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ABSTRACT

Rhythmically active medullary slice preparations isolated from neonatal rats (PO-
P3) were used to study the modulation of respiratory rhythmogenesis and hypoglossal
(XID) nerve discharge by serotonin (5-HT) and noradrenaline (NA). 5-HT, NA and their
respective receptor agonists and antagonists were applied either to the bathing medium
or focally via pressure injection into regions encompassing the pre-Bdtzinger complex
(pre-Bo5tzC) or XII motoneurons. The effects of endogenously released 5-HT were also
studied by chemical stimifation of neurons within the nucleus raphé obscurus.

The frequency ¢¥ wespiratory burst discharge was increased when 5-HT was
applied: i) to the bathing medium (37+16%; 30uM; p <0.05), ii) via pressure injection
into the region of the pre-BotzC (22+14%; p<«<2Z5 pmoles; p<0.05) or, iii)
endogenously released in response to activation of neurons within the nucleus raphé
obscurus via pressure injection of AMPA (34+415%; p<90.05) or 5-HT (33+5%;
P <0.03). All of these effects were antagonized by bath application of methysergide (30-
40 uM).

NA caused a reduction of respiratory burst frequency when applied to the bathing
medium (601+15%; 100 uM; p<0.05) or when pressurc injected into the region of the
pre-BotzC (22:£11%; <25 pmoles; p<0.05). These effects were blocked by the bath
application of a, adrenergic receptor antagonist idazoxan (2 uM).

5-HT and NA both caused an augmentation of tonic discharge of XII nerves when

applied either to the bathing medium or via pressure injection into the XII motoneuron



pool. The 5-HT induced XII nerve tonic discharge was mimicked by the 5-HT, receptor
agonist DOI.HCI (5 uM) and blocked by the S-HTz receptor antagonist ketanserin tartrate
(30-40 uM). The NA induced tonic XII nerve discharge was mimicked by the «;
adrenergic receptor agonist phenylephrine HCl (500 nM) and blocked by the ¢,
adrenergic receptor antagonist prazosin HCI (1uM).

Finally, immunocytochemistry was used to demonstrate the presence of 5S-HT and
catecholaniine (TH) containing ner;/e fibres sithin the proposed rhythm generating centre

(pre-BotzC) and the XII motoneuron pool.
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1 DUCTT

1.1 Neural control of mammalian respiration

The neural control of mammalian respiration has been of interest to neurobiologists
for centuries. Pazticular attention has focused on the identification of the site responsible
for respiratory rhythmogenesis and the neurochemical factors that control neuronal
activity within this location. Early studies involved rather crude lesioning of various
regions within the pons, medulla and spinal cord of anesthetized anisals. Not
surprisingly, many of these lesions resulted in some type of perturbation of respiratory
motor discharge, however no specific nucleus could be clearly identified as being the
source of rhythmogenesis (Feldman, 1986). Recently, finer lesioning techniques using an
in vitro preparation derived from neonatal rats (described below), have led to the
identification of a well-defined region within the ventrolateral medulla which is currently
thought to be the primary sight for respiratory rhythmogenesis (Smith et al. 1991). This

area is referred to as the pre-Botzinger complex (pre-BotzC).

1.1.1 Pre-Botzinger complex (pre-BotzC) - putative medullary region responsible
Jor respiratory rhythm
There are three concentrated regions of respiratory-related neurons within the

brainstem; the pontine respiratory group (PRG), dorsal medullary respiratory group



(DRG) and the ventral medullary respiratory group (VRG). For the purposes of discussing
the site of r&spirafory rhythmogenesis, we need only be concerned with the VRG. The
VRG consists of a column of cells within the ventrolateral medulla in the region of the
nucleus ambiguus and nucleus retroambigualis, spanning from the spinomedullary border
rostral to the retrofacial nucleus (Fig. I-1). This column of cells is not homogeneous with
regard to the functional properties of respiratory neurons. Populations of predominantly
expiratory neurons are found in regions of the VRG caudal to the obex (region near the
floor of the fourth ventricle). The intermediate regions of the VRG contain a large
proportion of inspiratory neurons. Another distinct population of expiratory neurons are
found rostral to the r'VRG and are located medial to the retrofacial nucleus. This group
of expiratory neurons is referred to as the Botzinger complex (the name Botzinger was
rather arbitrarily adopted at a respiratory control meeting held in 1980 adjacent to the
Botzinger vineyard near Heidelberg). An area which is thought to contain the neuronal
substrate underlying respiratory rhythmogenesis is situated between the rostral portion of
the ventral respiratory group (rVRG) and the Botzinger complex (Smith et al. 1991) , an<
it has been referred to as the pre-BotzC (Fig. I-1). It has been clearly demonstrated that
this discrete region of the medulla, when maintained in vitro, is capable of generating a
respiratory related rhythm (Smith et al. 1991) . There is currently no evidence to show
that any other region of the neuraxis can generate respiratory related oscillations. Further
studies, utilizing neonatal rat in vitro and in vivo rat and cat models, have demonstrated
that pharmacological blockade of neuronal activity or lesioning of this region of the

brainstem results in the elimination of respiratory related neural discharges (Smith et al.



1991, Connelly et al. 1991; Funk et al, 1993). Thus, the current working hypothesis is
that the pre-Botzinger region contains the kernel of cells accountable for respiratory
rhythmogenesis (Smith et al. 1991).

The pre-Bo6tzC contains a population of neurons which have characteristics typical
of conditional pacemaker neurons. These cells generate large membrane potential
oscillations and bursts of action potentials when depolarized into the -55 mV range. The
time interval between these oscillations decreases as the membrane is further depolarized.
In contrast, neurons in adjacent regions respond differently by simply displaying a series
of action potentials in response to a depolarizing current (Smith et al. 1991). The pre-
BotzC is not exclusively comprised of such pacemaker-like cells, however. Neurons
displaying inspiratory-modulated, expiratory-modulated and phase spanning activity have
also been found within this region (Smith et al. 1991; Connelly et al. 1992a;
Schwarzacher et al. 1995).

Histological evidence utilizing retrograde tracing techniques has shown that the
pre-BotzC also has anatomical features distinct from the rost-~1 and caudal regions of the
VRG. Regions of the VRG outside of the pre-BotzC contain large populations of
bulbospinal neurons and cranial motoneurons (IX and X). In contrast, within the pre-
BotzC, there is a relative paucity of these cell types and a high density of propriobulbar
neurons (Smith et al 1991; Dobbins and Feldman 1994). The presence of a high
concentration of interneurons is in agreement with the idea of the pre-BotzC being a
central source for the transmission of respiratory rhythm to other respiratory-related

regions including premotoneurons and descending bulbospinal premotoneurons (Smith et



al. 1991). .

Currently, the pre-BotzC region is being investigated both in vitro and in vivo in
hopes of determining the neuronal mechanisms underlying respiratory rhythm generation.
There are two divergent views regarding the generation of respiratory rhythm. One view
states that a population of pacemaker cells (Onimaru et al. 1992) are responsible for
generating the basic respiratory rhythm. In support of this view, as stated above, neurons
with pacemaker-like properties have been identified in the pre-BotzC region in vitro.
However, no causal link between the discharge of these pacemaker-like neurons and
respiratory rhythmogenesis has been demonstrated. Moreover, neurons displaying
pacemaker-like properties have not been described within the pre-BotzC of any
preparation other than the medullary slice.

The other view of rhythmogenesis proposes that the rhythm arises as a result of
a network of interconnected neurons, none of which are endowed with the ability to
oscillate on their own (Richter 1982). A number of network medels which incorporate
the drive potential profiles of various classes of inspiratory, expiratory and phase-spanning
neurons has been generated. However, there are two fundamental problems with these
models. First, not all of the respiratory neuron types so far recorded from (particularly
those located within the pre-B6tzC) can be incorporated into the models. Second, chronic
in vivo recordings have demonstrated that a given neuron's firing pattern can change from
one pattern to another depending on the behavioral state of the animal (Chang 1993;
Orem 1994). Thus, any model would have to account for such pliable neuronal firing

patterns. A hybrid of the two views has been recently suggested which proposes that there



is a population of conditional pacemaker neurons (i.e. neurons which oscillate when
provided with the appropriate depolarizing drive) which are influenced and controlled by
a network of cells in which they are imbedded (Smith et al. 1992). In summary, while
the region of the medulla responsible for generating respiratory oscillations has been
determined, the underlying neuronal mechanisms responsible for generating the rhythm
remain unclear. However, now that there is a well-defined target within the medulla it
is likely that future recordings from populations of neurons within the pre-BotzC will

provide soni:e more definitive data towards solving this fundamental and long-standing

probiem.

1.1.2 Neurochemical control of resynration

Excitatory amino acids (EAA), acting predominantly on non-NMDA receptors,
play an important role in both respiratory rhythmogenesis and the transmission of
inspiratory drive to the spinal and cranial inspiratory motoneurons in the mammalian
nervous system. In vitro studies utilizing the isolated neonatal rat brainstem-spinal cord
and medullary slice preparations, have shown that the frequency of spontaneous
respiratory bursting is decreased in a dose-dependent manner by the addition of the non-
NMDA receptor antagonist CNQX (Greer et al. 1991; Funk et al. 1993). Furthermore,
when the levels of endogenously released EAAs are amplified, by the addition of EAA
uptake inhibitors to the bathing medium, there is a dose-dependent increase in respiratory
discharge frequency. These results suggest that EAAs acting at non-NMDA receptors

(AMPA and/or kainate) are providing a conditioning drive to maintain



Fig. I-1

A) Dorsal view of the brainstem illustrating the location of the pre-Botzinger complex
(pre-BotzC), in relation to the other brainstem regions involved in the control of
breathing.

