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ABSTRACT

Experiments were performed on anaesthetized rats and cats to examine the effects of
cardiopulmonary afferent activation on neuronal activity in the nucleus ambiguus (NA)
and the nucleus tractus solitarius (NTS). Furthermore, the role of 5-HT1g1p and 5-HT3
receptors in the NTS was studied in rats including examinations into their role on
identified inputs, such as cardiopulmonary afferent activation. Anaesthetized animals
were instrumented to allow recording of cardiovascular and respiratory variables,
neurones were recorded using glass microelectrodes and the central administration of
compounds was carried out using ionophoresis. Cardiopulmonary afferents were
activated by right atrial injections of the 5-HT; receptor agonist phenylbiguanide
(PBG), and NA and NTS neurones were identified by a combination of their response
to vagus nerve stimulation and histological localisation.

The majority of B-fibre cardiac vagal preganglionic neurones (CVPNSs) of the
NA were excited by right atrial PBG administration and this excitation was maintained
in the absence of respiratory drive. The majority of NTS neurones recorded
responded to right atrial PBG, with the highest proportions of these neurones (70%)
excited by this stimulus. The 5-HT,g/1p receptor agonist sumatriptan decreased the
activity of the majority of NTS neurones recorded and also attenuated both the vagal-
evoked and cardiopulmonary afferent-evoked activation of NTS neurones. In contrast,
the 5-HT,g receptor agonist CP-93,129 increased the activity of the majority of NTS
neurones, and excited both vagal-evoked and cardiopulmonary afferent-evoked
activation. The inhibitory action of sumatriptan on neuronal activity was attenuated in
the majority of neurones in the presence of the 5-HT;p receptor antagonist ketanserin,
whilst it was potentiated in the majority of neurones in the presence of the 5-HT s
receptor antagonist GR55562B. lonophoretic PBG increased the activity of the
majority of NTS neurones and potentiated the vagal-evoked and cardiopulmonary
afferent-evoked activation of neurones. The 5-HT; receptor antagonists granisetron
and ondansetron and the NMDA receptor antagonist AP-5 attenuated this PBG-
evoked increase in activity in the majority of neurones. Granisetron and AP-5 also
attenuated the cardiopulmonary afferent-evoked activation of the majority of NTS
neurones.

These data suggest that the cardiopulmonary reflex-evoked bradycardia is
mediated in part by B-fibre CVPNs in the NA. In addition, 5-HT,g and 5-HT; receptors
play an excitatory role, whilst 5-HT,p receptors play an inhibitory role in the
functioning of the NTS. Furthermore, the excitatory action of 5-HT3 receptors is
mediated in part via the release of glutamate, acting at NMDA receptors, and these

5-HT3; receptors are tonically active during cardiopulmonary afferent transmission in
the NTS.
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General
Chapter 1 _
Introduction

1.1 Neurophysiology of the vagus nerve and
cardiovascular system

1.1.1 Vagus nerve

The vagus nerve is the tenth cranial nerve. It is the longest nerve in the body
and derives its name from the latin for wandering. As its name suggests the
vagus wanders throughout the body and contains axons that carry out a huge
number of functions. The origin of peripherally projecting axons of the vagus is
the brainstem, and the nerve departs the brain via the jugular foramen. The
targets for the vagus are diverse and range from the pharynx to the heart to the
small intestine. It also carries sensory information from areas such as the heart,
the lungs and abdominal viscera. The vagus has been targeted for research
since it has been implicated in cardiovascular diseases including hypertension
and heart failure, where vagal activity is diminished and unresponsive (Vanoli et
al., 1991).

The nerve has been shown, in the cat, to be composed of approximately thirty
thousand fibres of which 80% are afferent and predominantly non-myelinated,
although both afferent and efferent functions have been shown to be carried out
by a combination of myelinated and unmyelinated fibres (sée Daly, 1997). In
addition, the nodose ganglion (NG) has been identified as a site through which
primary vagal afferents pass (Agostoni et al., 1957). In contrast, no efferent
fibres of the vagus are thought to have their cell bodies located in the NG (see
Daly, 1997).

One of the more important functions of the vagus is its role in the maintenance
of a cardiovascular homeostasis. It contains both afferent and efferent fibres
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involved in central cardiovascular reflexes and the termination of the afferent
information is within, or in close proximity to, the nucleus of the tractus solitarii
(NTS) near to the dorsal surface of the medulla oblongata (Kalia & Mesulam,
1980). This nucleus is a key component of these reflexes acting as both a relay
and integrative centre. Vagal afferents arrive at the nucleus before being either
transmitted to higher centres; including the hypothalamus, transmitted to other
NTS neurones (local interneurones), or passed directly onto medullary motor
nuclei; including the nucleus ambiguus (NA). Preganglionic neurones are then
activated either directly or after central integration, carrying efferent information

to peripherally located ganglia.

The motor fibres in the vagus nerve form part of the parasympathetic branch of
the autonomic nervous system, the other being the sympathetic branch. The
roles of these two branches and their co-ordination are important in achieving
cardiovascular homeostasis. One example of the functional dichotomy of the
two branches of the autonomic nervous system can be seen in their projections
to the heart, which individually have opposing effects. Stimulation of the
sympathetic innervation of the heart increases heart rate whereas stimulation of
the parasympathetic component (the cardiac branch of the vagus) decreases
heart rate. Both branches have also been shown to exert tonic influence on
cardiac activity at rest, which is known to be in phase with respiration.
Sympathetic nerve activity to the heart increases during phrenic nerve activity,
or inspiration, whilst parasympathetic nerve activity increases between phrenic
bursts, during expiration. This results in oscillations in heart rate known as
respiratory sinus arrhythmia. Parasympathetic postganglionic neurones release
acetylcholine, which is broken down rapidly by acetycholinesterase whereas
sympathetic preganglionic neurones release noradrenaline, which is taken back
up into the presynaptic terminal (a slower process). This results in a greater
beat by beat effect of vagal, parasympathetic, activity on heart rate.

The integration of the parasympathetic and sympathetic components of the
autonomic nervous system can also be demonstrated in the characteristics of a
number of reflexes important in cardiovascular regulation; some of these are

briefly described below.
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1.1.2 Autonomic reflexes

In 1915 Bainbridge reported one such reflex, where infusions of blood or saline
increased heart rate irrespective of blood pressure, known as the Bainbridge
reflex. This effect is mediated by stretch receptors located in the pulmonary
vein-atrial junction which are mechanically activated by increases in blood
volume. The resultant increase in blood pressure subsequently activates
arterial baroreceptors, which in turn has a negative effect on heart rate. This
represents an example of two reflexes with opposing and therefore balancing
effects on heart rat and blood pressure.

In the baroreceptor reflex the change in blood pressure is detected by stretch-
activated receptors located within the aortic arch and carotid sinus.
Baroreceptor afferents are carried within the aortic depressor nerve (ADN) and
carotid sinus nerve (CSN) terminating in the NTS (Ciriello et al., 1981), where
neurones integrate/relay this information to other central areas and finally
transmit it to sympathetic and parasympathetic preganglionic output neurones.
The systemic effects of evoking the baroreflex are seen when a-adrenoceptors
are activated by an i.v. injection of phenylephrine, resuiting in vasoconstriction
and an increase in blood pressure. As mentioned above this results in the
stretch activation of baroreceptors, subsequently causing a reduction in blood
pressure and heart rate.

The ADN and CSN have also been shown to carry chemoreceptor afferents in
both the cat (Ciriello et al., 1981), and the rat (Brophy et al., 1999). They form
the afferent limb of the arterial chemoreflex, and are activated by chemical
stimulation of receptors located in the carotid and aortic bodies. Activation of
these chemoreceptors by increasing PCO, and, to a certain extent, decreasing
PO, can result in either a decrease or increase in heart rate. The direction
depends on the differential effects of two responses to chemoreflex activation.
The primary response on heart rate is brought about by increased drive to
cardiac vagal preganglionic neurones, resulting in bradycardia. The secondary
response is caused by increased drive to breathing centres, and subsequently
increasing ventilatory rate and depth, resulting in inhibition of cardiac vagal
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preganglionic neurones and tachycardia. Therefore, the net cardiovascular
effects of chemoreceptor stimulation depend on the level of ventilation (Daly et
al., 1987). The cardiac effects of baroreceptor activation have also been shown
to be respiratory modulated (Spyer, 1994).

1.1.3 Cardiopulmonary reflex

There are a large number of unmyelinated mechano- and chemo-sensitive
afferents in the cardiopulmonary area. The cardiac mechanoreceptors are
thought to monitor ventricular/atrial stretch (Thoren, 1979), whereas the cardiac
chemoreceptors may have a role during pathological conditions such as
myocardial ischaemia (Mark, 1983). One reflex which involves the activation of
chemosensitive vagal afferents located in the heart and lungs is the Bezold-
Jarisch reflex. This reflex, first described by von Bezold and Hirt in 1867, and
further studied by Jarisch and Richter, is characterised by a pronounced
bradycardia, sympathoinhibition and hypotension (Krayer, 1961). Classically
the Bezold-Jarisch reflex is elicited by intra-coronary administration of
substances such as the veratrum alkaloids (Krayer, 1961).

A similar, ‘cardiopulmonary,’ reflex can be achieved by a right atrial injection of
the 5-HT3 receptor agonist phenylbiguanide (PBG), which, along with the
reduction in heart rate and blood pressure also produces an apnoea followed by
a period of rapid, shallow breathing. This reflex is called the ‘cardiopulmonary’
reflex due to the activation of afferents in the pulmonary and cardiac
circulations, although afferents in the systemic circulation are also likely to be
stimulated. Physiologically, this reflex is induced by the mechanical activation
of pulmonary afferents in the alveoli of the lungs in, for example, a situation of
pulmonary oedema, when a bradycardia, fall in blood pressure and rapid
shallow breathing would be beneficial (Paintal, 1995). Other authors have
classified the response of irritant chemical administration into the pulmonary
arteries via the right atrium as the ‘pulmonary chemoreflex’ (see Coleridge et
al., 1991), referring to the specific activation of puimonary C-fibres. One
distinction in the differential classification of the Bezold-Jarisch reflex and
cardiopulmonary refiex is the likely different populations of afferents activaied
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after intra-coronary administration of veratridine and intra-atrial administration of
PBG (see Verberne & Guyenet, 1992; Hainsworth, 1991). However, the neural
pathways of the vagal component of these reflexes are thought to be the same,
and indeed, very closely matched to that of the baroreceptor reflex (see
Verberne & Guyenet, 1992).

1.2 Central cell groups and the processing of
cardiovascular reflexes

As mentioned previously, the brainstem is the site of arrival and departure of
autonomic and respiratory nervous information and is, therefore, fundamental in
the functioning of cardiovascular control. Studies have shown that ‘vasomotor’
tone is generated within this area, although there was thought to be a distinct
topographical differentiation controlling pressor and depressor responses
(Alexander, 1946). However, modern axonal tracer methods have revealed the
far more complex central organisation of autonomic regulation (see Saper,
1995; figure 1.1).

The role of higher centres in modulating brainstem reflexes has now been
widely demonstrated. For example, stimulation of the hypothalamic defence
area has been shown to affect both ventilation, via pathways to medullary
respiratory neurones (Ballantyne et al., 1988), and baroreflex, via an inhibitory
pathway to NTS neurones (Mifflin et al., 1988). Further, the projections of
arterial chemoreceptors and baroreceptors to the hypothalamus have been
shown to modulate defensive responses (Marshall, 1994).

