,
consequently, to reduce intracellular cAMP levels [1]. If these
effects were confirmed, this observation would indicate a profound
non-specificity of the 5-HT-1A directed drug. The task then would
be to identify the serotonin receptor isoforms responsible.

In various preparations, including the anaesthetized in vivo cat, the
perfused mouse or rat brain stem and the brain stem slice of the
mouse or rat, we performed current and voltage clamp measure-
ments with fine tipped or patch electrodes to measure electrophys-
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iological parameters. RT-PCR methods were applied to identify the
mRNA encoding for serotonin receptor isoforms, while immunocy-
tochemical techniques were used to verify receptor expression.
We verified the stabilizing effect of cAMP [2,3] and confirmed the
protective effect of 5-HT, ,-receptor agonists 8-OH DPAT and Bus-
pirone against opioid depression of neural respiratory activity [4].

A detailed inspection of the results obtained with the commonly
used 5-HT,,-agonists, 8-OH-DPAT and Buspirone, indicated
ambiguous effects of these drugs. Our conclusion was that these
drugs probably act on other serotonin receptor isoforms which are
expressed in addition to the known 5-HT, , and 5-HT,, subtypes.
Therefore, we developed two novel antibodies and demonstrated
the expression of 5-HT, and 5-HT, receptors in neurons of the
VRG and the hypoglossal nuclei.

These immunocytochemical findings were verified by quantitative
RT-PCR analysis of the VRG region and confirmed in single cell
RT-PCR analysis on identified respiratory neurons.

Finally, we demonstrated that these findings provide a basis for
novel strategies for the treatment of respiratory depression
induced by opioids.

The same strategy seems to be efficient in the treatment of respira-
tory disturbances induced by barbiturates.
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4.2

Oscillations in inspiratory synaptic inputs: role in
controlling the repetitive firing behaviour of
inspiratory motoneurons

GD Funk, JL Feldman*, DM Robinson, MA Parkis

Department of Physiology, University of Auckland, New Zealand;
*Departments of Neurobiology and Physiological Science and IDP in
Neuroscience, UCLA, CA, USA

The transformation of neuronal input into patterns of action poten-
tial output, a key element of signal processing in the brain, is deter-
mined by the interaction between synaptic and intrinsic membrane
properties. Traditional use of rectangular, ramp-like or sinusoidal
waveforms to stimulate neurons has focussed attention on the role
of intrinsic membrane properties and their modulation in determin-
ing repetitive firing behaviour. However, such studies do not
address the role that dynamic features of endogenous synaptic
inputs play in controlling output. Oscillations are prominent fea-
tures of synaptic currents/potentials in many networks including
those that provide rhythmic excitatory drive to motoneurons
involved in behaviours such as locomotion and respiration [1-3].
Phrenic motoneurons (PMNs), for example, receive inspiratory cur-
rents of brainstem origin that oscillate with peak power in the
20-120Hz bandwidth. These oscillations are ubiquitous through-
out the respiratory network, invivo [2,4] and in vitro [3,5], and
although well-characterized, their function, if any, is not known.

Using rhythmically active brainstem spinal cord preparations from
neonatal rat and recently developed stimulation techniques [6], we
explored the physiological significance to motor control of such
oscillations by activating PMNs with native inspiratory synaptic cur-
rents that oscillate in the 20-50 Hz bandwidth. Action potentials
arose predominantly from peaks of the current oscillations and the
timing of spikes within trains was reproducible within 2%. Activa-
tion of neurons with low-pass filtered currents produced spike
trains with considerably more variability; filtering also reduced the
number of action potentials by 35%. Finally, the excitatory neuro-
modulator, phenylephrine, which significantly increased instanta-
neous firing frequency responses to filtered inspiratory or
square-wave stimuli, had no effect on frequency evoked by
endogenous (unfiltered) synaptic waveforms.

Results indicate that oscillations in synaptic inputs generated by
central respiratory circuits maximise neuronal output, and play a
dominant role in controlling the timing of action potentials during
behaviourally relevant repetitive firing, even in the presence of neu-
romodulators.

References

1. Brownstone RM, Jordan LM, Kriellaars DJ, Noga BR, Shefchyk SJ:
On the regulation of repetitive firing in lumbar motoneurones
during fictive locomotion in the cat. Exp Brain Res 1992, 90:
441-455

2.  Christakos CN, Cohen MI, Barnhardt R, Shaw CF: Fast rhythms
in phrenic motoneuron and nerve discharges. J Neurophysiol
1991, 66:674-687

3. Liu G, Feldman JL, Smith JC: Excitatory amino acid-mediated
transmission of inspiratory drive to phrenic motoneurons. J
Neurophysiol 1990, 64:423-436

4. Huang WX, Cohen M|, Yu Q, See WR, He Q: High-frequency
oscillations in membrane potentials of medullary inspiratory
and expiratory neurons (including laryngeal motoneurons). J
Neurophysiol 1996, 76:1405-1412

5.  Smith JC, Greer JJ, Liu GS, Feldman JL: Neural mechanisms
generating respiratory pattern in mammalian brain stem-
spinal cord in vitro. |. Spatiotemporal patterns of motor and
medullary neuron activity. J Neurophysiol 1990, 64:1149-1169

6. Parkis MA, Robinson DR, Funk GD: A method for activating
neurons using endogenous synaptic waveforms. J Neurosci
Methods 2000, 96:77-85

Acknowledgement: Supported by the Marsden Fund, Lotteries
Health, AMRF, NZNF and the Paykel Trust. Studies were approved
by the University of Auckland Animal Ethics Committee.