B) A schematic diagram illustrating a transverse section of the medullary slice

preparation.

Fig. 1A is adopted from Feldman, J.L. (1986). Neurophysiology of breathing in mammals. Handbook
of Physiology, section 1: The Nervous System, vol. 4, Intrinsic Regulatory Systems of the Brain. (FE

Bloom, Ed.). Bethesda. MD, American Physiology Society. 463-524.
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and modulate rhythmogenesis. Blockade of EAA receptors within the pre-BotzC in vivo,
likewise, leads to perturbations of respiratory frequency (Connelly et al. 1992b).

In vitro preparations have also been utilized to investigate the roles of pre-BotzC
in the transmission of inspiratory drive to cranial and spinal motoneurons. The amplitude
of inspiratory population discharge of cranial (IX, X, XII) and spinal (C1,C2,C4 and
thoracic) motoneurons is decreased in a dose dependent manner by CNQX (Lui et al.
1990; Greer et al. 1991; Funk et al. 1993) and increased by EAA uptake inhibitors
(McCrimmon et al. 1989) when applied to the brainstem spinal cord preparation's bathing
medium. Glutamate-mediated inspiratory drive transmission to phrenic motoneurons is
also depressed by the presynaptic actions of AP4-sensitive receptors (Greer et al. 1992a).

While EAA seem to be responsible for maintaining the basic respiratory rhythm
and drive transmission, a number of other neuromodulators have been implicated in the
control of breathing. Neurotransmitters such as monoamines (Lalley, 1986; Hilaire et al.
1989), acetylcholine (Champagnat et al. 1979; Murakoshi et al. 1985), endogenous
opioids (Greer et al. 1995b; Moss and Inman 1989) and thyrotropin releasing hormone
(TRH) (Greer et al. 1995a), either augment or attenuate respiratory frequency. Particular
attention has been focussed on the two monoamine neurotransmitter systems addressed
in this thesis, serotonergic (5-HT containing) and noradrenergic, due to their diverse roles
in various behavioral functions that affect respiration, such as sleep (Jouvet 1969).

The role of neuromodulators in controlling inspiratory drive transmission to cranial
and thoracoabdominal motoneuronal pools is also receiving considerable attention. There

is evidence that postsynaytic recepters for GABA, serotonin (5-HT), noradrenaline (NA),



substance P, neuropeptide Y, galanin, metenkephalin, TRH are present in the phrenic
nucleus (Ellenberger et al. 1992). Presynaptic 5-HT (Lindsay and Feldman 1993),
GABA,;, glutamate (via AP4) receptors have also been identified (Lui et al. 1990). A
relevant question is, why are there so many neurotransmitters required to modulate
respiratory drive in addition to glutamate (excitatory) (Lui et al. 1990) and GABA
(inhibitory) (Fedorko et al. 1987)? It may reflect the fact that different neurotransmitter
systems modulate various behaviours, which in turn place demands on respiratory
function, for example, to increase/decrease frequency of breaths, or the tidal volume.
Indeed, it has been proposed that the diversity of neurotransmitter receptors in the phrenic

nucleus ensures that breathing is adjusted to the various respiratory demands that different

behaviours may exert (Feldman, 1986).

1.2 Purpose and rationale of the study

The purpose of this study was to provide further information concerning the
neurochemical control of respiration. This study specifically focussed on serotonergic and
noradrenergic influences on respiratory frequency and the inspiratory drive to
motonem:ons (XII) controlling upper airway patency. The experimental model utilized in
these studies was the medullary slice in vitro preparation isolated from neonatal rats. This
preparation contains the respiratory rhythm generating centre (pre-BotzC) and a
population of XII motoneurons. Moreover, the preparation spontaneously generates a
respiratory-related motor discharge in vitro and is thus suitable for pharmacological

studies which assay the effects of particular neurotransmitter receptor agonists and



antagonists. The following four fundamental questions were addressed:

— - _—

1. Do 5-HT and NA modulate both the frequency of respiratory rhythm and the amplitude

of hypoglossal motoneuronal discharge?

2. Which regions of the brainstem mediate the 5-HT and NA induced effects on
respiratory rhythm and inspiratory drive transmission to hypoglossal motoneurons?

3. Which receptor subtypes are responsible for the differing effects of S-HT and NA on
respiration?

4. Are there monoaminergic projections innervating the pre-B6tzC and XII motoneuron

pool?

Four experimental approaches were used to address these questions. 1) Agonists
and antagonists to 5-HT and NA receptors were added to the medium bathing medullary
slice preparations. ii) Agonists and antagonists were applied focally, via pressure ejection,
to regions of the pre-BotzC and XII motoneuron pool. iii) The effects of endogenous 5-
HT release, induced by pressure ejection of AMPA and 5-HT into the nucleus raphé
obscurus (which is also contained within the medullary slice) were assayed. iv) Finally,
the presence of 5-HT and catecholamine containing fibres within the pre-B6tzC and XII
motoneuron pool were determined with immunohistoéhemical labelling.

Before proceeding with the presentation of this research, I will specifically discuss
previous work related to the role of 5-HT and NA in the control of breathing and further

discuss the medullary slice preparation.



1.3 Monoaminergic modulation of respiration

There is a particular interest in the role of serotonergic and noradrenergic
transmitter systems in the modulation of breathing during different sleep states. The
activity of ponto-medullary noradrenergic and serotonergic neurons fluctuate during
waking and various sleep states (Jones, 1991). Moreover, previous studies have shown
that these two neurotransmitters have profound effects on both breathing frequency and
the amplitude of respiratory motoneuron activity (Champagnat et al. 1979; Lalley, 1986;
Millhorn, 1986; Hilaire et al. 1989; Monteau et al. 1990; Berger et al. 1992; DiPasquale
et al. 1992; Kubin et al. 1992; Morin, 1993; Funk et al. 1994). Therefore, elucidating
the underlying neuronal mechanisms of serotonergic and noradrenergic actions within
respiratory rhythm generating centres and medullary motoneuron pools, potentially has
significance for the diagnosis and therapy of perinatal breathing disorders as well as for
the design and administration of monoaminergic drugs alleviating respiratory distresses
such as obstructive sleep apnea syndrome (OSAS).

The presence of extensive axonal connections from medullary 5-HT containing
raph€ nuclei (nucleus raphé magnus and the nucleus raphé obscurus) and the
catecholaminergic cells (medullary C1 and C2) to the ventrolateral medulla, suggests that
these monoaminergic nuclei have a role in affecting respiratory drive (Dahlstrém and
Fuxe 1964; Levit and Moorg 1979; Aldes et al. 1988; Aldes et al. 1989; Holtman 1990;
Pilowski et al. 1990, 1994; Sun et al 1994). Numerous pharmacological investigations

have shown that influencing brainstem monoaminergic activity effects respiration. Such

10



studies have ranged from neurotoxic lesioning of monoaminergic medullary cells to the
administration of monsaminergic recepto;' agonists to respiratory neurons (Eldridge and
Milthorn 1981}. However, as outlined below, many of the pharmacological studies have
generated contradictory data.

1.3.1 Effects of 5-HT on respiration in vivo

Numerous investigations in vivo have focussed on modulating 5-HT levels in
various anisnal models, in order to study the effects of S-HT on respiration centrally.
Increasing 5-HT's synaptic levels can be achieved by either directly injecting 5-HT into
the model of interest, inhibiting the uptake mechanism, inhibitihg‘ enzymic breakdown or
stimulating raphé {5-HT containing celis) activity. Endogenous S-HT levels have been
decreased by administering drugs which block S-HT synthesis and chemical lesioning of
5-HT neurons. Finally, receptor antagorists have been administered to block the actions
of endogenously releassed 5-HT.

1.3.1.1 Exogenous applicasion of S-HT

The effects of administering 5-HT systemicaily are to be ignored here because 5-
HT is unable to cross the blood-brain-barrier, therefore any result obtained is peripheral
in origin. However, systemic administration of L-5-hydroxytryptophan (5-HTP), a 5-HT
precursor which crosses the blood-brain-barrier, produces an increase in the frequency
of respiratory rate in various species (Bogdanski et af, 1958). There is also evidence

showing that i.v. administration of 5-HTP causes inhibition of the amplitude of yitrenic
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nerve activity in cats (McCrimmon and Lalley 1982).

Injections (;f 5-HT i.c.v., causes a facilitatory effect on the respiratory rate
(number of breaths per minute) in oxen (Findlay and Thompson 1968) and in awake
(Gaddum and Vogt 1956) and anaesthetized cats (Felberg and Sherwood 1954). However,
in another study in cats, 5-HT induced a biphasic effect, i.e. facilitation followed by a
reduction in respiratory frequency (Lambert et al. 1978).