The following section describes some of the known anatomical connections and

roles of specific nuclei involved in autonomic regulation within the CNS, see
also figure 1.1.
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Figure 1.1 Central autonomic afferent and efferent systems
(Adapted from Saper, 1995)

A Central cell groups receive afferent information either from the NTS or
via a relay in the parabrachial nucleus (PB). The projection to the
ventroposterior parvocellular nucleus of the thalamus (VPpc) and the
insular cortex (INS), the dashed line, originates exclusively from the
parabrachial nucleus in the rat, whereas projections to the hypothalamus,
infralimbic cortex (ILC), and basal forebrain originate from both
parabrachial and NTS sources.

B Descending, efferent, projections to the preganglionic cell groups of the
brainstem are shown, with direct projections as a solid line, and indirect,

via premotor sites as a dashed line.

A5, A5 noradrenergic group; AV3V, anteroventral third ventricular area,
BST, bed nucleus of the stria terminalis; CEA, central nucleus of the
amygdala; DVN, dorsal vagal motor nucleus; IML, intermediolateral cell
column; LHAp, posterior lateral hypothalamus; NA, nucleus ambiguus; PV-
LH, tuberal hypothalamic cell groups, including paraventricular and
dorsomedial nuclei and dorsal, perifornical, lateral tuberal and

retrochiasmatic areas; VLM, ventrolateral medulla.
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1.2.1 Cortex

Cortical areas, known to receive vagal projections, such as the insular cortex
(INS) have been shown to produce a bradycardia and apnoea upon electrical
stimulation. These areas have been termed ‘vagal zones’ by Kaada (1960) due
to similarities seen with stimulation of certain vagal afferent fibres, specifically,
the chemical activation of pulmonary C-fibres.

Anatomical evidence has also revealed that the INS has a number of
projections to cell groups known to be important in cardiovascular control, such
as the amygdala, lateral hypothalamus, NTS and parabrachial complex (see
Yasui et al., 1991). Electrical and chemical stimulation can produce both
depressor responses, from more caudal areas, and pressor responses from
more rostral regions (Ruggiero et al., 1987; Yasui et al., 1991), suggesting a
topographical functional organisation.

A second cortical cell group involved in autonomic operation is the infralimbic
cortex (ILC). The ILC receives afferents from areas such as the parabrachial
nucleus (Saper, 1982) and projects to a large number of nuclei, including the
NTS, parabrachial nucleus (PB), rostral ventrolateral medulla (RVLM) and
intermediolateral cell column (IML; Hurley et al., 1991).

There are also thought to be other structures including the motor and sensory
cortex that can modulate cardiovascular function, revealed from the work of Hoff
et al (1983). However, the general understanding is that the cortex provides an
interface between behavioural and mood states and the subsequent

readjustment of cardiovascular homeostasis required.

1.2.2 Central nucleus of the amygdala

The central nucleus of the amygdala is one forebrain structure involved in
cardiovascular function. Specifically, electrical stimulation evokes a pattern of
response similar to that produced by exposure to a threat. Interestingly, the
cardiovascular component can take the form of a bradycardia and depressor
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response in the rabbit (Kapp et al., 1982), or the opposite in the cat, including
vasodilation of skeletal muscle vascular beds (Timms, 1981), which concurs
with behavioural differences between these species in response to threatening
stimuli. Anatomical studies have shown that the amygdala receives projections
from the NTS, either direct (Ricardo & Koh, 1978) or via the parabrachial
nucleus (Saper & Loewy, 1980), and neurones recorded in this nucleus
responded to activation of baro-afferents (Cechetto & Calaresu, 1983). Other
anatomical evidence has also revealed a direct descending pathway from the
amygdala to the NTS (Schwaber et al., 1982).

1.2.3 Thalamus

The ventroposterior parvocellular nucleus of the thalamus (VPpc) has been
shown to receive projections from the NTS via an indirect pathway through the
parabrachial nucleus (Norgren, 1976). The cardiovascular and respiratory
projections terminate in the lateral regions of this nucleus, whilst gustatory and
gastrointestinal afferents terminate more medially (Loewy & Neil, 1981). One of
the functions of the medial VPpc is thought to be the relay of gustatory

information involved in taste discrimination.

1.2.4 Hypothalamus

The anteroventral third ventricle region (AV3V) is an area thought to be
important in fluid and electrolyte balance, and the development of some forms
of hypertension (Brody & Johnson, 1980). In addition, it is one of a number of
forebrain areas shown to contain neurones that respond to peripheral
baroreceptor stimulation (Knuepfer et al., 1985). The AV3V is also known to
receive projections from the NTS (Ricardo & Koh, 1978), and to contain
neurones that project to both parabrachial and NTS cell groups (Saper &
Levisohn, 1983). Thus, an important role for the AV3V in the maintenance of
cardiovascular regions seems likely.

The paraventricular nucleus (PVN) receives both a direct and indirect (via the
parabrachial nucleus) projection from the NTS (see figure 1.1; Sawchenko &
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Swanson, 1982; Fulwiler & Saper, 1984). The PVN is also known to project to
many autonomic cell groups within the CNS, including the PB, VLM, NTS, DVN,
NA and periaqueductal grey (PAG; Luiten et al., 1985) and has been the subject
of a review in relation to its function within the cardiovascular system (Coote,
1995). This review describes spinal projecting neurones of the PVN which are
inhibited by baroreceptors and excited or inhibited by pulmonary and cardiac
vagal afferents. Electrical and chemical stimulation of the PVN does produce
cardiovascular changes, however, these responses have been found to be
variable with both depressor and pressor responses reported (Gilbey et al.,
1982; Katafuchi et al., 1988, Dampney, 1994b). In addition, a recent study has
described the ability of different populations of PVN neurones to elicit both
decreases and increases in blood pressure via connections to vasomotor
neurones in the rostral ventrolateral medulla (Yang & Coote, 1998). These
authors also demonstrated that PVN neurones can modulate caudal
ventrolateral medullary neurones (Yang & Coote, 1999), a further mechanism
through which the PVN could mediate depressor effects. Furthermore, lesion
studies have revealed that although the integrity of the baroreflex is maintained
in the absence of the PVN, an increase in baroreflex-evoked sympathoinhibition
can be induced (Patel & Schmid, 1988). It has also been suggested to be
important in pathological conditions such as neurogenic hypertension (see
Dampney, 1994), further indicating a strong autonomic neuromodulatory role for
this nucleus.

1.2.5 Mesopontine

The periaqueductal gray (PAG) is known to be important in antinociception and
defensive behaviour (Basbaum & Fields, 1984). It has more recently been
understood to play a role in cardiovascular control with projections to and from
the NTS, and is thought to co-ordinate complex autonomic responses in
different behavioural states. Stimulation in medial and dorsal subnuclei of the
PAG has been shown to cause predominantly hypertensive effects (Carrive et
al., 1989), although more ventrolateral regions mediate hypotensive responses
(Carrive & Bandler, 1991). Furthermore, these ventrolateral areas have been
shown to modulate components of the cardiovascular defence response, via
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neurones of the rostral ventrolateral medulla (Lovick, 1992), and receive a
dense projection from the NTS (Kwiat & Basbaum, 1990).

Chemical stimulation of the A5 noradrenergic group, located in the pons,
evokes a hypotension (Neil & Loewy, 1982). There is also evidence for a
descending pathway to the NTS (Loewy et al., 1986); nevertheless, the role of
these neurones remains to be determined.

The parabrachial nucleus is another cell group where stimulation produces
cardiovascular and respiratory effects. It acts as a relay centre for autonomic
reflex afferent information to forebrain levels, and is also included in the
descending pathway from these higher areas. There are 13 distinct
subdivisions of the parabrachial, although the Kolliker-Fuse subnucleus and the
lateral margin of the external lateral nucleus, which forms a crescent shape,
contain the neurones that project to the NA, VLM, NTS and spinal cord (Saper
& Loewy, 1980). Stimulation of the lateral margin causes a significant fall in
blood pressure (Chamberlin & Saper, 1992). However, the characterisation of
the parabrachial nucleus is far from complete and it remains an important target
for research into the functioning of the autonomic nervous system

There is also evidence that the midbrain raphe nuclei, which receive a dense
afferent projection from the parabrachial nucleus (Saper & Loewy, 1980), may
modulate the activity of cell groups in the thalamus that are involved in
autonomic control (Petrov et al., 1992). The midbrain raphe nuclei also provide
the major serotonergic pathway to the forebrain (Azmitia, 1978).

1.2.6 Medullary nuclei

As mentioned above, the brainstem is a focal point for research into
mechanisms of cardiovascular control, as a result there are a large number of
reviews of the area. However, despite the amount of studies undertaken on
nuclei contained within the medulla, their mechanisms are still only partially
understood. The medulla contains: the NTS - the central termination of the
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vast majority of cardiovascular afferents; the motor, or premotor nuclei -
supplying the efferent pathways of autonomic outflow, including the NA, RVLM
& DVN; and other structures known to be important in the integration and/or
relay of cardiovascular information - including the caudal raphe and caudal
ventrolateral medulla (CVLM). Some of the inputs and projections of these cell
groups, in addition to existing interpretations of their roles in both physiological
and pharmacological aspects of cardiovascular regulation are detailed below.

Caudal raphe

Both electrical (Adair et al., 1977) and chemical (Dreteler et al., 1991)
stimulation of caudal raphe nuclei, including raphe pallidus, raphe obscurus and
raphe magus, has been shown to cause an increase and a decrease in blood
pressure dependent on the site stimulated. In addition, some raphe neurones
are known to receive baroreceptor inputs (see Dampney, 1994a), although the
baroreflex is maintained following lesions of this area, indicating that these
neurones are not vital in the transmission of the reflex (McCall & Harris, 1987).
Another characteristic of caudally-located raphe nuclei is the high density of
serotonergic neurones located there and their projection to (Schaffer et al.,
1988) and from (Steinbusch, 1981) the NTS. Serotonin containing neurones
are also known to project from caudal raphe nuclei to the IML (Loewy & Neil,
1981, see Dampney, 1994a)

Rostral ventroléteral medulla

The rostral ventrolateral medulla (RVLM) has been widely studied, and is
therefore one of the more understood of brainstem structures. It has a vital role
in providing the tonic and phasic regulation of blood pressure, projecting to
sympathetic preganglionic neurones in the IML (Guyenet, 1990). This cell group
also contains neurones known to be important in pain modulation and in
respiration, and other projections of RVLM neurones include the parabrachial
nucleus, the PAG, and the PVN (Guyenet & Young, 1987). Both electrical and
chemical (using the excitatory amino acid glutamate) stimulation in this area
produces sympathoexcitation and a pressor response (Dampney et al., 1982).

The RVLM receives afferent input from a large number of sources including the
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NTS, CVLM, PB, medullary raphe, PAG and PVN (Dampney et al., 1987; Ross
et al., 1985). The highest density of some of these projections to the RVLM,
from the NTS particularly, has been shown to be in the same location, in the
RVLM, as the premotor neurones which project to the IML (Dampney et al.,
1987; Ross et al., 1985). These anatomical connections suggest that direct
pathways involving the RVLM are important in cardiovascular reflex
transmission. Further evidence for this comes from electrophysiological data
showing the strong inhibitory response of RVLM neurones to baroreceptor
activation (Guyenet, 1990). Another group of cells in the VLM known to have
effects on blood pressure is contained within the CVLLM. These neurones
receive input from the NTS (Ross et al., 1985) and project to the RVLM. The
current understanding is that baroreceptor and cardiopulmonary C-fibre afferent
information arrives at NTS neurones, is then passed, via an excitatory pathway,
to the CVLM which, in turn, inhibits RVLM premotor neurones, resulting in
sympatho-inhibition (Agarwal et al., 1990). Further, on the basis of anatomical
and functional studies, chemoreceptor activation is thought to cause sympatho-
excitation via a direct excitatory pathway between NTS and RVLM, although
this mechanism is by no means completely understood (Koshiya & Guyenet,
1996; Aicher et al., 1996). In addition, neurones of the RVLM, which are known
to be responsible for the generation of sympathetic vasomotor tone, are also
under tonic inhibition from GABAergic neurones in the CVLM which may be
important in the understanding of the long term maintenance of blood pressure
(see Schreihofer & Guyenet, 2002).