4.3

Physiological and pharmacological properties of
GABA-ergic gain modulation of canine ventral
respiratory group (VRG) neurons

EJ Zuperku, V Tonkovic-Capin, EA Stuth, AG Stucke, FA Hopp,
M Tonkovic-Capin, DR McCrimmon

Department of Anesthesiology, Medical College of Wisconsin & VA
Medical Center, Milwaukee, WI, USA; Department of Physiology,
Northwestern University Medical School, Chicago, IL, USA

In vivo local application of the selective GABA, receptor antago-
nist bicuculline methochloride (BIC) to respiratory neurons in the
caudal VRG of dogs produces a profound increase in their dis-
charge frequency (F,) pattern. The resulting F,, pattern is an ampli-
fied replica on the underlying control F, pattern even when the
pattern is reflexly altered, for example by lung inflation, or enhanced
by changes in chemodrive [1]. These results suggested the pres-
ence of a tonic GABAergic gain modulation (GM) that normally



attenuates the F pattern to typically less than 50% of the
unblocked pattern. This multiplicative process can be modeled as:
Fout=(1-0)*F,,, where F_, and F,  are the instantaneous F s in the
presence and absence of GABAergic inhibition, respectively, and
o is the relative magnitude of tonic inhibition. The pharmacology of
this mechanism is unusual in that picrotoxin, a noncompetitive
GABA, receptor antagonist, does not produce GM, but is able to
block the silent phase inhibition [2]. Also, recent in vitro studies
have shown that the methyl derivatives of bicuculline block spike
afterhyperpolarizations (AHPs) mediated by small conductance
Ca?+ activated K+ channels (SK) [3]. The main objective of this
study was to compare the in vivo effects of BIC with those of the
SK channel blocker apamin on endogenously- (spontaneous) and
exogenously-induced neuronal activities to discern the mechanism
for BIC effects.

Multibarrel micropipettes were used to record single unit activity
from cVRG neurons in decerebrate dogs before and during
picoejection of agonists and antagonists. Cycle-triggered histograms
were used to quantify the F patterns and to determine the drug-
induced changes in the gain and offset of the spontaneous F, pat-
terns. For the exogenous aspect of the study, the net increase in F,
due to repeated short duration picoejections of the glutamate recep-
tor agonist, a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA), was quantified before and during locally induced antago-
nism of 1) GABA, receptors by BIC or 2) SK channels by apamin.
BICm and apamin produced similar marked increases in gain, but
different offsets. During maximum SK channel block with apamin,
BICm produced an additional 112£22% increase in peak F.. Con-
versely, apamin produced an additional 176 + 74% increase in peak
F, during the maximum BICm-induced response. The net AMPA-
induced increases in F, were not significantly altered by BIC, but
were amplified in accordance with the gain increase produced by
apamin block of AHPs.

These results suggest that the BIC-sensitive GM of canine cVRG
neurons is not due to a nonspecific block of AHPs, but is due to a
GABAergic mechanism that modulates endogenously-, but not
exogenously-induced activity. GABAergic GM, acting possibly via
a shunting inhibition, may be functionally isolated from the
soma/spike initiation zone to allow multiple nonrespiratory behav-
iors to be expressed by the same neurons, while providing adaptive
respiratory gain control.
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4.4

Contribution of cholinergic systems to state-
dependent modulation of respiratory networks

MC Bellingham, GD Funk*, MF Ireland, GB Miles*,
DM Robinson*, SR Selvaratnam*

Department of Physiology & Pharmacology, University of Queensland,
Brisbane, Australia; *Department of Physiology, University of Auckland,
Auckland, New Zealand

The sleep/wake cycle is controlled by reciprocal inhibition between
cholinergic and aminergic cell groups in the pons and brainstem
[1]. In rapid eye movement (REM) sleep, cholinergic neurone dis-
charge is at its highest level while aminergic discharge is at the
lowest level across all behavioural states [1]. These changes are
accompanied by alteration of respiratory pattern and in the output
of some respiratory motoneurone pools [1]. While effects of amin-
ergic receptors on respiratory pattern and motor output have been
extensively investigated, less is known of the effects of cholinergic
receptors. Disease syndromes such as obstructive sleep apnoea in
adults or infants, or sudden infant death syndrome may involve
abnormal cholinergic receptor-mediated responses.

Here we report network and cellular effects of muscarinic acetyl-
choline receptors (MAChRs) on respiratory pattern and motor
output in hypoglossal motoneurons (HMs) using invitro slice
preparations from mouse. Rhythmically active brainstem slices
were made from mice (PO-4 days) and the mAChR agonist, mus-
carine was bath applied (10 uM, n=8). As illustrated in Fig. A, inte-
grated hypoglossal nerve (Int XII N) burst amplitude increased by
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801+24% (meantSE) while burst frequency decreased
(-84 £ 7%). Local injection of muscarine (100 uM, n=14) over the
hypoglossal nucleus (nXIl) produced an increase in Int XII N burst
amplitude (96 £23%) but no change in burst frequency (5% 4%).
Injections of muscarine (n=3) in the pre-Bétzinger complex (PBC)
decreased IntXIIN burst frequency (-20+5%) and increased
burst amplitude (60+12%). These effects were blocked by bath
application of atropine (n=3, 1 uM). In whole cell recordings from
HMs (n=14) local nXIl or bath application of muscarine evoked an
inward current (-29 5 pA) in voltage clamp at -60mV (see Fig. A
for example) and depolarization in current clamp. This current was
associated with increased neuronal input resistance (Rn) which
was greater at vo