Studies involving 5-HT injections directly into the brainstem respiratory nuclei
have also generated contradictory results. S-HT iontophoretically applied to what are
described as "spontaneously active brainstem neurons" confined to the ventral suriace of
the medulla, rostral to the level of the 'obex, caused prolonged excitation of meargnal
discharge (Boakes et al. 1970; Bramwell and Bradley 1974). In other studies, $-HT
focally applied to inspiratory neurons in the dorsal and ventral surfaces of the same
region, caused excitation in half of the inspiratory neurons tested and inhibition in the
other half (Holsi et al. 1971; Champagnat et al. 1979; Arita and Ochiishi 1991). Arita
and Oochiishi proposed that the inconsistent findings were due to the presence of two
subpopulations of inspiratory neurons. S-HT induced an excitatory response in the
majority of decrementing inspiratory neurons (83 %), whereas, incrementing inspiratory

neurons were mostly inhibited (77%).

1.3.1.2 Inhibition of 5-HT breakdown

5-HT is broken down within the synapse by the enzymes monoamine oxidase, and

monoamine oxidasey (MAO, and MAQ,). Therefore, inhibiting these enzymes results in
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an elevated synaptic concentration of 5-HT. In vagotomized, paralysed, chemodenervated
cats and freely moving rats, injections of MAO inhibitors (i.c.v. and i.p.) led to
prolonged increases in the amplitude of phrenic nerve discharge and respiratory frequency

(Sloviter et al. 1978; Eldridge et al. 1979).

1.3.1.3 Inhibition of 5-HT re-uptake

5-HT and other biogenic amines are taken-up into their respective presynaptic
vesicles as a mechanism of regulating synaptic neurotransmitter levels. Blocking this re-
uptake mechanism results in increased synaptic neurotransmitter levels. The administration
of monoamine uptake blockers in cats, has been reported to cause an augmentation of

hypoglossal (XII) and recurrent laryngeal nerve (RLN) activity (Bonora et al. 1985).

1.3.1.4 Stimulation of endogenous 5-HT release from the raphé nucleus

The activation of 5-HT containing cell bodies (raphé nuclei), by electrical or
chemical stimulation, is a method by which 5-HT can be released from an endogenous
source. Electrical stimulation of the nucleus raphé obscurus in the anesthetized cat results
in an increase in the amplitude and respiratory frequency of neural discharges recorded
from the phrenic nerve. This effect was reversed upon application of a 5-HT antagonist,
methysergide (i.v.), indicating that the effect observed was mediated by 5-HT (Millhorn
1986). However, a similar experiment, conducted under the same conditions produced a
depression of respiratory amplitude and frequency (Lalley, 1986). It should be noted,

however, that experiments utilizing electrical stimulation can produce misleading results.

13



For example, 5-HT coexists with substance P (SP) and TRH within the raphé nuclei
(Tork, 1985). These three neuromodulators are either released differentially or together
depending on the strength of the electrical stimulation. Therefore, when interpreting data
generated from electrical stimulation of 5-HT containing cells, one must consider that the
results can be caused by combinations of any of the three coexisting neuromodulators.
Lateral spread of the stimulus to adjacent regions is another factor to consider when
interpreting electrical stimulation data. Such a spread may influence the activity of an
adjacent region which may not be normally recruited. Chemical activation of the nucleus
raphé obscurus by pressure injection of 5-HT or glutamate in vivo causes a 5-HT
mediated excitation of neuronal activity within the nucleus raphé obscurus (Dreteler et al.
1991; Holtman et al. 1986, 1987) which in turn results in an increased amplitude of
integrated phrenic nerve activity as well as an augmentation of respiratory frequency.
Intraperitoneal (i.p.) injections of compounds inducing the release of 5-HT, such as
parachlorophenylethylalanine (pCPEA), have been shown to increase the respiratory

frequency in freely moving rats (Sloviter et al. 1978).

1.3.1.5 Attenuation of endogenous 5-HT levels

Inhibiting 5-HT synthesis by systemic administration of agents such as
parachlorophenylalanine (pCPA) (tryptophan hydroxylase inhibitor), in awake rats, results
in an augmentation of respiratory frequency (Olson et al. 1979). Based on this
pharmacological finding, it was proposed that 5-HT inhibits the central nervous system

output, which controls normal breathing. Chemical lesioning of S-HT neurons, by i.c.v.
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injection of the 5-HT neurotoxin 5,7,dihydroxytryptamine (5-7-DHT) caused a persistent
depression of respiratory frequency (Olson et al. 1979). Inhibiting 5-HT postsynaptic
actions by i.v. administration of the 5-HT antagonist methysergide produced an immediate
depression of respiratory frequency in cats (Millhorn et al. 1980). Thus, these latter

mentioned results suggest that 5-HT is a facilitatory modulator cf respiration.

1.3.2 Effects of 5-HT on respiration in vitro

In order to study S-HT's modulatory effects on respiration in vitro, different
preparations have been utilized, such as thin medullary slices and the isolated neonatal rat
brainstem-spinal cord preparation. 5-HT"'s effects on respiratory neuronal activity were
investigated by either applying 5-HT to the preparation’'s bathing medium, pressure
injection of 5-HT into various medullary regions, or by inducing endogenous release of
5-HT via stimulating the nucleus raphé obscurus. However, such investigations have also

yielded inconsistent data.

1.3.2.1 5-HT applied to bathing medii:~:

The application of S-HT to the bathing medium of the neonatal isolate¢ brainstem
spinal cord preparation caused an increase in the frequency of rhythmic bursting and an
excitation of phrenic motoneuron discharge (Murakoshi et al. 1985; Monteau et al. 1990;
Morin et al. 1990a,b, Morin 1993; Di Pasquale et al. 1992; Lindsay and Feldman 1993).
The results of S-HT application to crarial motoneurons were equivocal. Morin et al.

reported a strong inhibition of the amplitude of hypoglossal (XII) nerve discharge.
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However, intracellular recordings from XII motoneurons contained within 130xm or 400-
500um thick slice preparations derived from juvenile and adult rats clearly showed that
5-HT depolarized XII motoneurons (Berger et al. 1992). It should be noted that these
slices do not generate respiratory rhythms and thus it is not possible to differentiate

respiratory from non-respiratory XII motoneurons.

1.3.2.2 5-HT administered to specific medullary regions

5-HT injected into the ventroiateral medulla of the isolated neonatal brainstem
spinal cord preparation elicited an increase in the frequency of respiratory tarsts
(DiPasquale et al. 1992). Unfortunately, these investigators did not determine the location

of the injection sites other than indicating that they were within the vicinity of the rostral

ventrolateral medulla.

1.3.2.3 Activating raphé (5-HT cells) activity

The stimulation of medullary raphé nuclei (nucleus raphé obscurus) chemically (via
pressure injection of glutamate) or electrically caused an increase in the frequency of
respiratory bursts and a depression of the amplitude of motoneuronal inspiratory discharge

in the spinal (C4) and hypogiossal (XII) nerves (Morin et al. 1990b). These findings
suggest that S-HT's effects originate from the raphé nuclei to stimulate the respiratory

centre responsible for governing respiratory rhythm and depress cranial and spinal

motoneuronal populations.
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1.3.3 Summary

5-HT's role in modulating respiratory activity still remains unclear, despite the
different approaches used to study its effects. Both in vivo and in vitro studies have shown
that 5-HT induces either excitatory, inkibitory or biphasic effects on respiratory rhythm.
Investigating the effect of S-HT on mowoneuronal activity has also generated inconsistent
findings. Such equivocal results may be due tc the difficulties associated with the route
of administration of S-HT and the limitations of the models used. The merits and
drawbacks associated with using different experimental models to study the neurochemical

control of respiration will be comprehensively discussed later in this chapter.

1.3.4 Noradrenaline (NA)

The locus coerulus (LC) and other NA containing group (such as the locus
subcoerulus, C1, C2, AS) have diffuse axonal pathways. Immunohistochemical studies
have demonstrated the presence of NA containing terminals within populations of
medullary respiratory related neurons (Sun et al. 1994). It is therefore assumed that NA
plays a modulatory role in mediating respiration. There appears to be a general agreement
with respect to certain aspects of the central effects of NA on respiration. Several
investigators, utilizing both in vive and in vitro models, have reported that NA has a
depressant effect on respiratory rhythm. The actions of NA on XII motoneurcn
respiratory discharge is less clear, as some studies report an excitation, while others
report no effect (Bolme and Fuxe 1973; Champagnat et al. 1979; Murakoshi et al. 1985,

Hilaire et al. 1989; Errichidi et al. 1990, 1991; Arita and Oochiishi 1991; Parkis et al.
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1994; Funk et al. 1994; Zou 1994).

1.3.4.1 Effects of NA on respiration in vivo

Peripheral administration of adrenergic agonists appears to exert an excitatory
effect on respiration. This is attributable to the stimulation of cardiopulmonary adrenergic
receptors, resulting in cardiac excitation and arterial constriction (Bowman and Rand
1980). This effect is in turn relayed to the brainstem to induce an increase in respiratory
frequency to accommodate for this behaviour. Adrenaline and NA also cause excitation
of peripheral chemoreceptors which evokes an increase in respiratory activity (Moss and
Inman 1989).