Nucleus ambiquus

The nucleus ambiguus (NA) contains, amongst others, cardiac vagal
preganglionic neurones (CVPNs; McAllen & Spyer, 1976; Nosaka et al., 1979).
These neurones are also found in the dorsal vagal motor nucleus (DVN) and
the regions between these two nuclei to a lesser extent (Nosaka et al., 1979).
However, in the cat, the NA has been shown to be the location of CVPNs that
exert chronotropic control of heart rate. (McAllen & Spyer, 1976; 1978a).
CVPNs receive a tonic excitatory input from arterial baroreceptors, resulting in a
pulse correlated activity (McAllen & Spyer, 1978b). This is thought to be
mediated by a direct excitatory pathway from the NTS (Agarwal & Calaresu,
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1992). This direct pathway can be demonstrated in the response of these
CVPNs to baro-afferent activation, which affects these neurones with a
relatively short latency, although there is a longer latency component as well
(McAllen & Spyer, 1978b). This longer latency component likely reflects a
slower pathway through higher centres, possibly including the hypothalamus
(see Spyer, 1982). These CVPNs fire with a respiratory rhythm, firing most
often during the post-inspiratory phase of respiration, and less often during
inspiration and phase two expiration. As mentioned previously this rhythmical
activity leads to the appearance of respiratory sinus arrhythmia, and is thought
to be driven by a respiratory modulation from medullary inspiratory neurones
(McAllen & Spyer, 1978b; Gilbey et al., 1984). This respiratory modulation of
CVPNs also shows itself in the bradycardia evoked by most, but not all,
cardioinhibitory reflexes. Reflex cardiac slowing is greatest during expiration
when CVPNs are most active, due to coupling between the brainstem
respiratory and cardiovascular system (see Taylor et al., 1999). However, in
cats the bradycardia evoked by administration of phenylbiguanide into the right
atrium (the pulmonary chemoreflex) is not influenced by central respiratory drive
or lung inflation so it was suggested that it was not mediated by CVPNSs located
in nucleus ambiguus (Daly, 1991; Daly et al., 1992).

Dorsal vagal motor nucleus

As its name suggests the dorsal vagal motor nucleus (DVN) is located in the
dorsal region of the brainstem, directly ventral to the NTS, and contains
preganglionic neurones of the vagus. Projections of these vagal preganglionic
neurones from the DVN include the gastrointestinal tract and the heart, as
mentioned above. Cardiac vagal preganglionic neurones have been described
in the DVN, which have non-myelinated axons (Donoghue et al., 1981, Jones et
al., 1998). These C-fibre axons have been suggested to mediate negative
chronotropic, ionotropic and dromotropic effects on the heart (Jones et al.,
1995; Garcia & Jordan, 2001). Moreover, other authors have proposed a role
for these neurones in the bradycardia evoked by pulmonary C-fibre stimulation
(Daly, 1991).
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The DVN receives a dense projection from the NTS, and the relationship
between these two nuclei is an important target for research into gastric reflex
integration, as well as giving a better understanding of the mechanisms of
neural networks in the brainstem.

1.3 Nucleus tractus solitarius

The extent of afferent inputs and efferent projections of the nucleus tractus
solitarius (NTS) have been reviewed above and show the importance of this
group of cells in the transmission and modulation of cardiovascular reflexes.
Indeed a clinical example of the importance of this nucleus in autonomic
function has been described (Biaggioni et al., 1994). In this case a patient
presented who was totally deficient of a cardiac response to a drop in blood
pressure evoked by peripherally administered nitroprusside. The post mortem
showed bilateral infarctions and gliosis of the NTS, and no other autonomic
nuclei. However, the NTS is not solely a centre for cardiovascular and
respiratory function, it also serves crucial functions in a wide variety of other
areas, ranging from nociception to gastro-intestinal tract function to liver and
kidney function.

1.3.1 Anatomy of the NTS

Early histological studies (Foley & Dubois, 1934; Ingram & Dawkins, 1945) have
described how the tracts of the NTS enter from the rostral end of the medulla
oblongata as two symmetrical, bilateral nuclei containing afferents of the
glossopharyngeal and vagus nerve. They descend caudally through the
brainstem, although at the level of obex they combine into one single tract.
Throughout this passage of the tracts collaterals of both groups of afferent
fibres are sent to, and terminate in, subnuclei of the NTS itself. One of the more
important distinctions in the functional layout of the NTS is the distinction in the
termination of glossopharyngeal nerve collaterals in the rostral two thirds of the
nucleus and the termination of vagus nerve collaterals in the caudal two thirds
of the nucleus (Cottle, 1964). There is therefore an area of overlap that both
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nerves afferents target termed the intermediate zone, a likely important site in

the integration of cardiovascular afferent information.

However, further research has provided a much more detailed description of the
termination of identified cardiovascular and respiratory afferent information into
individual subnuclei of the NTS (see Loewy & Burton, 1979; Kalia & Mesulam,
1980; Jordan & Spyer, 1986; figure 1.2). For this the nucleus was split into
subnuclei based on anatomical differentiation, thus areas included: commisural
nucleus, medial solitary nucleus, dorsomedial solitary nucleus, parvocellular
solitary nucleus, lateral solitary nucleus, dorsolateral solitary nucleus,
ventrolateral solitary nucleus, intermediate nucleus and interstitial nucleus
(Loewy & Burton, 1979). In summary, baroreceptor afferents arising from both
the aortic and carotid sinus have been shown to terminate principally in dorsal
regions of the lateral and medial areas, with the densest afferentation being
rostral to obex (Donoghue et al., 1982; Donoghue et al., 1984). Carotid
chemoreceptors on the other hand have been shown to project to more
dorsomedial, medial and commissural regions (Donoghue et al., 1984). Both
unmyelinated bronchial and pulmonary afferents also terminate within medial
and commissural subnuclei, with very few projections to lateral or ventrolateral
regions (Kubin et al., 1991). In addition, a major difference has been shown in
the projections of slowly and rapidly adapting pulmonary afferents with the
highest density of cells responding to rapidly adapting afferents found in more
caudal regions the commisural subnucleus of the NTS (Kubin & Davies 1985).
However, neither groups of afferents have been shown to have a significant
projection to more lateral subnuclei of the NTS.

In light of this evidence there is no one region of the NTS thought to receive
only one type of afferent input. Further, the degree of overlapping of these
inputs to the NTS has, understandably, been implicated in the integrative
function of the NTS (Jordan, 1995). As mentioned above a monosynaptic
pathway between NTS neurones and both premotor neurones of the RVLM and
vagal preganglionic neurones of the NA and DVN has been shown (Luiten et
al., 1987). However, direct connections are more likely to be far fewer than
indirect pathways due to a number of reasons. Firstly, simply the complexity of
the many reflex responses, and secondly the latency of response between
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afferent stimulation and efferent activation being longer than expected if a solely
monosynaptic pathway existed (Jordan, 1995). Therefore, the inclusion of
higher centres (as discussed in earlier sections) and also interneurones within
the NTS itself, which may themselves be modulated by descending inputs, in
these reflex pathways would seem the likely predominant mechanism of central
autonomic co-ordination and transmission.
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Figure 1.2 The termination densities of cardiovascular and

respiratory afferents (taken from Jordan, 1995)

Summary of the major regions of termination within the NTS of the cat of
cardiovascular and pulmonary afferents as determined by antidromic
mapping studies. The relative density of ipsilateral (@) and contralateral
(O) regions of termination is denoted by the number of dots; the most
extensive regions of termination are shaded.
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1.3.2 The roles of synaptic connections

An important way in which afferent information is modulated in the NTS is
mediated via presynaptic mechanisms. To this effect, a lot of the work was
done on vagal afferents and studied changes in the terminal excitability of
peripheral nerve upon stimulation of other branches of the vagus, and of the
NTS itself (Rudomin, 1967; Barillot, 1970; Jordan & Spyer, 1979). It was
demonstrated that the activation of superior laryngeal nerve (SLN) afferents by
stimulation of the NTS (Rudomin, 1967) could be modulated by activation of
slowly adapting pulmonary afferents (SARs; Jordan & Spyer, 1979). The
opposite is also true in that the terminal excitability of SARs has been shown to
be influenced by stimulation of both the NTS and the SLN (Jordan & Spyer,
1979). A more recent study recorded SAR fibre membrane potentials in
response to SLN stimulation (Ballantyne et a/., 1986). Two waves of
depolarisation were recorded in response to SLN stimulation, the latter of the
two waves was found to be maximal during phrenic nerve activity, confirming an
inspiratory correlated activity. Further effects of lung inflation were found to be
superimposed over this response, revealing a presynaptic interaction of afferent
input (Ballantyne et al., 1986). This particular example of a presynaptic
interaction can be related to a whole body function, i.e. laryngeal afferents are
mechanically activated by the introduction of foreign bodies into the airways,
and subsequently suppress inspiration (Jordan and Spyer, 1986).

Anatomical data has also revealed that axo-axonal synapses have been found
in commissural (Chiba & Doba, 1976), but not intermediate (Chiba & Doba,
1975) regions of the NTS. In addition, SAR terminals forming the postsynaptic
element of axo-axonal synapses have been described within ventral and
ventrolateral regions of the NTS (Kalia & Richter, 1985), which adds further
evidence for the presence and functional significance of presynaptic contacts.

However, it has been suggested that there is a topographical differentiation

within the NTS of these effects (Ballantyne et al., 1986; Jordan & Spyer, 1986).
Baroreceptor afferents, which terminate, at their highest density, more laterally,
dorsally and rostrally to SAR afferents (see figure 1.2 and above) differ in their
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response. They have been shown to have no respiratory related activity
(Ballantyne et al., 1986), and the threshold for antidromic activation of these
afferents from stimulation of NTS is not affected by stimulation of other NTS
sites (Rudomin, 1967; Jordan & Spyer, 1979). This suggests that the
respiratory modulation of the cardiac response of both baro- and chemo-
reflexes mentioned earlier must happen further on in their respective reflex
pathways. This evidence also suggests that presynaptic interactions are not

necessarily universal within the NTS.

The next important understanding of NTS function is in the degree of
convergence of afferent inputs to the nucleus, or postsynaptic mechanisms.
There are a number of issues; firstly the NTS is not a simple relay station and
as mentioned previously the involvement of second and third order neurones
within the nucleus is commonplace. Secondly, the allowance for independent
reflex transmission to pass through the NTS without the involvement of other
afferent inputs must be there, however rarely this occurs physiologically. Early
extracellular experiments demonstrated that the occurrence of convergent
inputs, from ADN, CSN and vagus nerves, to NTS neurones is rare, in contrast
to neurones surrounding the nucleus, and involves only excitatory connections
(see Spyer, 1994). However, some of these findings did suggest that
convergence was more likely between fibres of similar conducting velocities,
myelinated and unmyelinated fibres not converging on the same neurone very
often (see Coleridge et al., 1991). The limits for extracellular recordings in
determining physiologically convergent post- or presynaptic effects are that
subthreshold afferent inputs cannot be measured, neither can inhibitory

connections in quiescent cells.

