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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
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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 artific