Centrally, NA has an inhibitory effect on respiration. Administration of adrenergic
receptor agonists 1-a-(3,4-dihydroxybenzyl) a-hydrazinopropionic acid (MK 486) and
2,6,dichlorobenzylidene aminoguanidine acetate (DCBAG) (i.p. and i.v.) produced a
decrease of respiratory rate in rats (Bolme and Fuxe 1973). In other studies, using cat and
opossum models, focal administration of NA within populations of decrementing and
augmenting inspiratory neurons caused a decrease in inspiratory neuronal firing and

breathing frequency (Champagnat et al 1979; Arita and Ochiishi 1991; Funk et al. 1994;
Zou 1994).

1.3.5 Effects of NA on respiration in vitro

Various in vitro preparations, such as the isolated brainstem spinal cord

preparation and thin medullary slices, have been utilized to examine NA's effect on
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respiration (Murakoshi et al. 1985; Hilaire et al. 1989; Errichidi et al. 1990,1991; Parkis
et al. 1994; Funk et al. 1994). NA, applied to the isolated neonatal rat brainstem spinal
cord preparation and the medullary slice, causes a decrease in the frequency of
respiratory rhythm. However, there have been contradictory reports regarding the actions
of NA on XII motoneuron discharge with one group reporting no effect (Hilaire et al.
1989) and two other studies clearly showing an excitatory effect (Parkis et al. 1994; Funk

et al. 1994).

1.3.5.1 Decreased frequency of respiratory rhythm

Electrical stimulation of the pontine noradrenergic AS region in the isolated
brainstem spinal cord preparation elicits a decrease in the frequency of respiratory rhythm
This demonstrates that projections from structures located within the caudal ventrolateral
pons can depress the respiratory rhythm generator. Pharmacological experiments suggest
a noradrenergic origin for this inhibitory drive. Adrenergic o, receptor antagonists
(yohimbine and idazoxan) were applied to the bathing medium to block the actions of the
endogenous release of NA from the A5 group within the attached pons and a dose-
dependant increase in the rate of respiratory frequency was observed. Administration of
idazoxan to the medium bathing the brain stem region of the preparation (in this case with
the pons removed) reversed the depression of réséiratory frequency produced by
exogenous application of NA, further implicating the o, adrenergic receptor in respiratory

modulation. (Hilaire et al. 1989; Errichidi et al. 1990, 1991).
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1.3.5.2 Augmented motoneuronal activity-tonic activity

Administering NA to the isolated brainstem spinal cord preparation resulted in an
augmentation of phrenic motoneuronal activity and an increase in the amplitude of
inspiratory discharges. This effect was mimicked by the a, adrenergic receptor agonist
phenylephrine and blocked by the o, adrenergic receptor antagonist prazosin (Errichidi
et al. 1991).

However, tonic motoneuronal depolarization was never observed from hypoglossal
nerve roots of the isolated brainstem spinal cord preparation (Hilaire et al. 1989; Errichidi
et al. 1990,1991). This is in contrast to the findings of Parkis et al. (1994) and Funk et
al. (1994) utilizing medullary slices. NA focally applied to the hypoglossal motoneuron

pool depolarized XII motoneurons in those studies.

1.3.6 Summary

NA appears to induce an inhibitory effect on the frequency of respiratory
dischatge (Champagnat ¢t al 1979; Arita and Ochiishi 1991, Zou 1994). The receptor
subtype responsible for mediating this effect is proposed to be the adrenergic o, receptor
subtype (Errichidi et al. 1990, 1991). Excitation of cervical respiratory motoneurons
induced by NA was determined to be due to the activation of the adrenergic a, receptor

subtype encompassing the motoneuron nuclei. However, the actions of NA on XII

motoneuron discharge are unclear.
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1.4 Problems associated with studying the neurochemical control of respiration

In order to accurately determine the effects of 5-HT and NA on reépiration ata
central level, respiratory centres within the ventrolateral medulla should be directly
affected, without affecting sources which may indirectly alter respiratory drive. In many
past studies, this has not been achieved and perhaps accounts for some of the equivocal
results produced. With oral (p.o.), intravenous (i.v.), intraperitoneal (i.p.) and
intracerebroventricular (i.c.v.) applications, it is difficult to control the concentration and
range of dispersal of a drug within the CNS. There are several indirect physiological
parameters which could be altered to influence respiration, including, behavioral state,
body temperature, blood gas levels and blood pressure. Another factor which may account
for the discrepancies observed thus far is the presence of chemoreceptors in animal
models. Chemoreceptors are responsible for detecting and monitoring blood and
extracelluar fluid levels of respiratory related metabolites such as oxygen, carbon dioxide
and pH. In turn, these chemoreceptors alter respiratory function in accordance to the
levels detected. Without chemodenervating animals, effects observed may be due to
peripheral or central chemoreceptor stimulation. Finally, there is also the added
complication of determining compound specificity. For instance, suggesting that 5-HT is
responsible for inducing a given effect in studies where re-uptake blockers and MAO
inhibitors are used is problematic. These compounds can also affect the levels of other
monoamines such as NA and dopamine. Therefore, when interpreting

neuropharmacological data, all of the factors above must be taken into consideration.
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1.5 In vitro preparations used to study the neural control of respiration

Various in vitro preparations have been devéloped to overcome some of the
problems associated with the in vive models. The types of in vitro preparations used to
study the neurochemical control of respiration can be broadly categorized into those
displaying spontaneous rhythmic activity and those without endogenous rhythmic activity.
In experiments utilizing preparatiens without endogenous rhythmic activity, such as
standard brain slices, it is difficult to predict whether a given cell would normally be
involved in respiration in the intact brain. Moreover, in order to investigate neuronal
behaviours in such a preparation, cells are often either chemically or electrically
activated. Electrical stimulation may activate inputs that are not involved in respiration.
Exogenous application of chemicals, to a particular region of the preparation, may also
generate extraneous results.

Preparations such as the isolated neonatal rat brainstem spinal cord and the
medullary slice generate spontaneous respiratory-related neural discharges. The isolated
neonatal (0-4 days old) brainstem spinal cord preparation (Suzue 1984) displays periodic
neural activity on cranial nerves (IX, X, XII) and spinal ventral roots (cervical and
thoracic) which is characteristic of respiratory motor discharge (Fig. I-2A). The
medullary slice preparation (Smith et al. 1991) is a reduced version of the brainstem
spinal cord preparation, consisting of 500-650 um slice of the neonatal rat medulla (Fig.
I-2B). As discussed in the beginning of the introduction, this region (pre-BotzC) contains
neurons making-up the respiratory rhythm generating centre. In this slice, spontaneousiy

generated rhythmic motor discharge can be recorded from the hypoglossal nerve.
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Fig. I-2 Schematic diagrams illustrating arrangement of recording electrodes and spatial
distribution of respiratory motoneuronal activity.

A) A schematic diagram illustrating the distribution of spontaneous motor activity
recorded from cranial [vagal (X), glossopharyngeal (IX)] and spinal motoneuron
discharge (C1, C4, CS, T2 and T8) on ventral roots.

B) A schematic diagram showing a trace of respiratory motor discharges recorded from

the hypoglossal nerve of a medullary slice preparation.

Fig. 2A is adopted from Smith, J.C., Greer, J.J., Lui, G. and Feldman, J.L. (1990). Neural mechanisms
generating respiratory pattern in mammalian brainstem-spinal cord in vitro. 1 Spatiotemporal patterns of

motor and medullary neuron activity. Journal of Physiology 354:173-183.
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Both of these spontaneously active in vitro preparations are well-suited for
neuropharmacological studies. The relative ease by which the tissues' extracellular
environment is controlled, such as the temperature, pH and ionic composition, provides
added advantages of using such preparations. The lack of afferent inputs from peripheral
organs, such as aortic or carotid chemoreceptors, eliminates influences that may affect
respiration from these sources. Both preparations are mechanically stable, which makes
them suitable for utilizing various electrophysiological and pharmacological techniques
(i.e. whole cell patch clamp and focal iontophoretic administration of drugs without
cardiopulmonary induced movements). Added advantages of utilizing the medullary slice
preparation include the accessibility of medullary regions for direct manipulations and the
lack of superfluous medullary and pontine structures that may respond to neuromodulators
and indirectly interact with the pre-BotzC.

However, criticisms have arisen as to the relevance of these preparations with
respect to the simulation of respiration. These preparations will only generate a
spontaneous respiratory rhythm when isolated from neonatal animals (0-4 days old; PO-
P4). Therefore, when interpreting neuropharmacological data, it is important to recognize
that such data apply to the newborn and not necessarily to adults. The question of the
relative maturity of the neuronal system has to be considered. However, it is worth
noting, that in all mammals studied to date, the respiratory system is capable of
generating breathing movements in utero. Fetal breathing movements are necessary for
the proper development of lung, muscle and perhaps respiratory neurons. Naturally, the

respiratory system must be fully operational at birth to ensure viability. Thus, there is
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reason to believe that many of the basic features of the neuronal control mechanisms
associated with breathing are relatively mature at birth, with perhaps the modulatory
inputs changing postnatally. For example, the o, adrenergic receptor subtype is expressed
earlier than the o, subtype in the neonatal rat's dorsal motor nucleus of the vagus (Fukuda
et al. 1989). Our previous studies of opioid receptor actions on neonatal breathing, show
an age-dependent expression of opioid receptor subtypes (Greer et al. 1995b). Also, TRH
focally applied to the XII motor nucleus does not elicit an effect on XII inspiratory burst
amplitude in slices from PO-P3 mice, however, by P21 a significant augmentation of
motoneuronal activity is observed (Funk et al. 1994).