Recent evidence for convergent inputs to NTS neurones has come from a
number of studies (Mifflin, 1996; Paton et al., 1999; Hines et al., 1994, Silva-
Carvalho et al., 1998). One such study described inputs, some of which were
found to be monosynaptic, from arterial baroreceptors and carotid
chemoreceptors terminating onto the same neurone (Mifflin, 1996). A second
study showed a high proportion of NTS cells that received pharyngoesophageal
inputs also responded to carotid chemoreceptor activation (Paton et al., 1999).
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Interestingly, as regards this thesis, atrial volume receptors have been shown to
be unlikely to project to the same cells as pulmonary C-fibre afferents (Hines et
al., 1994). Moreover, cells receiving pulmonary C-fibre input and/or carotid body
chemoreceptor input did not receive projections from arterial baroreceptors but
did receive afferentation from chemosensitive cardiac afferents (Silva-Carvalho
et al., 1998). However, taken together these studies again highlight the
complexity of neuronal connections within the NTS.

1.3.3 NTS neuropharmacology

Glutamate

L-Glutamate was first suggested as the primary neurotransmitter at
baroreceptor afferent terminals within the NTS in 1980 (Talman et al., 1980).
There is a now a large amount of evidence that glutamate clearly has a major
role in neurotransmission but is unlikely to be the only neurotransmitter released
from primary afferents arriving in the NTS. Sectioning of the vagus and
glossopharyngeal nerves has been shown to cause a reduction in glutamate
levels within the NTS (Dietrich et al., 1982), whereas stimulation of vagus nerve
in the cat has been reported to increase glutamate release in the NTS (Allchin
et al., 1994). Further, blockade of glutamate receptors, including NMDA and
non-NMDA receptors has been shown to eliminate synaptically mediated aortic
baroreflexes (Leone & Gordon, 1989), although the response to exogenously
applied glutamate was unaffected by kynurenate, a glutamate receptor
antagonist (Talman, 1989). An explanation for this seeming contradiction is that
the high concentrations of microinjected glutamate allowed the substance to
reach neurones and receptors not accessible to endogenously released
neurotransmitter including kynurenate—insensitive receptors (Lawrence &
Jarrott, 1996). Intracellular recordings have now suggested that glutamate
released from synaptic terminals activates primarily non-NMDA receptors, with
NMDA receptors playing a more modulatory role (Andresen & Yang, 1990).

When glutamate is microinjected into the NTS of anaesthetized rats, a
depressor response and bradycardia occurs (Talman et al., 1980), interestingiy,
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this is not mirrored in the conscious preparation where a pressor response is
observed (Machado & Bonagamba, 1992). Additionally, as mentioned earlier
blockade of glutamate receptors has been shown to abolish the baroreflex,
although again this response does not appear to be mirrored in conscious rats
(Colombari et al., 1994). There is a growing amount of research being done in
conscious animals and these are not the only examples of differing results
compared to anaesthetized animals. However, so far these apparently
conflicting results remain unexplained in the theory of glutamate as the likely
transmitter at baroreceptor afferent terminais.

There is now also evidence for glutamate as the primary NTS neurotransmitter
for chemoreceptor and cardiopulmonary reflexes. Microinjections of NMDA and
non-NMDA receptor antagonists into the NTS have been shown to block the
pressor effects of carotid chemoreceptor activation (Zhang & Mifflin, 1993).
Further, the apnoea, hypotension and bradycardia associated with the
cardiopulmonary reflex has been blocked with glutamate receptor antagonism in
the NTS (Bonham et al., 1993; Vardhan et al., 1993). This confirms glutamate
as a major player within the NTS acting via both NMDA and non-NMDA
receptors.

GABA

y-amino-butyric acid (GABA) is considered to be the major inhibitory
neurotransmitter, and is known to be present in the NTS at high concentrations
(Dietrich et al., 1982). Initial studies showed that bilateral microinjections of
GABA into the NTS produced a drop in blood pressure with little effect on heart
rate (Catelli et al., 1987). More recent electrophysiological evidence from brain
slices has revealed that NTS cells inhibited by solitary tract stimulation are 90%
likely to be GABAergic (Fortin & Champagnat, 1993). The actions of individual
GABA receptors has also been studied, with both GABAx and GABAg receptor
antagonists potentiating the evoked responses of NTS neurones sensitive to
baroreflex inputs (Suzuki et al., 1993). This study also revealed that the GABAa
antagonist bicuculline increased the ongoing activity of these NTS neurones.
GABA has also been suggested to be released from vagal afferent neurones
from studies looking at GABA release in vitro after nodose ganglion removai
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(Meeley et al., 1989). This was supported by work done using monoclonal
antibodies, which identified GABA in nodose ganglion perikarya (Szabat et al.,
1992). One of the more important aspects of GABA is in its actions as an
inhibitory neuromodulatory gate on strong, excitatory, afferent input arriving at
NTS. An example of this has been shown in the NTS where somatic noxious
stimulation attenuates the bradycardic component of the chemoreceptor reflex
via a GABA4 dependent mechanism (Boscan & Paton, 2002). GABA is also
thought likely to have interactions with other neurotransmitters within the NTS.
One such study has reported that stimulation of 5-HT3 receptors in the NTS, via
the activation of GABAAa receptors, reduces the cardiac response evoked by
NMDA microinjection into the NTS (Bonagamba et al., 2000).

Glycine

Glycine must also be mentioned in relation to the neuropharmacology of the
NTS. Itis found in high concentrations in the NTS (Meeley et al., 1989), in
addition to a high density of glycine receptors, some of which have been shown
to be presynaptic (Cassell et al., 1992). Some cardiovascular responses have
been shown after microinjection of glycine into the NTS, although strychnine, a
glycine receptor antagonist, did not produce any systemic effect, or alter
responses to baroreflex after microinjection into the nucleus (Talman &
Robertson, 1989). Therefore, although there does appear to be a large amount
of glycine in the NTS and thus, an important role for the neurotransmitter, its
actions in relation to autonomic control are still not clear.

Neuropeptides

Neuropeptide Y

There are a number of neuropeptides that are thought to be important within the
neuropharmacology of the NTS, one of these is neuropeptide Y (NPY). The
locus coeruleus (LC) has been shown to have a high density of NPY-containing
neurones, and interestingly the attenuation of baroreceptor reflex seen upon
stimulation of LC can be blocked by microinjection of NPY antisera into the NTS
(Chan et al., 1993). Anatomical data has also revealed the presence of NPY-

positive neurones in a number of NTS subnuclei that are known to be important
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in cardiovascular control (Harfstrand et al., 1987). Currently the understanding
is that NPY acts as a neuromodulator of baroreflex transmission and may affect
glutamate efficacy within NTS (see Lawrence & Jarrott, 1996).

Angiotensin Il (ANGI|), Bradykinin, & Substance P

Angiotensin administered systemically causes a pressor response but no
bradycardia, this unusual response is possibly caused by actions within the
NTS (see Reid, 1992). The nucleus is known to have a high density of
angiotensin AT, receptors located on interneurones and presynaptically on
vagal and carotid sinus afferents (Healy et al., 1989). In addition, microinjection
of ANGII into the NTS attenuated baroreceptor reflex in anaesthetized rat
(Casto & Phillips, 1986), whilst AT receptor blockade augmented reflex
response (Campagnole-Santos et al., 1988). However, the story of ANGII is not
complete, as a number of studies have found contradicting effects of ANGII
microinjected into the NTS at different doses (see Paton & Kasparov, 1999).
This is thought to be due to the exogenously applied substance acting at
functionally diverse cells within the NTS. Another facet of ANGiIl function in the
NTS is with possible interactions between AT receptors and bradykinin Bz
receptors (Fior et al., 1993), which are thought to mediate, in part, the pressor
actions of bradykinin.

There is also evidence that ANGII causes release of substance P, which may
modulate chemoreceptor reflex acting at NK; receptors (Paton & Kasparov,
1999). Substance P was first thought to play a role in NTS neuropharmacology
in experiments that showed a marked decrease in levels of the substance upon
destruction of the vagal and glossopharyngeal nerves (Gilles et al., 1980).
Microinjection of substance P into the NTS has been shown to produce a
vagally mediated bradycardia (Hall et al., 1989). Again there is contradictions in
the findings on substance P to date which may be due to different receptor
subtypes mediating different functions (see Lawrence & Jarrott, 1996).
However, a clear role for both substance P and ANGII in NTS function seems
likely.
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Vasopressin

Vasopressin has been shown to have cardiovascular effects, mediated by the
V; receptor, upon microinjection into the NTS, but as with ANGl|, the nature of
the response varies according to dose (Matsuguchi ef al., 1982; Brattstrom et
al., 1988). Anatomical data confirms that there is a population of V4 receptors in
the NTS and that some of these are indeed presynaptically located (Gao et al.,
1992). In addition, blockade of these receptors has been shown to attenuate
systemic effects of ADN stimulation (Hegarty & Felder, 1993). The area
postrema has also been linked with the role of vasopressin in modulating
cardiovascular reflex pathways (Zhang et al., 1992), as have interactions with
other neurotransmitters (see Ramage, 2001), discussed later.

Other Neuropeptides

There is a host of other neuropeptides implicated in autonomic function within
the NTS. For example, natriuretic peptides are known to be contained within
the NTS, and they have been shown to have cardiovascular effects although
the exact receptor subtypes and mechanisms involved remain to be determined
(see Lawrence & Jarrott, 1996). Opioidergic terminals have also been
described in the NTS (Kalia et al., 1984), as well as actions of cholecystokinin,
endothelins and others, however, their roles have yet to be fully elucidated, and
are unimportant for the purposes of this thesis.

Nitric oxide

Nitric oxide (NO), the production of which is catalysed by the enzyme nitric
oxide synthase (NOS), is another substance that has been shown to have an
important role in modulation of autonomic function at the level of the NTS.
However, studies have revealed that blockade of the guanylate cyclase effector
pathway in the NTS had no effects systemically (Machado & Bonagamba,
1992), therefore tonic release of NO appears not to have a crucial role in central
cardiovascular regulation. Nevertheless, S-nitrocysteine caused depressor and
bradycardic responses when injected into the NTS (Machado & Bonagamba,
1992), and NOS inhibitors have been shown to decrease the ongoing firing rate
of NTS neurones (Ma et al., 1995). In addition, NOS inhibitors in the NTS have
been shown to decrease baroreflex gain in both conscious (Pontieri et al., 1998)
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and anaesthetized rats (Li et al., 2002). Another recent study used an
adenoviral vector to inhibit specifically endothelial NOS (eNOS) in the NTS and
found that this enhanced the baroreceptor reflex in conscious rats (Waki et al.,
2003), suggesting that eNOS is actively involved in the regulation of blood
pressure. This group has also previously described how the ability of
exogenously applied ANGII to depress the cardiac component of the
baroreceptor reflex is lost when eNOS is inactivated within the NTS (Paton et
al., 2001). Therefore, NO clearly plays an important role in autonomic
regulation within the NTS, although exact mechanisms are still being

uncovered.