Another concern regarding the relevance of these in vitro preparations pertains to
the temporal pattern of the motor output. Suzue (1984) suggested that the pattern of the
motor output is similar to that of "gasping”, therefore the preparation may not necessarily
be breathing. This is further reinforced by criticism that the preparation's extracellular
environment is hypoxic, since anoxic conditions lead to gasping in adults. However, later
studies demonstrated that the partial pressure of oxygen and pH in the regions critical to
respiratory function are consistent with aerobic metabolism and conventional neuronal
function (Brockhaus et al. 1993). With respect to the temporal pattern of respiratory
discharges, inspiratory modulated neural bursts generated in vivo from a vagotomized
animal are similar to those of the in vitro preparations (Smith et al. 1950). Detailed
studies of the discharge patterns of medullary and spinal respiratory neurors in vitro have
also demonstrated the similarities between the spatiotemporal organization of respiratory

patterns in vitro and in vive (Smith et al. 1990).
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While the brainstem-spinal cord preparation maintains a rhythmical motor
discharge when bathed in standard artificial CSF, the medullary slice requires additional
priming. Typically, medullary slices do not generate a spontaneous rhythmic motor
discharge unless the potassium concentration in the bathing medium is elevated to 9 mM.
It is thought that the elevated extracellular potassium depolarizes neurons responsible for
generating respiratory rhythm sufficiently to activate the neural network underlying
respiration. Presumably, the tonic depolarizing drive provided by the release of EAAs in
the brain stem-spinal cord preparation has been removed during the isolation of the
medullary slice (Greer et al. 1991). This may result in complications when interpreting
pharmacological data. There are two fundamental differences between the brain stem-
spinal cord and medullary slice preparations. First, the membrane potential of neurons
within the medullary slice are significantly more depolarized as compared with neurons
in the brain stem-spinal cord preparation because of the higher (9 mM) potassium
concentration needed to ensure rhythmicity in the slice. The increased potassium will
depolarize pre- and post-synaptic terminals, actions which will augment the liberation of
excitatory and inhibitory neurotransmitters as well as change the relative states of voltage
sensitive ionic channels and the potassium reversal potential in the medullary slice as
compared to the brain stem-spinal cord. Thus, the underlying substrate (ionic currents and
basal neurotransmitter release) upon which drugs act will differ in the two preparations.
Second, the two preparations contain different populations of viable neurons. In the case
of the medullary slice, all but a limited portion of the medulla (pre-B5tzC) has been

removed. Thus, any extramedullary structures outside this region which could influence
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respiratory rhythmogenesis will not play a role in the drug-induced response.

1.6 Recapitulation of the thesis project outline

To summarize, this study primarily centres on examining the actions of 5-HT and
NA in modulating respiratory neural discharge generated by the neonatal rat medullary
slice preparation. The effects of the two moncamines have generated a great deal of
attention partly due to their proposed roles in mediating different sleep states and their
involvement in sleep related respiratory distresses, such as OSAS (Conway et al. 1982).
Therefore, the elucidation of the noradrenergic and the serotonergic effects on central
respiratory drive may provide a possible insight to the neurochemical factors associated
with such disorders. The effects of the two monoamines on the frequency of neural bursts
and XII motoneuronal excitability were examined by directly affecting the rhythm
generating centre and a subset of motoneurons controlling upper airway patency. The
application of specific receptor agonists and antagonists was used to further determine the
receptor subtypes responsible for the varying effects observed. Immunolabelling was used
to determine whether 5-HT and catecholaminergic fibres are present within the rhythm
generating centre and the hypoglossal motoneuron . clei thus providing a morphological

basis for the pharmacological effects observed.
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2.1 Medullary slice preparation

Experiments were performed using a medullary slice preparation that retains a
functional respiratory network. Sprague-Dawley neonatal rats (0-4 days old) were
anaesthetized with metofane, decorticated and the remaining vertebral column placed in
a dissection chamber filled with 'artificial CSF solution' (for composition see below). The
skull covering the brainstem was removed and a laminectomy was performed to expose
the cervical spinal cord. The isolated brainstem-spinal cord was then pinned down, ventral
surface upward, on a paraffin-coated block. The block was mounted in the vise of a
vibratome bath (Pelco, VT 1000). The brainstem was serially microsectioned caudally in
the transverse plane, starting from the pontomedullary junction (rostral medulla) to within
“200 um of the rostral boundary of the pre-BotzC, as judged by the appearance of the
inferior olive. A single transverse slice containing the pre-BotzC and more caudal
reticular formation regions was then cut (500-600 um thick), transferred to a recording
chamber and pinned onto a Sylgard elastomer. The medullary slice was bathed in
physiological solution similar to that used for the brain stem-spinal cord preparation,
except for the potassium concentration, which was elevated to 9 mM. The bath contained
a physiological solution consisting of (mM): 128 NaCl, 9.0 KCl, 1.5 CaCl,, 1.0 MgSO,,

24 NaHCO,, 0.5 NaH,PO4, and 30 D-glucose equilibrated with 95%0,-5%CO, at 27°C

28



(PH=17.4).

2.2 Drug application

2.2.1 Bath application of drugs.

Dose-response data were derived by measuring the changes in frequency of
respiratory XII nerve bursts in response to cumulative addition of increasing
concentrations of drugs to the bathing medium (~10 ml bath), except during the assaying
of 5-HT and NA's effects. Dose-response data for 5-HT and NA were derived from trials
where a single dose of 5-HT or NA was added to the bathing medium. This was followed
by either wash-out and a subsequent application of a different dose of 5-HT or NA, or
the addition of a 5-HT or NA receptor antagenist. The accumulative administration of
increasing doses of 5-HT or NA to the preparation’s bathing medium produced a reduced
response in comparison to what was observed with single doses (perhaps due to
tachyphylaxis). Mean values for the period of respiratory nerve discharge (Fig. II-1B and
Fig. II-5C) were calculated for 2-3 minutes pre- (control) and 5-10 minutes post-
application of drugs to the bathing medium. The mean values for the period of respiratory

drive nerve discharge (post application) of each experiment was compared to the control

value (pre-drug application).

2.2.2 Pressure injection of drugs.

For focal application, drugs were delivered via pressure cjection (20 psi;

Picospritzer, General Valve Co.) using either single- or double-barrelled micropipettes.
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In the case of double barrelled electrodes, one electrode was filled with one of the
following test drugs diluted in artificial CSF containing 9 mM K*; 1 mM S-HT, 1mM
NA, i mM (R,S)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrobromide
(AMPA), and 1 mM R(-)2-(2,5-dimethoxy-4-iodophenyl) aminoethane hydrochloride
(DOIL.HCI). The second barrel was used to deliver either the vehicle solution (artificial
CSF containing 9 mM K*) or pontamine sky blue for the marking of ejection sites.
Pipettes were mounted on a microdrive (Newport) and advanced (100-250 um from the
surface) into regions near either the nucleus raphé obscurus, the pre-BotzC, or the
hypoglossal motoneuron pool. Injection volumes were determined to be less than 25 nl
(<25 pmoles) by observing the fluid meniscus with a microscope equipped with a
calibrated reticule. The vehicle injected at equal volumes did not modify the spontaneous
respiratory rhythmic discharge. A fifteen minute interval between successive applications
of drug was sufficient to allow for the wash-out of previously applied drug and a return
to base-line respiratory rhythmic motor discharge. Injection sites were marked by
iontophoretic deposition of dye. Slices were fixed in 4% paraformaldehyde, frozen and
sectioned on a cryostat (40 um), and counter-stained with neutral red. Camera lucida
reconstructions were made to illustrate the position of the dye spots in the transverse
plane of the medullary slice. With regards to the location of the region of interest,
pontamine sky blue dye spots were utilized to identify injection sites and rapid responses

following drug injections were an indication of regional proximity.
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2.2.3 Drugs applied.

The specificity and characterization of the 5-HT receptor aéonists and antagonists
used in this study have been described by Peroutka et al. (1990). Drugs added to the in
vitro bathing solution included: 5-HT; 8-OH-DPAT.HBr (R(+)-8-
hydroxydipropylaminotetralin hydrobromide), a selective S-HT,, receptor agonist;
DOI.HCI, a selective 5-HT, receptor agonist with a higher affinity for the S-HT,, receptor
subtype; ketanserin tartrate, a selective 5-HT ,., receptor antagonist; methysergide, a
relatively non-selective 5-HT, and S-HT, receptor antagonist; 1-(m-chlorophenyl)-
biguanide HC1 (m-CPBG), a 5-HT; receptor agonist.

Adrenergic agonists and antagonists added to the bathing medium included: NA
bitartrate; phenylephrine HC1 R(-), an a, receptor agonist; idazoxan HCIl, an o, receptor
antagonist and prazosin HCl, an a, receptor antagonist.

Dr. F. G. Boess from‘ the Department of Pharmacology at the University of
Alberta kindly provided the m-CPBG. 5-HT was obtained from Sigma, and all other

compounds were purchased from Research Biochemicals International.

2.3 Recording and analysis

Recordings of cranial XII nerve activity were made with suction electrodes applied
to the cut ends of XII roots. Signals were amplified, rectified, low passed filtered and
recorded on computer via an analogue-digital converter (DigiData 1200, Axon
Instruments) and data acquisition software (Axotape, Axon Instruments). Results were

expressed as mean percentage + standard deviation (relative to control) and any
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differences were tested using paired difference student's t-test; significance was accepted
at p values lower than 0.05. Programs for calculating frequency, amplitude and burst
duration were written by Dr. Matt Wheatly ana Sophie DeSerres. Robin Erickson,
worked as a summer student in our laboratory for four months during 1994 and

contributed significantly to the completion of the data analysis.

2.;1 Immunolabelling

Tissues were fixed in 4% paraformaldehyde (overnight, 4°C) and cryoprotected
with 30% sucrose. Subsequently tissues were frozen and sectioned (40 um) on a cryostat
(Jung CM3000).

Slicex were thoroughly washed with phosphate buffered saline (PBS, pH 7.4) for
4-5 hours and incubated overnight with the primary antibody that recognizes 5-HT. The
dilution of anti 5S-HT (Cambridge Research Biochemicals, raised in goat) was 1:200. The
primary antibody was diluted in PBS with 0.4% Triton X-100 (ICN Biomedicals Inc).
Triton X-100 causes tissue membranes to permeabilize allowing the primary antibody to
adequately bind onto all of the 5-HT epitopes in the tissue.

Tissues were incubated with a 1:200 dilution of biotinylated donkey anti-goat for
1 hour, and rinsed again with PBS to remove. any unbound biotinylated anti-goat antibody.
The epitope was visualized by incubating the tissues with Texas red conjugated to avidin
(1:200 for 40 minutes, Amersham International, U.K.)

The immunofluorescence protocol pertaining to catecholamine detection was

similar to that for S-HT. Briefly, tissues were incubated in a 1:200 diluted rabbit anti-rat
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TH (tyrosine hydroxylase) antibody (TE101- Eugene Tech International). TH primary
antibody was then visualized by incubating tissues with a 1:200 diluted goat anti-rabbit
secondary antibody, conjugated to FITC. All tissues were incubated as free floating

sections at room temperature.

The sections were air dried, mounted on glass slides, coverslipped with Cytoseal
(Stephens Scientific) and examined with a Zeiss epifluorescence microscope, equipped
with filter combinations revealing red and green fluorescence.

To control for the specificity of the immunocytochemical reactions, sections were
incubated as described above with alternating omission of primary antibodies. Nonspecific

immunofluorescence was not detected in these control experiments.



3.1 Effects of 5-HT on respiratory rhythm and XII nerve discharge

5-HT administered to the media bathing in vitro medullary slice preparations
produced a significant increase in the frequency of the rhythmic respiratory bursts and
tonic discharge of the XII cranial nerves (10 of 10 cases; Fig. II-1A). The maximum
response was observed with the addition of 30 uM, which caused an increase in the
frequency of respiratory discharge (37+16%; p<0.05) and burst duration (58+11%;
p<0.05) and a decrease in the amplitude (164+9%; p<0.05) of XII motor nerve
discharges. The 5-HT induced changes in respiratory burst frequency and XII nerve
discharge were blocked by the application of the 5-HT receptor antagonist methysergide
(40 uM). The addition of methysergide (40 uM) to the bathing medium on its own
decreased the respiratory rhythm in two cases (8 and 11%) and increased it in three cases
(6,7, and 8%) but overall there was no significant change (0.44+9%; n=5; p>0.05).
To delineate the site within the medullary slice where S-HT was acting to increase
respiratory rhythm frequency, focal pressure injections of 5-HT were performed.
Injections of ~25 pmol 5-HT into regions previously identified as the pre-B6tzC (Funk

et al. 1994), caused an increase in the frequency of respiratory rhythmic discharge

!Results presented in this chapter have been incorporated into a paper
currently in press in Pfliigers Archiv (A1-Zubaidy, Erickson & Greer, 1996).
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(22+14%; n=8; range=16-51%; p<0.05) which was blocked by bath application of
methysergide (30 uM) (Fig. II-1C). A small increase in the tonic discharge of the XII
nerve occurred in 2 of 8 cases in response to pressure injection of 5-HT into the pre-
B6tzC; presumably via activation of XII pre-motoneurons located within the ventrolateral
medulla .

To determine if the increases in respiratory frequency caused by bath and focal
applications of 5-HT could be induced by increasing the endogenous release of 5S-HT,
regions of the medullary slice containing the nucleus raphé obscurus were activated via
focal pressure ejection of the glutamate receptor agonist AMPA or 5-HT. Pressure
injection of either ~25 pmol AMPA (344:15%; n=4; range=13-49%; p<0.05) or 5-HT
(331+5%; n=8; range=23-38%; p <0.05) into the nucleus raphé obscurus produced an
increase in respiratory burst frequency. Tonic discharge of XII nerve activity also resulted
from AMPA or 5-HT mediated stimulation of nucleus raphé obscurus in 3 of 4 and in 7
of 8 cases, respectively. The AMPA induced changes in respiratory frequency and tonic
XII nerve discharge were partially antagonized by application of methysergide (30-40 uM)
to the bathing medium in each case. Whereas bath application of methysergide completely
blocked any effects of pressure injecting S-HT into the nucleus raphé obscurus (Fig. 11-2).

It was not clear which receptor subtypes were responsible for the 5-HT mediated
increase of respiratory frequency. Bath application of 5-HT1, receptor agonist 8-OH-
DPAT, (30 uM; n=9), resulted in a 1.14+12.5% (p>0.05), 15+10% (p>0.05) and
61+6% (p>0.05) change in XII nerve discharge respiratory frequency, amplitude and

duration, respectively. Similarly, neither of the 5-HT, agonist DOI.HCI. R(-), (30 uM;
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12.1418.5%; n=6), neither the 5-HT; receptor agonist m-CPBG (20 uM; 2.0+4.4%;
n=3) caused a significant change in respiratory discharge frequency.

The 5-HT induced changes in XII nerve discharge were mimicked by the bath
spplication of the 5-HT, receptor agonist DOI.HCI (5§ uM; n=4) (Fig. II-3B). DOI.HCl
caused an increase in XII nerve tonic discharge and burst duration (474+13%; p <0.05)
and a decrease in burst amplitude (11119 %; p>0.05). Similarly, pressure ejection of 5-
HT (Fig. II-3A) into the HMN caused an increase in XII nerve tonic discharge and burst
duration (64 1+24%; p<0.05) and a decrease in burst amplitude (8+11%; p<0.05). In
the presence of 5-HT, receptor antagonist ketanserin (30 xM), the DOI.HCI induced
increase in burst duration was (3+3%; p>0.05) and (104-4%; p <0.05) when added to
the bath or pressure injected (Fig. II-3C), respectively. The DOI.HCI induced tonic

discharge was also antagonized by bath application of ketanserin (30 uM).

3.2 Effects of NA on respiratory rhythm and XII nerve discharge

NA administered to the media bathing in vitro medullary slice preparations
typically caused a dose-dependant decrease in the frequency of respiratory neural
discharge (maximum of 60+15% at 100 xM; n=8; p <0.05). However, in 2 of 8 cases
tested. there was an increase (28% and 32%) in respiratory neural discharge frequency
in response to bath application of lower doses (500 nM) of NA. The maximum response
was observed with the addition of 1.00 uM NA to the bathing medium which caused a
decrease in the frequency (60+15%; p <0.05 ) and increases in burst duration (13+8%;

p <0.05) and amplitude (134+3%; p <0.05) of XII motor nerve discharge.
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Fig. II-1 5-HT increases respiratory discharge frequency in the medullary slice
preparation.

A) Left drawing depicts the neonatal rat medullary slice preparation showing arrangement
of recording electrode on hypoglossal (XII) cranial roots. Right panel shows rectified and
filtered signals from suction electrode recordings of inspiratory motor discharge from the
hypoglossal cranial nerve (XII). Top trace shows control recording. Traces 2-4 show the
response of XII nerve discharge after the addition of 30 p.M. 5-HT to the bathing
medium. Final trace shows recording after wash-out of 5-HT from the bathing medium.
5-HT caused a reversible increase in the spontaneous respiratory burst frequency and
induced XII nerve tonic discharge.

B) Bar graph showing population dose-response data (n=10) for the changes in
frequencies of respiratory rhythmic discharges after administration of 5-HT to the
medium bathing the medullary slice. 5-HT-induced increases in respiratory frequency
were antagonized by 40 uM methysergide. Respiratory burst frequencies are plotted as
fraction of control frequencies versus concentration of 5-HT added to the bathing media.
Asterisks indicate doses which produced a significant (p <0.05) change from control
values.