Purine nucleotides

There is now ample evidence that both ATP and adenosine are capable of
modulating cardio-respiratory responses (Spyer & Thomas, 2000). Indeed, the
highest central density of adenosine uptake sites in rat has been shown to be
contained within the NTS (Bisserbe et al., 1985). Adenosine is produced in the
NTS from the breakdown of ATP or by its release via nucleoside transporters
and it is another substance shown to have differential dose-related responses
after microinjection into the NTS (see Lawrence & Jarrott, 1996). It has been
demonstrated that microinjection of adenosine antagonists into the NTS
attenuates the baroreceptor heart rate reflex (Mosqueda-Garcia et al., 1989).
Recent evidence has also now revealed that adenosine levels in the NTS rise
during stimulation of the hypothalamic defence area (Dale et al., 2002). These
effects of adenosine have been shown to be blocked by aff-methylene ADP
which prevents the breakdown of ATP to adenosine via AMP, therefore the
source of adenosine appears to be via released ATP (see Spyer & Thomas,
2000).

In addition, ATP is able to mediate strong cardiovascular effects in NTS (see
Lawrence & Jarrott). Studies have shown that ATP can cause a drop in blood
pressure mediated by P, purinoceptors within the NTS (Ergene et al., 1994).
These purinergic receptors are classified into P, (adenosine) and P, (ATP)
receptors, and there is currently a great deal of interest in the actions of the
many subtypes of both Py and P, purinoceptors throughout the nervous system.
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However, the current poor availability of selective compounds acting at these
receptors, has made this research and therefore the understanding of the exact
nature of the roles of purinoceptors difficult.

Catecholamines

Dopamine was shown to mediate both depressor and bradycardic as well as
pressor and tachycardic effects in two separate studies 20 years ago (Granata
& Woodruff, 1982; Zandberg et al., 1979). Recent histological data has
revealed the presence of D, receptors, some of which are located on rat vagal
afferent terminals (Lawrence et al., 1995). The density of receptors maiches, to
a certain extent, the density of baroreceptor afferent input to the NTS, and the
current understanding is that dopamine serves a modulatory function with
respect to chemo- and baro-receptor reflexes (see Lawrence & Jarrott, 1996). It
may also play a role in a situation of severe hypoxia (Goiny et al., 1991).

Noadrenaline is another catecholamine known to be present in the NTS.
Studies have demonstrated an inhibitory neuromodulatory role for NA,
particularly with respect to baroreflex, acting at oy and o adrenoceptors
(Feldman & Felder, 1989). Interestingly, noradrenaline is another NTS
neurotransmitter that has been shown to be involved in interactions with other
chemo-active substances in the NTS, including vasopressin and bradykinin. In
the first case by modulation of vasopressin release, and in the case of
bradykinin interactions were seen between ay-adrenoceptors and B, receptors
(see Lawrence & Jarrott, 1996). More recently, a tonic role for
az-adrenoceptors has been established after the systemic response to ADN
stimulation was attenuated by the administration of yohimbine and idazoxan into
the NTS (Sved et al., 1992). Less is known about the actions of adrenaline in
the NTS, although the administration of isoprenaline into NTS causes
respiratory changes and a drop in blood pressure (Barraco & Janusz, 1988),
suggesting a functional role, possibly at B, -adrenoceptors. This may be
important in the clinical understanding of the actions of B-adrenocepfor
antagonists.
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Acetylcholine

Acetylcholine, acting at both nicotinic and muscarinic receptors, is yet another
transmitter that seems to have a role in NTS cardiovascular regulation.
Microinjection of atropine into NTS has been shown to block baroreceptor reflex
(Criscione et al., 1983), whilst nicotine applied to the nucleus drops both blood
pressure and heart rate. (Tseng et al., 1993). Importantly, nicotine-binding
sites, including those for a-bungarotoxin, have been found throughout NTS, with
the sites sensitive to a-bungarotoxin located more caudally (Maley & Seybold,
1993). The exact nature of the modulation acetyicholine exerts on
cardiovascular and other inputs to NTS neurones is still not fully understood.

5-HT

One other neurotransmitter that is known to be present in the NTS and has
been shown to be important in the functioning of NTS cells is
5-hydroxytryptamine (5-HT). Analysis of the role of 5-HT in NTS and other
autonomic areas is contained below together with descriptions of the receptor
subtypes invo_lved.
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1.4 5-HT

1.4.1 History and pharmacology

Introduction

5-HT was first characterised as serotonin in 1948, when this substance was
found to have vasoconstrictor properties (Rapport et al., 1948), the name being
derived from its actions as a serum vasoconstrictor increasing blood pressure
tone. However, after the description of another substance with similar
characteristics, enteramine, the two were found to be identical and were called
5-hydroxytryptamine (Amin et al., 1954). It was not until a few years later that
suggestions were made about 5-HT as a possible neurotransmitter (Brodie &
Shore, 1957).

5-HT is thought to be important in the aetiology of a large number of disease
states. Particular emphasis, especially in the public eye, is made on the role of
5-HT in mental illness, and the use of selective serotonin re-uptake inhibitors
(SSRIs) such és fluoxetine (Prozac) in their treatment. However, there are
many other conditions such as migraine and disorders of the gastro-intestinal
and cardiovascular systems in which changes in 5-HT levels, or serotonergic
tone, may be important. It is therefore, an important target for medical research
to further understanding of not only peripheral, but also central mechanisms.

5-HT synthesis

5-HT belongs to a group of transmitters known as the biogenic amines. This
includes: - the catecholamines, which are derived from the amino acid tyrosine;
histamine; and the indolamine 5-HT, the precursor of which is the amino acid
tryptophan. The term indolamine comes from 5-HT belonging to the group
known as indoles, identified by their structure including a five membered ring
containing nitrogen, connected to a benzene ring. Two enzymes are required
for the synthesis of 5-HT, the rate limiting catalyst being tryptophan
hydroxylase, the other being 5-hydroxytryptophan decarboxylase. Interestingly,
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this second enzyme is thought to be identical in structure to the enzyme
required for the synthesis of the catecholamine, dopamine.

1.4.2 Peripheral 5-HT

Peripherally, 5-HT is found in enterochromaffin cells and platelets throughout
the body. In addition, it has been found in significant amounts in the
gastrointestinal tract, urinary system, kidneys, liver, heart and in sympathetic
nerves. It has also been shown that 5-HT does not cross the blood-brain barrier
readily (Lexchin et al., 1977). 5-HT is rapidly broken down in the périphery by
oxidative deamination, which is catalysed by monoamine oxidase and produces
5-hydroxyindole acid. This occurs primarily in the endothelial cells of the lungs
and liver (Verbeuren, 1989).

1.4.3 Central 5-HT

In the central nervous system the presence of 5-HT was first demonstrated in
1964 (Dahlstrom & Fuxe, 1964). This initial work identified the close
association between a high number of serotonergic positive neurones and the
raphe nuclei of the medulla and mesopontine levels as mentioned above. 14
years later more modern immunohistochemical techniques have furthered the
understanding of the central distribution of 5-HT (Steinbusch et al., 1978).
These studies, and others (Steinbusch, 1981) revealed that 5-HT is found in
neurones and fibres in defined areas throughout the CNS. In contrast to the
periphery, removal of central 5-HT is primarily by re-uptake into the presynaptic
terminal via active transport where it is either metabolised by oxidative

deamination, or taken back into presynaptic vesicles.

In addition to raphe nuclei, serotonin positive terminals and fibres have been
described in significant numbers in caudal regions of the medial NTS (Calza et
al., 1985). As mentioned both ascending and descending serotonergic
projections between caudal raphe nuclei and the NTS have been described
(section 1.2.6). Using a retrograde tracer in rat, serotonergic positive neurones
located peripherally, in the nodose ganglia, have also been shown to project to
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the NTS (Nosjean et al., 1990), whilst a nodose ganglionectomy caused a
reduction in the cardiovascular response to serotonin, suggesting that 5-HT is
acting on primary afferent terminals (Merahi et al., 1992). Specifically, as
regards the raphe nuclei of the brainstem, the highest density of serotonergic
projections to the NTS originates from raphe magnus, with the
paragigantocellular nucleus also sending a significant projection (Schaffer et al.,
1988). In addition, this study found a minor projection from nucleus raphe
dorsalis, and confirmed the presence of non-serotonergic projections from this
subnuclei and raphe magnus to NTS. Another point brought up by these, and
other authors (Steinbusch, 1984) is the likely high degree of collateralisation of
serotonergic neurones, with collateral axons being sent to other known
projection targets of raphe nuclei, including hypothalamus (source: nucleus
raphe dorsalis) and the intermediate zone of the spinal cord (source: raphe
magnus; Steinbusch, 1984).

Other ascending central serotonergic projections of raphe nuclei arise from the
more rostrally located subnuclei, travelling via the dorsal and median raphe
forebrain tract to terminate in areas including the basal ganglia, central nucleus
of the amygdéla, thalamus and hippocampus (Azmitia, 1978; Azmitia & Segal,
1978). The midbrain raphe nuclei also project, via separate tracts, to
hypothalamic structures such as the paraventricular nucleus and
suprachiasmatic nucleus as well as some cortical regions (Azmitia, 1978). A
number of the sites of serotonin immunoreactivity have also been implicated in
autonomic function (see above), indicating that 5-HT plays a strong role in
cardiovascular regulation (see Ramage, 2001).
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1.5 5-HT receptors

The first major classification of 5-HT receptors was put forward in a review
published 17 years ago (Bradley et al., 1986). At this time there were thought to
be three families of 5-HT receptor (5-HT+.3), with 5-HT1 receptors having an
autoreceptor role, and 5-HT; receptors mediating a depolarising effect.
However, even at this time the classification was thought to be far from
complete and a further review 8 years post (Hoyer et al., 1994) reported seven
5-HT receptor families (5-HT+.7), a description which still stands now (see figure
1.3). The use of molecular biological techniques, such as recombinant receptor
models, has revealed much about the functional characteristics of individual
receptor subtypes. The odd one out in terms of function is the 5-HT3 receptor,
which acts as a ligand gated ion channel. The 5-HT; receptor has also yet to
be split into separate subtypes although their presence is becoming increasingly
popular (see below). The remainder of 5-HT receptor subtypes are G-protein
coupled metabotropic receptors with a seven transmembrane spanning domain.
With new pharmacological tools slowly emerging, which are able to differentiate
individual receptor subtypes, the actions of 5-HT receptors both centrally and
peripherally are becoming easier to study. However, there still remains a long
way to go in producing selective agonists and antagonists for each 5-HT
receptor subtype. Contained below is a more detailed analysis of 5-HT receptor
subtypes and their central location and function with, for the purposes of this
thesis, more emphasis being placed on the 5-HT;-like receptors and the 5-HT3

receptor.
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Figure 1.3 5-HT receptor classification (Taken from Kennett,
1999)

5-HT receptors are at present divided into 7 classes, based upon their
bharmacological profiles, cONA-deduced primary sequences and signal
transduction mechanisms. With the exception of the 5-HT; receptor which
forms a ligand-gated ion channel, all 5-HT receptors belong to the
superfamily of G-protein coupled receptors containing a predicted seven-

transmembrane domain structure.
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1.5.1 5-HT, receptors

There are five 5-HT receptor subtypes identified at present, all of which are
negatively coupled to adenylyl cyclase via G proteins. One obvious point to
note about 5-HT; receptors (see fig. 3) is the absence of 5-HT ¢ receptors. This
can be explained by the reclassification of this receptor subtype as 5-HTc (see
Hoyer et al., 1994). Originally, one of the differentiating points of 5-HT;
receptors was the ability of 5-CT to produce similar effects to activation of these
receptor subtypes (Bradley et al., 1986). However, 5-htg and 5-htyr receptors
don’t follow this pattern, indeed the 5-ht;e subtype, which is a high affinity
binding site in human cortical membranes, has a low affinity for 5-CT
(Leonhardt et al., 1989). In addition, the classification of 5-HTg and 5-HT1p
receptors has changed over the past five years or so, the details of which are
contained below.