C) Recording of XII nerve discharge while 5-HT was applied focally to the region of the
nucleus ambiguus in the ventrolateral medulla via pressure ejection. Time of pressure
injections of 5-HT shown by arrows. During the break in the recording (shown by the
third arrow), 30 uM methysergide was added to the bathing medium. Subsequent
pressure injection of S-HT into the region of the pre-BotzC (fourth arrow) did not cause

a significant perturbation of respiratory frequency.
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Fig. II-2 Activation of neurons within the nucleus raphé obscurus (NRO) via focal
pressure injection of the EAA agonist AMPA caused a reversible increase in respiratory
discharge frequency and tonic discharge of XII nerve. AMPA was injected into the RO
at times shown by arrows. During the break in the recording (shown by fourth arrow),
30 uM methysergide was added to the bathing medium. Subsequently, the increase in
respiratory frequency caused by AMPA injection into RO (fifth arrow) was partially

antagonized in the presence of methysergide.
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Fig. II-3 5-HT receptor mediated increase of XII nerve tonic discharge in the medullary
slice preparation.

A) Pressure injection of 5-HT into the XII motor nucleus caused tonic discharge of XII
nerve (first arrow). This effect was blocked (third arrow) by adding 40 uM methyscrgide
to the bathing medium (at time shown by second arrow).

B) Tonic discharge of XII nerve discharge was caused by the addition of the 5-HT,
receptor agonist DOI (5 uM) to the bathing medium. This effect was antagonized by
subsequent application of the 5-HT, receptor antagonist ketanserin (30 M) to the bathing
medium.

C) Focal application of DOI via pressure injection into the XII motor nucleus also caused

tonic discharge of XII nerve discharge which was antagonized by bath application of

ketanserin (30 uM).
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Fig. II-4 Location of pressure injection sites in the pre-B6tzC, XII motor nucleus and
nucleus raphé obscurus. Initial experiments were performed with single-barrel electrodes
while latter experiments were performed using double-barrel electrodes for deposition of
dye spots. Left side shows photomicrograph of medullary transverse section (40 uM
thick) with dye spot (arrow) in the region of the RO and the right side shows a schematic
of section showing relevant landmark nuclei and the reconstruction of dye spot positions.
The following symbols are used to mark the sites where drugs were pressure injected and
a dye spot was recovered. Filled circles show sites of 5-HT pressure injections into the
3 nuclei, squares show NA injection sites in the pre-BotzC and XII motor nucleus, and
triangles show sites of AMPA injectior into the raphe obscurus. No attempt was made
to delineate the rostrocaudal distribution of effective injection sites within the medullary
slice.

Abbreviations: SSP, spinat trigeminal nucleus; NA, nucleus ambiguus; XII, hypoglossal

motoneuron pool; 10, inferior alive; RO, raphé obscurus.
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NA induced perturbations of respiratory discharge frequency were reversed upon bath
appli&tion of the o, adrenergic receptor antagonist idazoxan.HC1 (2 uM). Idazoxan.HCl
(2 xM), when added alone to the tissue's bathing medium, did not cause a significant
increase in respiratory frequency (1.1+3.5%; n=3) (Fig. I1I-5A).

Pressure ejecting ~25 pmol of NA into the pre-BotzC resulted in a decrease of the
frequency of respiratory neural discharge (22+11%; n=3; range=9%-31%; p <0.05),
which was reversed upon wash-out (Fig. II-5B).

Bath application of NA resulted in the tonic discharge of XII cranial nerves (8 of
8 cases). The tonic XII nerve discharge was abolished upon application of o, adrenergic
receptor antagonist prazosin HC! (1 uM) to the bathing medium and mimicked by bath
application of the o, adrenergic receptor agonist phenylephrine HCl (500 nM) (Fig. II-
5D). Pressure ejection of NA into the hypoglossal motoneuron pool caused tonic
discharge of XII nerve activity in 4 of 4 cases, as well as increases in burst duration

(26+15%; p<0.05) and amplitude (15+8%; p <0.05).
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Fig. II-5 NA receptor mediated decreases in respiratory discharge frequency and
inducement of XII nerve tonic discharge in the medullary slice preparation.

-A) Addition of NA to the bathing medium caused a depression of respiratory discharge
frequency and an increase in tonic XII nerve discharge. The decrease in respiratory
discharge frequency was antagonized by the o, recéptor antagonist idazoxan (2 uM).
B) Bar graph showing population dose-response data (n=8) for the changes in
frequencies of respiratory rhythmic discharges after administration of NA to the bathing
media. The NA induced decreases in respiratory frequency were antagonized by idazoxan
(2 uM). Respiratory burst frequencies are plotted as fraction of control frequencies
versus concentration of NA added to the bathing media. Asterisks indicate doses which
produced a significant (p <0.05) change from control values.

C) XII nerve discharge in response to NA applied focally to the region of the nucleus
ambiguus in the ventrolateral medulla via pressure ejection. Time of pressure injection
of NA shown by arrow.

D) Bath application of the o, receptor agonist phenylephrine HCl (500 nM) also caused
tonic discharge of the XII nerve, which was blocked by the «,; adrenergic receptor

antagonist prazosin (1 uM).
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Fig. II-6 A series of photomicrographs demonstrating the presence of serotonergic
immunopositive fibres within specific medullary regions.

A) A schematic diagram showing a transverse section of the medul’ary slice preparation
with boxes illustrating regions from which photomicrographs are taken.

B) Photomicrographs showing serotonergic immunopositive fibres present in the region
of the proposed rhythm generating centre (pre-BotzC). Serotonergic immunopositive
fibres were consistently observed in all of the animals examined (n=4). Bar: 20 um.

C) Photomicrographs showing serotonergic immunopositive fibres present in the region

of the hypoglossal motoneuron pool. Bar: 20 um.
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Fig. II-7 A series of photomicrographs demonstrating the presence of tyrosine
hydroxylase immunopositive cell bodies and fibres within specific medullary regions.
A) A schematic diagram showing a transverse section of the medullary slice preparation
with boxes illustrating regions from which photomicrographs are taken.

B) Photomicrographs showing tyrosine hydroxylase immunopositive cell bodies and fibres
present in the region of the proposed rhythm generating centre (pre-BotzC). Tyrosine
hydroxylase immunopositive fibres were consistently observed in all of thz animals
examined (n=4). Bar: 60 um.

C) Photasicrographs showing tyrosine hydroxylase immunopositive fibres present in

the region of the hypoglossal motoneuron pool. Bar: 20 um.
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I ION

This study demonstrates the following: (i) 5-HT and NA, acting in the region of
proposed respiratory rhythm generating centres (pre-BotzC), stimulate and depress,
respectively, the frequency of respiratory burst discharge in vitro; (ii) S-HT and NA
induce tonic XII cranial nerve discharge; (iii) The endogenous release of 5S-HT from the
nucleus raphé obscurus within the medullary slice causes an increase in respiratory
discharge frequency and XII nerve discharge; (iv) The receptor subtype responsible for
inducing the S-HT increase in the respiratory related neural discharges was not
determined, however, activation of 5-HT,c,, receptor is responsible for augmentation of
XI1I nerve tonic discharge activity; v) The receptor subtypes accountable for mediating the
noradrenergic-mediated decrease in respiratory frequency and the augmentation of XII
nerve discharge amplitude are o, and o, -adrenoreceptors, respectively. (vi)
Immunopositive nerve fibres, staining for 5-HT and TH are present in regions of the pre-

BotzC and the HMN.

4.1 5-HT mediated increases in respiratory frequency
Morin et al. (1990a), utilizing the neonatal rat brainstem-spinal cord in vitro
preparation, have shown that application of S-HT to the medium bathing the medulla

causes an increase in the frequency of respiratory bursts. In the present study, we wished
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to elaborate on these findings by directly assaying the effects of exogenously applied and
endogenously released 5-HT within the region of respiratory rhythm generating centres
(pre-BotzC). We have shown that 5-HT induces an increase in respiratory frequency by
acting directly within regions of the ventrolateral medulla encompassing the pre-BdtzC.
The previous studies of Morin et al. (1990a) suggest that the 5-HT mediated increase in
respiratory frequency is being mediated via activation of 5-HT,, receptors. Further
support for involvement of 5-HT,, receptors in affecting respiratory frequency comes
from intracellular recording studies from pentobarbital anaesthetized cats (Lalley et al.
1994). We did not find any evidence for the involvement of another receptor subtype
mediating 5-HT induced increases in respiratory frequency, although, for reasons that are
not @ksar, we could not generate a significant increase in respiratory frequency in the
medullary slice with the 5-HT,, receptor agonist 8-OH-DPAT. It may be that the regions
affected by 8-OH-DPAT in the brain stem-spinal cord preparation and the decerebrate,
anesthetized cat are not contained or functional within the medullary slice preparation.