5-HT 4 receptors

The 5-HT4a receptor subtype has been widely studied. This work has been
primarily done€ centrally where there is known to be a high density of 5-HT1a
receptors. One of the explanations for this interest is due to the discovery of
8-OH-DPAT (Hjorth et al., 1982), a selective agonist, and more recently
WAY-100135 and WAY-100635 (Fletcher et al., 1993; Fletcher et al., 1996), the
latter of which is still the best selective high affinity antagonist. There are also a
host of other substances which have been reported to have a potent affinity at
the 5-HT, receptor, including agonists buspirone (Dourish et al., 1986) and
5-CT (see Bradley et al., 1986), antagonists methiothepin (Fozard et al., 1987),
and metergoline (Fozard et al., 1987) and the B-adrenceptor antagonist pindolol
(Middlemiss et al., 1977, see Hoyer, 1991). However, these compounds are not
particularly selective, for example pindolol has been shown to have affinity for
5-HT g receptors, and methiothepin is known to interact with a-adrenoceptors
and histamine receptors. Indeed even 8-OH-DPAT has been shown to act as a
partial agonist at 5-HT7 receptors (see Barnes & Sharp, 1999). Another
important aspect of 5-HT1a receptor pharmacology is the potential variation in
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ligand affinity dependent on central location, functional model and species used
(see Zifa & Fillion, 1992).

The use of autoradiography has provided a great deal of information as to the
pattern of 5-HT 14 receptor location throughout the CNS (Pazos & Palacios,
1985; Hoyer et al., 1986). Inter species differences in this receptor subtype are
few although the organisation of laminar regions in the cortex and hippocampus
of rat has been shown to be different to that found in humans (Burnet et al.,
1995). Levels of the 5-HT1a receptor are high in dorsal and median raphe
nuclei, together with limbic brain areas such as the hippocampus, central
nucleus of the amygdala and cortical regions. Binding sites have also been
found throughout the brainstem including two vagal motor nuclei, the DVN and
NA (Pazos & Palacios, 1985), and the NTS (Dashwood et al., 1988). However,
areas including the basal ganglia and cerebellum contain very few binding sites.
Both presynaptic and postsynaptic location of this receptor occurs. At forebrain
levels postsynaptically located receptors have been identified whilst at the level
of the raphe nuclei presynaptic location on the soma and dendrites of
serotonergic neurones has been demonstrated by a number of methods (Miguel
etal., 1991, Miquel et al., 1992). These presynaptic receptors are thought to
function as somatodendritic autoreceptors, with selective agonists attenuating
the ongoing activity of serotonergic neurones in dorsal raphe, whilst antagonism
of the receptor reverses this attenuation (Sprouse & Aghajanian, 1986).
Another functional characteristic of 5-HT1a receptors is their tonic activation in
conscious cats, demonstrated by the ability of the antagonist WAY 100635 to
increase serotonergic cell firing (Fornal et al., 1996). Further detail on the
functioning of the 5-HT14 receptor can be found in a recent review (see Barnes
& Sharp, 1999), including the role that these receptors may play in the
modulation of other neurotransmitters such as acetyicholine and noradrenaline.
Other topics included are the behavioural responses to 5-HT ;4 receptor
activation, however, one important aspect missing from this review is the
important role that this and other 5-HT receptor subtypes play in the modulation
of cardiovascular control (see Ramage, 2001; section 1.6).
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5-HT,g and 5-HTp receptors

The 5-HTg/1p receptor classification has undergone a significant change over
the last five years. The originally defined 5-HTp receptor, characterised in
bovine tissue 15 years ago (Heuring & Peroutka, 1987), is now known to be a
species variant of the rat 5-HT1g receptor (Hartig et al., 1996). The similar
central distribution of these two receptor subtypes suggested a close homology
and indeed more recently the amino acid sequence has been characterised and
reveals they are 93% identical overall (see Hoyer et al., 1994). There was also
the identification of a further receptor subtype in higher species with similar
pharmacology, which was given the classification 5-HT1p,, with the previous
subtype classified as 5-HT1pg, due to the similarities with rat 5-HT 3.
Subsequently, the 5-HT1p, receptor was isolated in rat and the recent
reassessment of the nomenclature began from there (Hamblin et al., 1992).
This now stands as the original 5-HTp receptor being reclassified as 5-HT g,
however, this must be prefixed with the species subtype, i.e. r5-HTg for rodent
and h5-HT,g for human. Furthermore, the 5-HT1p, receptor found in both rat
and human has been reclassified as the 5-HT1p receptor. This has ledto a
certain degree of confusion in the use of selective pharmacological tools in
research involved with these subtypes, possibly requiring a reappraisal of some
of the relevant published work.

Receptor Ligands at 5-HT,g and 5-HTp receptors

One of the recent advances in research into the individual characteristics of
function of 5-HT 1z and 5-HTp receptors is the availability of selective ligands.
One group of selective agonists at these binding sites is the triptans, including
sumatriptan, zolmitriptan and others. Sumatriptan has high affinities specifically
at 5-HT4g and 5-HT1p and 5-HTr receptors (pKi's of 8.0, 8.3 and 7.6
respectively, see Barnes & Sharp, 1999, value given for h5-HT g, data for
r5-HT1s - pK 6.3, see Hoyer et al., 1994) and to a lesser extent 5-HT 1a
receptors (pKi 6.1, see Hoyer et al., 1994) and 5-HT- receptors (pK 6.2, see
Hoyer et al., 1994). One of the common attributes of 5-HT1g and 5-HT1p
receptor ligands is their high selectivity for the 5-HT 4 receptor as well,
however, a more recently developed agonist for the 5-HT+p receptor, MK 464,
does have pronounced selectivity over the 5-HTa receptor (Street et al., 1995).

53



In addition, CP-93,129 is a potent 5-HT1g receptor agonist, which also has high
selectivity over other 5-HT receptor subtypes (Koe et al., 1992). Whilst the
compound GR127935, reported to be an antagonist with high affinity for both 5-
HT1g and 5-HT1p receptor binding sites (Skingle et al., 1993), has been
demonstrated to have partial agonist activity at the 5-HTg receptor (Walsh et
al., 1995). It has also been shown to have agonist properties at the 5-HT1p
receptor (Starkey & Skingle, 1994; Pauwels & Colpaert, 1995). One ligand
whose actions have been confused in light of the reclassification of 5-HT+g and
5-HT1p receptors, is GR55562. This compound is reported to act as an
antagonist at 5-HTpg (or according to the new classification h5-HT4g) receptors
(Walsh et al., 1995).

In addition, a selective 5-HT s receptor antagonist (SB-224289) has recently
been developed which has been shown to be unable to induce 5-HT release in
the frontal cortex (Roberts et al., 1997). Whilst another new compound, the
5-HT4p receptor antagonist BRL-15572, is reported to have a 60-fold higher
affinity for the 5-HT+p versus the 5-HT1g receptor. Thus, pharmacological tools
are slowly beginning to emerge to differentiate these two similar receptor
subtypes in résearch at least. Finally, ketanserin, a 5-HT,a receptor antagonist,
is able to differentiate between 5-HT1p and 5-HT g receptors, having 15-30 fold
selectivity for the 5-HTp over the 5-HT g receptor (Kaumann et al., 1994,
Pauwels & Colpaert, 1996).

5-HT g receptors

The highest concentrations of central 5-HT1g receptor distribution are found in
basal ganglia, striatum and frontal cortex (Pazos & Palacios, 1985). However,
there are many other regions known to contain an appreciable density of this
receptor, including the NTS (Manaker & Verderame, 1990) and raphe nuclei
(Doucet et al., 1995). As described for 5-HT 14 receptors there is a reduction in
5-HT1g mRNA in raphe nuclei after a 5-HT neuronal lesion (Doucet et al., 1995).
Evidence for the presence of a 5-HT,g autoreceptor has been demonstrated by
strong correlations between the affinity of 5-HT receptor agonists at the 5-HTg
binding site and the potency with which these agonists inhibit 5-HT release (see
Middlemiss & Hutson, 1990). Additionally, in vivo, the selective 5-HT g receptor
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agonist CP-93,129 has also evoked a marked reduction in 5-HT release (Hjorth
& Tao, 1991). Furthermore, there is preliminary evidence for a small population
of 5-HT+g somatodendritic autoreceptors in the raphe nuclei (Davidson and
Stamford, 1995). However, the ability of 5-HT4g receptors to act as
autoreceptors and the tonic level of their activation may well vary according to
brain region (see Barnes & Sharp, 1999).

There is growing evidence that the 5-HT;g receptor also acts as a
heteroreceptor in some brain regions (Bruinvels et al., 1993; Bruinvels et al.,
1994; see Barnes & Sharp, 1999). One electrophysiological study
demonstrated a 5-HT g receptor-mediated reduction in glutamate release in
locus coeruleus (Bobker & Williams, 1989), whilst heteroreceptors have also
been implicated in the 5-HT-induced attenuation of GABAg receptor-mediated
IPSPs in dopamine neurones in rat midbrain in vitro (Johnson et al., 1992).
One other microdialysis study also reported an augmentation of acetylcholine
release in rat frontal cortex by endogenous 5-HT mediated by 5-HTg receptors
(Consolo et al., 1996).

Interest in the'5-HT1B receptor is high at the moment after the discovery of the
antimigraine properties of the ‘triptans’ (e.g. sumatriptan). There are currently
thought to be two components of the therapeutic effect of these compounds; by
activation of 5-HT1g receptors on cerebral arteries resulting in vasoconstriction,
or by 5-HT1p/r receptor mediated presynpatic inhibition of trigeminovascular
inflammatory responses, reducing nociception and neurogenic inflammation
(see Villalon et al., 2002). The latter of which is supported by the ability of
5-HT g selective ligands to attenuate dural plasma protein extravasation evoked
by trigeminal ganglion stimulation in mice, a response abséht in 5-HTg receptor
knockout mice (Yu et al., 1996). However, the success of these compounds in
the treatment of migraine is unlikely to be solely due to 5-HT1g receptor
activation, but probably includes the activation of other 5-HT; receptor subtypes
e.g. the 5-HTr receptor which has been implicated due to the affinity of the
triptans for this receptor subtype. 5-HT,g receptors are also thought to have an
important role in a number of other physiological and pathological states, such
as locomotion and hypothermia (see Barnes & Sharp, 1999).
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5-HT,p receptors

As mentioned previously the originally defined 5-HT1p receptor is now
considered a species homologue of the 5-HT1g receptor and what is now
termed the 5-HT1p receptor of rat and human (and other species) was
discovered using gene sequencing methods (Hartig et al., 1996; Hamblin et al.,
1992). Using predominantly in situ hybridisation techniques 5-HT1p receptor
levels have been shown to be highest in areas such as the basal ganglia,
hippocampus, parts of the cortex, dorsal raphe and locus coeruleus (Hoyer et
al., 1994). However, there has been shown to be low densities of 5-HT+p
receptors located throughout the CNS, including the NTS, and it has been
suggested that these are primarily located on the axon terminals of both 5-HT
and non-5-HT neurones (see Barnes & Sharp, 1999).

Due to the problems in pharmacologically distinguishing between 5-HTg and
5-HT1p receptors (see above), there have been difficulties in classifying
individual receptor functions. An example of this is shown in the conflicting
results of studies using 5-HTg knock-out mice. One study showed that the
reduction of 5-HT release by administration of 5-HT receptor agonists was
maintained in this model (Pineyro et al., 1995), whilst another, which used
5-HTg/1p receptor agonists, found this response to be absent (Trillat et al.,
1997). Both these studies examined hippocampus and cortex, although the
latter study also examined dorsal raphe, but their conflicting results clouded
confirmation of the presence of a 5-HT,p autoreceptor. A more recent study in
guinea pig and human cortex, using more selective ligands, has shown that the
5-HT autoreceptor can be blocked by the h5-HT1g receptor antagonist
SB-216641, but not by the 5-HTp receptor antagonist BRL-15572 (Schlicker et
al., 1997). However, this evidence does not rule out the possibility of 5-HT1p
autoreceptors in other central regions.

The identification of a 5-HTp heteroreceptor has faced the same problem but
the emergence of new selective ligands is helping to differentiate and identify
the functions of this subtype. A number of studies have demonstrated the
ability of 5-HTp-like receptors to modulate the release of other
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neurotransmitters, including the inhibition of glutamate release from rat
cerebellar synaptosomes, mediated by 5-HT1p receptors (Maura & Raiteri,
1996), and the inhibition of GABA release in human cortex by 5-HTp-like
receptors (Feuerstein et al., 1996). Thus, the presence of 5-HTp
heteroreceptors seems likely, although their distribution and inter-species
differences have yet to be clarified.

5-htie and 5-ht¢r receptors

5-htye receptors were first isolated by their response to [*H]5-HT in the presence
of 5-CT, which masked the responses of activation of other 5-HT receptor
subtypes (5-HT1a, 5-HT1p and others; Leonhardt et al., 1989). The insensitivity
of this receptor subtype to 5-CT is one of its novel aspects, although there are
at present no selective ligands. The highest central distribution of the receptor
is seen in the caudate putamen, the central nucleus of the amygdala, the globus
pallidus and frontal cortex regions (Hoyer et al., 1994). Human brain binding
studies have also suggested that the 5-ht¢ receptor may represent up to 60%
of all 5-HT; receptor binding. The lack of ligands to date has prevented any
functional characteristics of this receptor to be classified to date.

More is known about the 5-ht;r receptor as there is currently a selective agonist,
LY334370, which has been shown to have high selectivity over 5-HT1g/1p
receptor subtypes (pK; 8.8 for 5-hts¢ vs. pK; 6.9 for both 5-HT1g/1p receptors, see
Barnes & Sharp, 1999). This is important because another ligand known to
have a high affinity for the 5-ht;¢ binding site is sumatriptan. As mentioned
previously sumatriptan has a nearly equivalent affinity for these three receptor
subtypes (5-HT1g, 5-HT1p and 5-ht;g), which is important in research concerning
the antimigraine properties of the triptans. Indeed, the presence of 5-hts¢
mRNA in trigeminal ganglia initiated experiments that have found that the
selective agonist LY334370 may have important antimigraine properties
(Shepheard et al., 1999), suggesting an important role for these receptors in
this condition. Other areas thought to contain 5-htsr receptors include the
hippocampus, striatum and cortex, and it is thought to play a role in certain
behavioural states, as well as possibly acting as an autoreceptor (see Barnes &
Sharp, 1999).
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1.5.2 5-HT, receptors

The three 5-HT, receptor subtypes, 5-HT2a, 5-HT2g, and 5-HT,¢ are thought to
act via a phosphoinositol hydrolysis signal transduction mechanism utilising the
Gq GTP binding protein, however, this has yet to be proven for 5-HT2g receptors
in native tissue (Hoyer et al., 1994). 5-HT, receptor ligands are currently being
assessed as a possible treatment of various psychological disorders (Baxter et
al., 1995). In addition, 5-HT> receptors have also been implicated in playing a
role in the maintenance of central sympathetic outflow (see Ramage, 2001),
including actions mediated via the RVLM (Mandal et al., 1990), described in
further detail in section 1.6.3.

5-HT,A receptors

There are a large number of 5-HTa receptor ligands although the majority have
high affinity for other receptors e.g. ketanserin, a 5-HT2a receptor antagonist,
has high selectivity over other 5-HT, receptor subtypes, but has high affinity at
the 5-HT4p receptor (as mentioned previously), and is also known to be a potent
oy adrenoceptor antagonist (Van Neuten et al., 1981). Other compounds
known to have affinity at the 5-HT,a receptor binding site include DOl and LSD,
as agonists (see Baxter et al., 1995), and the relatively new antagonist
MDL-100907 (Sorensen et al., 1993). Histological studies have revealed the
distribution of central 5-HT2a receptors within the basal ganglia, claustrum and
cortex, although there is a high density of peripherally located receptors in,
particularly, gastrointestinal and urinary areas (Hoyer et al., 1994). In addition,
autoradiographic studies have revealed that NTS neurones have binding sites
for 5-HT, receptors (Dashwood et al., 1988). Activation of 5-HT» receptors has
been shown to produce head shaking in rodents, and this was subsequently
shown to be mediated by 5-HTa receptors using selective antagonists
(Schreiber et al., 1995).
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5-HT,g receptors

There are few ligands selective for the 5-HTg receptor, although a-methyl 5-HT
is a full agonist at this binding site, with selectivity over the 5-HT,a and 5-HToc
sites. In addition, SB-204741 is reported to be an antagonist selective for the
5-HT g receptor binding site (see Baxter et al., 1995). This 5-HT, receptor is
thought to be present in much higher densities in the periphery than in the
central nervous system. Outside of the CNS these receptors are thought to
mediate contractions of stomach fundus, specifically in rat, as well as
relaxations of the jugular vein, specifically in the rat and cat model (see Baxter
et al., 1995). A recent study has highlighted the central distribution of these
receptors (Duxon et al., 1997a), and activation of these receptors has been
shown to cause anxiolysis (Duxon et al., 1997b), hyperphagia and reduced
grooming (Kennett et al., 1997). Centrally the receptor has been demonstrated
to be located in the septum, hypothalamus, cerebellum and central nucleus of
the amygdala (Duxon et al., 1997a), in addition to the NTS (Dashwood et al.,
1988).

5-HT,c receptors

Much of the original research into the actions of the 5-HT,¢ receptor has
employed ligands such as mCPP, a non-selective agonist, and ritanserin, a
non-selective antagonist. However, more selective compounds are becoming
available, such as SB-242084 (Kennett et al., 1997; see below), which are
better able to differentiate between individual 5-HT, receptor subtypes. In
contrast to 5-HTg receptors, 5-HTxc receptors are found almost exclusively
within the central nervous system. One of the defining anatomical
characteristics of this subtype is the high density found in the choroid plexus,
leading to suggestions that it plays a role in cerebrospinal fluid production. In
addition, significant numbers were found in the limbic system, the basal ganglia,
throughout the cortex (Palacios et al., 1991) and in the NTS (Dashwood et al.,
1988). The selective 5-HT,¢c antagonist SB 242084 has been shown to have
anxiolytic-like actions in animal models (Kennett et al., 1997), an action which
has been suggested to explain part of the mode of action of SSRI’s, which
desensitise 5-HTyc receptors (Kennett et al., 1993).
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1.5.3 5-HT; receptors

The 5-HT3 receptor has been recognised for nearly half a century, leading to its
cloning in 1991, and as such is one of the more researched and understood of
the 5-HT family. Functionally, the 5-HT3 receptor is a ligand gated ion channel,
which is made up of a pentameric cation channel selectively permeable to
sodium, potassium and calcium ions, resulting in depolarisation (Hoyer et al.,
1994). There is inter species variation both in the receptor formation and
distribution, and, due to variations in ligand affinities, the receptor has been
suggested as having multiple binding sites (Steward et al., 1995).

There are a host of 5-HT; receptor ligands currently available. However, 5-HT;
receptors are closely related to other members of the ligand gated ion channel
family, particularly the nicotinic receptor (see Ortells & Lunt, 1995). As a resuit
a number of compounds are thought to interact allosterically with the receptor
such as ethanol and some anaesthetic agents (Parker et al., 1996). However,
there is still a wide availability of potent 5-HT3 receptor antagonists including
granisetron (Nelson & Thomas, 1989; Sanger & Nelson, 1989), ondansetron
(Butler et al., i988) and MDL-72222 (Fozard, 1984). Agonists at the 5-HT3
receptor include phenylbiguanide (Richardson et al., 1985) and
chlorophenylbiguanide (Kilpatrick et al., 1990), the latter of which has the
highest affinity. An important characteristic of these 5-HT; receptor agonists is
their ability to block dopamine uptake (see Hoyer et al., 1994).

5-HT3 receptors have received clinical recognition in the use of 5-HT3 receptor
antagonists as antiemetic agents. Increased 5-HTs receptor activation is
thought to underlie the nausea and vomiting induced by the use of radiotherapy
and chemotherapy in the treatment of cancer. Importantly this anti-emetic
characteristic has not yet been defined as being mediated by 5-HT3 receptors in
peripheral or central locations, or at combination of both (see Leslie et al.,
1994). The highest density of central 5-HT; receptors is located in the
brainstem, particularly in more dorsal areas such as the DVN, area postrema
and NTS, suggesting an important role in autonomic regulation for this receptor
(see section 1.6.4). In addition, these three nuclei are known to play a crucial
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role in the production of a vomiting reflex, therefore it seems likely that 5-HT3
receptors located there are activated by these antiemetic agents. However,
there is also a high density of 5-HT3 receptors in the gastrointestinal tract itself
(Glatzle et al., 2002) and on pre- and postganglionic autonomic neurones (see
Leslie et al., 1994), which are also likely to be activated by these agents.

Other peripheral locations of 5-HT; receptors include large areas of the
peripheral nervous system. They have been shown to be located within the
enteric nervous system as mentioned above, on sensory nerves, such as
somatic primary afferent fibres, where intradermal application of 5-HT causes
pain, mediated by 5-HT; receptors (Richardson et al., 1985). In addition, they
are found on pulmonary C-fibre afferents, where activation of 5-HT3 receptors
activateé the cardiopulmonary reflex, an effect which has been used to
characterise new 5-HT3 receptor antagonists (see Leslie et al., 1994). Another
significant location for these receptors in the periphery is within the dorsal and
ventral horn of the spinal cord (Morales et al., 1998).

Centrally the 5-HT3 receptor has also been found in the hippocampus, the
central nucleus of the amygdala, and regions of the cortex. Further study found
an association between 5-HT; receptors location and the location of GABAergic
interneurones in regions CA1-CAS3 of the hippocampus (Morales & Bloom,
1997). Cholecystokinin (CCK) has also been demonstrated to be co-localised
with 5-HT3 receptors in cortical, hippocampal, and amygdaloid areas using
double labelling methods (Morales & Bloom, 1997). Further, 5-HT, acting at
5-HTj3 receptors, is also thought to modulate the release of a number of other
neurotransmitters, including glutamate (see Lawrence & Jarrott, 1996).

Systemic effects evoked by 5-HTj3 receptor ligand administration include
modulation of cardiac activity, vasodilatatory effects, disturbances in lung and
intestinal function and even anxiolysis and enhanced cognitive function (see
Hoyer et al., 1994), supporting the idea that the 5-HT; receptor serves a crucial
role in both the central nervous system and the periphery.