The effects of exogenous application of 5-HT were also produced by the
endogenous release of 5-HT. The increase in the frequency of respiratory discharge in
response to chemical stimulation of the nucleus raphé obscurus with AMPA and 5-HT,
illustrates that there are functional projections within the medullary slice between the
nucleus raphé obscurus and the pre-BotzC. The majority of the increase in respiratory
frequency caused by the pressure injection of AMPA was antagonized by methysergide,
suggesting that the endogenous release of 5-HT was involved. The remaining excitation

may have been mediated by the actions of two neuromodulators which stimulate
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respiratory discharge in vitro, substance P (Yamramoto et al. 1992) and/or TRH (Greer
et al. 1995a), both of which are localized within raphé neurons (Tork, 1985). A similar
non-5-HT mediated component of the excitation of phrenic motoneurons is evoked by
stimulation of the nucleus raphé obscurus in the anesthetized cat (Lalley, 1986).
Pressure injection of either AMPA or 5-HT into the nucleus raph¢ obscurus was
effective in producing perturbations of respiratory rhythmogenesis. The excitatory actions
of 5-HT application within the nucleus raphé obscurus may seem puzzling in light of
previous reports that at least a subpopulation of neurons within the medullary raphé
neurons are inhibited by 5-HT, presumably via autoreceptors on 5-HT containing neurons
(Clement and McCall, 1991). However, other studies involving pressure injéction of 5-
HT in vivo have shown a 5-HT mediated excitation of neuronal activity within the nucleus
raphé obscurus (Dreteler et al. 1991). Therefore, we propose that be;* AMPA and 5-HT
act to depolarize a sub-population of neurons within the nucleus raphé obscurus of the
medullary slice which in turn results in the endogenous release of S-HT. The rhythmically
active medullary slice should be amenable for studies utilizing intracellular recordings
from neurons within the nucleus raphé obscurus, XII motor nucleus and the pre-BotzC

to further address issues j-:~taining to the interactions of these three nuclei. .

4.2 5-HT mediated increases in tonic XII nerve discharge
Our results show a clear augmentation of XII nerve tonic discharge by either the
exogenous application, or endogenous release from the nucleus raphé obscurus, of 5-HT.

These effects were antagonized and mimicked by 5-HT,c,, receptor antagonists and
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agonists, respectively. It was not possible to clearly ascertai~ :*.:: our whole nerve
recordings which, if any, of the 5-HT induced tonic discharge w=- due to depolarization
of XII motoneurons receiving inspiratory drive. Moreover, irfraccllular analysis will be
neceszary to determine if the changes in burst duration and motor discharge amplitude are
due to 5-HT mediated changes in pre and/or post-synaptic events. However, there was
certainly no evidence for a total depression of inspiratory drive transmission sin:nilar to
that reported by Morin (1990b, 1993) for the brain stem-spinal cord in vitro preparation.
Rather, our results are in agreement with reports of intracellular recording studies in non-
oscillating medullary slices which showed a 5-HT mediated excitation of XII motoneirons
(Berger et al. 1992). Similarly, in vivo cat studies have shown that XII motoneuron
excitability is increased via focal application of 5-HT and decreased by lowering the
endogenous 5-HT levels in the XII motoneuron pool (Kubin et al. 1992, 1994). Thus, we

feel that S-HT acts to augment rather than depress the level of XII motoneuron

excitability.

4.3 NA mediated decreases in respiratory frequency and increases in tonic XII nerve
discharge

Results from the present study illustrate that the NA mediated depression of
respiratory frequency reported previously with in vitro (Errichidi et al. 1991) and in vivo
(Bolme & Fuxe 1973) studies is due at least in part to actions mediated via o, adrenergic
receptors located in regions encompassing the pre-BotzC. The finding that NA caused

tonic discharge of XII nerve differs from that of Errchidi et al. (1991) who report that
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the addition of NA never affected XII motor nerve discharge when added to the medium
bathing the brain sicm—spinal cord preparation. However, our findings are in agreement
with the results reported for the juvenile mouse in vitro preparation by Funk et al. (1994)
and from intracellular recordings of hypoglossal motoneurons from non-oscillating
neonatal rat medullary slices (Parkis et al. 1994). Previous studies have not addressed the
issue of \yhich receptor subtype was involved in the NA-induced tonic activation of XII
motoneurons, but our results suggest that o, adrenergic receptor activation is responsible
in the neonatal rat medullary slice preparation.

Thus, an increase in the endogenous release of NA within the pre-BotzC and the
X1I motor nuclei would tend to decrease respiratory frequency and increase XII nerve
discharge, respectively. Whether or not there are such state-dependent changes in NA
release within these regions is uncertain. The fact that the discharge rate of neurons
within the locus coeruleus is depressed during sleep would suggest a decrease in NA
levels (Jones, 1991). However, there have been reports of elevated brain and systemic
NA levels associated with sleep apnea and SIDS, perhaps as a result of increased activity
of pontomedullary catecholaminergic neurons ass.riated with cardiorespiratory control

(Bhat et al. 1983; Rodriguez et al. 1987).

4.4 5-HT and NA containing nerve fibres within the pre-BotzC and XII motsneuron pool.

4.4.1 5-HT immunofluorescence
Origins of S-HT containing projections to the ventral respiratory group have been

previously investigated (Holtman 1990). Immunohistochemical studies showed that 5-HT
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terminals located close to inspiratory neurons in the rostral portion of the ventral respira-
tory group (rVRG) originate from the caudal raphé 5odies; nucleus raphé pallidus (B1),
nucleus raphé obscurus (B2) and nucleus raphé magnus (B3). 5-HT containing nerve
terminals are also widespread within the HMN (Aldes et al. 1988). 5-HT containing
terminals within the hypoglossal motoneuronal pool originate from the nucleus raphé
obscurus and ventral medullary reticular §-HT containing cells (nucleus raphé magnus)
(Aldes et al. 1989). Our immunolabelling demonstrated the presence of 5-HT containing
nerve fibres specifically within the region of the respiratory rhythm generating centre and

the subpopulation of hypoglossal motoneurons contained within the medullary slice

preparation.

4.4.2 Tyrosine hydroxylase immunofluorescence

Several studies have demonstrated the presence of noradrenergic terminals arising
from the C1 cell group (ventrolateral medulla) are intermingled within inspiratory and
expiratory neuron populations (Pilowski et al. 1994, Sun et al. 1994). The hypoglossal
nucleus also receives noradrenergic innervation from the locus subcoerulus (A7), locus
coeruleus (A6) and the pontine A5 region (Aldes et al. 1992). There are also
catecholaminergic axonal processes innervating the HMN originating from the C2 region
(caudal part nucleus solitarius - NTS and dorsal vagal nucleus) (Dahlstrom and Fuxe
1964).

Our immunolabelling demonstrates that catecholaminergic containing fibres are

located within the subpopulation of XII motoneurons contained within the meduliary slice
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and in the vicinity of the proposed respiratory rhythm generating centre.

4.5 Implications of state-dependent changes and the balance of monoaminz levels

Two fundamental disorders associated with neonatal breathing are OSAS and
sudden infant death syndrome (SIDS). There is a strong correlation between the
occurrence of these anomalies and different sleep states (Scher et al. 1992). The fact that
altered levels of monoamines are released within the CNS during sleep suggests that
transient imbalances of monoaminergic inhibitory and excitatory drive to respiratory
rhythm generating centres and/or upper airway musculature could contribute to the
pathologies. This hypothesis, at least as it pertains to cranial motoneurons, is supported
by the recent study of Kubin et al. (1994) showing that 5-HT levels are depressed in the
XII nucleus during carbachol-induced REM sleep-like atonia. Clearly, further in vivo
measurements of state-dependent changes of catecholamine levels within brainstem
respiratory nuclei are needed to provide more direct information regarding the overall
balance of 5-HT and NA levels within the pre-BotzC and cranial motoneuron populations.
Results from the present study suggest: i) a decrease in the ratio of S-HT / NA release
within the pre-Bo6tzC will result in a net depression of central respiratory drive, and ii)
a decrease of the tonic release of either transmitter within the XII nucleus will result in

a disfacilitation of motoneuron excitability and the subsequent potential for upper airway

obstruction.

52



4.6 Suggestions for future work

The nednatal slice preparation offers a relatively simple, yet direct, means for
examining the neurochemical influences on respiratory related neural cischarges and
motoneuronal activity. Thus, one can obtain information regarding how various
neuromodulators specifically effect the function of the proposed respiratory rhythm
generating centre (pre-B6tzC) and a subset of motoneurons controlling upper airway
patency (XII motoneurons). This includes the identification of 'receptor subtypes
responsible for eliciting the different effects observed. The medullary slice and brain stem
spinal cord preparations are also viable when isolated from fetal animals from the time
of the onset of respiratory rhythmogénesis (embryonic day 17; gestation period =21 «ays)
onwards (Greer et al. 1992b). Therefore, a developmental profile of the onset and degree
of modulation induced by various neurochemicals can be assayed pre- and postnatally with
this preparation.

The medullary slice preparation contains different classes of respiratory neurons,
including inspiratory, expiratory, and pacemaker-like cells. Thus, one could perform
intracellular recordings (whole-cell techniques) in conjunction with pharmacological
studies to examine the roie < various neurochemicals in modulating the neuronal
properties and firing patterns of each class of respiratory neuron. Moreover, by
combining intracellular fills with neurobiotin or lucifer yellow and immunolabelling, one
could determine the distribution of neurotransmitters contained in terminals within the
immediate vicinity of a given cell. With the increasing availability of markers for

neurotransmitter receptors, one could also combine the intracellular fills with receptor
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labelling to determine the spatiotemporal distribution of receptors on different classes of
respiratory neurons.

In summary, in vitro preparations derived from fetal and neonatal rats offer the
opportunity to perform studies which would be difficult or impossible to perform in whole
animal models. Thus, the use of these perinatal in virro preparations should continue to
be a powerful experimental model which can be used to complement in vivo studies

towards understanding the neurochemical control of mammalian perinatal breathing.
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