61



1.5.4 5-HT,, 5-HTs, 5-HT,, and 5-HT; receptor subtypes

5-HT,4 receptors

The 5-HT4 receptor is positively coupled to adenylyl cyclase, and there are
highly selective antagonists currently available, such as SB-204070 (Kennett et
al., 1997), although, to date, 5-HT, receptor agonists do not have significant
selectivity over 5-HT; receptors. The 5-HT, receptor has been shown to be
located centrally in areas including the nucleus accumbens, basal ganglia and
striatum in rat brain (Patel et al., 1995). It has been associated with dopamine
function, and co-localised, using double labelling methods, with cholinergic and
GABAergic interneurones, together with a suggested location on GABAergic
fibres projecting to the substantia nigra (Patel et al., 1995). Indeed, 5-HT,4
receptor activation has been shown to facilitate acetylcholine release in rat
cortex (Consolo et al., 1994). This receptor has also been demonstrated to
modulate 5-HT release in rat hippocampus (Ge & Barnes, 1996). Another study
has also reported anxiolytic-type actions of selective 5-HT, receptor
antagonists, including SB-204070 (Kennett et al., 1997). Peripherally,
modulation of the myenteric plexus by 5-HT, receptors has been demonstrated
in animal models, leading to suggestions for a role for this receptor in irritable
bowel syndrome (Bockaert et al., 1994). Other actions of 5-HT4 receptors
include positive iono- and chronotropic effects on the heart, involvement in
bladder contraction, cortisol secretion, activation of vagal afferents and possible
secretion from rat mucosa (see Bockaert et al., 1994).

5-HTs receptors

5-HTs receptor subtypes 5-HTsa and 5-HTsg were first desdribed in rat using
brain cDNA libraries (Erlander et al., 1993). The 5-HTsa receptor has been
shown to be negatively linked to adenylyl cyclase and may function as a
terminal autoreceptor in mouse cortex (Carson et al., 1995), whilst less is
known about the 5-HTsg receptor mechanism of action. 5-HTsa receptor
distribution has been identified in rat cerebellum, hippocampus and cortex,
whilst 5-HTsg receptors are thought to be located, in mouse brain at least, in
hippocampus, habenula and dorsal raphe (Matthes et al., 1993). Little is known
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about the functional effects of 5-HTs receptor activation in animal models, or the
changes seen in knock-out mice (see Barnes & Sharp, 1999).

5-HTg receptors

The 5-HTs receptor is another member of the 5-HT family about which little is
known. It is positively linked to adenylyl cyclase via a G protein (Sebben et al.,
1994), and functional studies using antisense techniques produced a
behavioural syndrome of yawning, stretching and scratching (Bourson et al.,
1995). Interestingly antipsychotic and antidepressant agents such as clozapine
and clomipramine have been demonstrated to act as antagonists at the 5-HTg
receptor (Kohen et al., 1996). Central distribution of 5-HT¢ receptor mRNA
includes striatum, nucleus accumbens, hippocampus, the central nucleus of the
amygdala and cortical areas (Kohen et al., 1996).

5-HT7 receptors

The 5-HT7 receptor is the most recently cloned receptor and as with the 5-HTg
receptor is positively coupled to adenylyl cyclase. There are a number of
receptor agon‘ists developed for other 5-HT receptor subtypes, including
8-OH-DPAT, which have affinity at the 5-HT receptor binding site.

Furthermore, ritanserin and metergoline are antagonists with a high affinity for
this receptor; although, at present there are no selective ligands. Many
responses previously attributed to other 5-HT receptor subtypes are now
thought to be due to the 5-HT- receptor (Eglen et al., 1997). In rat and guinea
pig, the density of 5-HT7 receptor distribution is relatively consistent and
concentrates primarily in hypothalamus, thalamus, hippocampus and brainstem,
and in man, peripherally, it has been described in coronary'artery (Hoyer et al.,
1994). Smooth muscle relaxation is one functional characteristic of this
receptor subtype, whilst activation of the subtype may cause prolonged
hypotension (Eglen et al., 1997). 5-HT- receptor activity may also mediate
changes in circadian rhythm; a theory proposed after ligands with high affinity at
this site increased neuronal firing in hypothalamic cell cultures (see Hoyer et al.,
1994).
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1.6 Central cardiovascular actions for 5-HT receptors

A detailed review on the role of 5-HT receptors in cardiovascular regulation has
been recently published (Ramage, 2001). Taken together, there is ample
evidence described above suggesting an important regulatory function for the
central serotonergic system in autonomic control, an action proposed over 20
years ago (Kuhn et al., 1980). The location of both serotonergic neurones and
5-HT receptor subtypes in areas known to modulate and direct the
cardiovascular system supports this. Further, the systemic effects of central
5-HT administration on blood pressure and other cardiovascular variables,
although not necessarily clear cut, are another important indicator (see Kuhn et
al., 1980). What is now becoming clear is that the interaction between 5-HT
and both parasympathetic and sympathetic branches of the autonomic nervous
system is a complex system, involving most, or all, of the individual 5-HT
receptor subtypes. It must be stated also that peripherally serotonin plays a
strong role in cardiovascular functions, most notably in vascular tissue (see
Marwood & Stokes, 1984), but also in other organs under autonomic control,
such as the bladder (see Ramage, 2001).

The varied and sometimes conflicting cardiovascular responses achieved by
central administration of 5-HT is now thought to be due to a number of factors
including:- activation of different 5-HT receptor populations; inter-species
differences; dose of 5-HT administered; site of administration; use or not of
anaesthetic agents and even type of anaesthetic used. One early study
described a pressor effect and bradycardia associated with 5-HT administration
intra-cerebro ventricularly (i.c.v.) in the conscious rat, which could be blocked by
pre-treatment with a non-selective 5-HT receptor antagonist (Sukamoto et al.,
1984). It has also been reported that changes in heart rate caused by i.c.v.
administration of 5-HT are dose related, with lower doses causing tachycardia
and higher doses resulting in bradycardia (Dedeoglu & Fisher, 1991). These
dose-related issues may be a result of increased diffusion of 5-HT to brain
areas distal to the administration site at higher doses (Coote, 1990).
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Specifically, the administration of 5-HT into the NTS has also been shown to
produce a variety of responses, perhaps unsurprisingly due to the diverse
integrative functions of this nucleus. Low doses produced a depressor and
bradycardic response in anaesthetized (Laguzzi et al., 1984) and conscious
(Callera et al., 1997a) rat models, whilst higher doses have produced both an
increase (Merahi et al., 1992) and a decrease (Feldman & Galliano, 1995) in
blood pressure. Another study in rats demonstrated that 5-HT injected into the
NTS always produced a depressor and bradycardic response which was
enhanced in spontaneously hypertensive rats (Okada & Bunag, 1994), a pattern
that is mirrored by glutamate (see Okada & Bunag, 1994). These responses
are likely to involve more than one 5-HT receptor subtype due to the
demonstrated location of a number of these subtypes within the NTS (at varying
density, see above). Furthermore clear conclusions are difficult to make due to
the limitations of microinjection studies in not being able to target functionally
identified neurones.

However, the development of selective compounds, and more refined
techniques, such as in vivo extracellular recordings, is significantly furthering
the understanding of which subtypes of 5-HT receptor and which central areas
are involved in these responses. Below are descriptions of some of the recent
advances into the functioning of the central serotonergic system with respect to
cardiovascular regulation, and where the current understanding lies.

1.6.1 5-HT,, receptors

Central activation of 5-HTa receptors by i.c.v. administration of the selective
5-HT1a receptor agonist 8-OH-DPAT has been shown to cause a depressor
effect and bradycardia in all species tested (see McCall & Clement, 1994), a
response that was mirrored in conscious and spontaneously hypertensive rats
(Dreteler et al., 1990; Gradin et al., 1985). In cats a differential effect of central
5-HT1a receptor activation on sympathetic outflow has now been described
(Ramage et al., 1988). This was demonstrated by the absence of a vasodilation
of the hindlimb and a delay in the activation of thoracic preganglionic neurones,
after a 5-HT agonist-evoked hypotension. Further, the depressor response to
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5-HTa receptor activation has implicated the major sympathoexcitatory area
(located in the RVLM) as a possible zone for this serotonergic modulation (Gillis
et al., 1989; Laubie et al., 1989). In addition, one study reported no reduction in
sympathetic outflow to the heart after activation of 5-HT 4 receptors in the
region of the RVLM (King & Holtman, 1989), again supporting further differential
functions for this subtype. One explanation for this latter observation is the
proposed topographical organisation of RVLM neurones with respect to their
end target (Dampney, 1994), suggesting that 5-HT 4 receptors may only
modulate outflows to specific vascular beds.

In the anaesthetized rat, sympathoexcitatory effects of 5-HT1a receptor
activation have also been described following low dose i.c.v. administration of a
selective agonist (Anderson et al., 1992). This is thought to be mediated by
increased release of adrenaline, although due to the presence of this response
in the conscious model, some doubt about this mechanism remains (see
Ramage, 2001). One possible important distinction in these apparently
opposing effects of 5-HT1a receptor activatiorf is the different central nuclei from
which they can be evoked. Depressor responses have been described from the
raphe magnué and pallidus, the RVLM and even the dorsal raphe (see McCall &
Clement, 1994), whereas pressor responses have been reported from raphe
obscurus, the preoptic area but not the paraventricular nucleus in the rat (see
Ramage, 2001). With respect to the maintenance of sympathetic outflow i.v.
administration of a selective 5-HT 4 receptor antagonist was unable to
significantly alter resting blood pressure in the anaesthetized cat (Ramage &
Mirtsou-Fidani, 1995), indicating that, under these conditions, 5-HT1a receptors
capable of modulating the sympathetic nervous system are not under tonic
activation. '

The ability of 5-HT 1 receptors to modulate the parasympathetic nervous
system (Shepheard et al., 1994) can be partially explained by the demonstrated
tonic activation of 5-HT1a receptors during cardiac vagal reflex activation in the
nucleus ambiguus of the cat (Wang & Ramage, 2001). This study confirmed
data that described the attenuation of reflex responses to cardiopulmonary

receptor activation and upper airway receptor activation by 5-HT;a receptor
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blockade (see Dando et al., 1998). Indeed, application of a 5-HT1a receptor
agonist into the IVth ventricle was shown to increase cardiac vagal tone
(Shepheard et al., 1994). The site of this modulation by 5-HT 14 receptors was
assumed to be close to the location of the vagal preganglionic neurones, i.e. the
DVN and NA in the medulla. In support of this a study in the rat has
demonstrated the predominant decrease in the activity of these neurones by
5-HT1a receptor ligands (Wang et al., 1995). In addition, a recent study
examining functionally identified neurones of the nucleus ambiguus in
anaesthetized cats confirmed the modulation of cardiac vagal preganglionic
neurones (CVPNS) by 5-HT 14 receptors using the highly selective antagonist
WAY-100635 (Wang & Ramage, 2001). Interestingly, activation of 5-HT1a
receptors was able to excite these neurones, which, considering the mechanism
of action these of receptors, must occur via interneurones due to the known
hyperpolarising action of 5-HT14 receptors. This has been proposed to be a
result of ‘disinhibition’, which involves the switching off of GABAergic
interneurones by activation of 5-HTa receptors, resulting in reduced inhibitory
drive to the CVPNSs and their subsequent increased activity (see Ramage,
2000). A GABAergic modulation of CVPNs has been demonstrated before
(DiMicco et al., 1979), and in respect of the serotonergic modulation via 5-HT1a
receptors this is not restricted to parasympathetic control of the heart, but also
includes modulation of parasympathetic control of the bladder, airways and
possibly the eye (see Ramage, 2000). Furthermore, although this data
indicates an indirect serotonergic modulation of CVPNs there is some
anatomical evidence for fibres projecting to vagal preganglionic neurones in the
DVN (Sykes et al., 1994) which may well involve the activation of other
serotonergic receptor subtypes (see below).

In addition, a role for 5-HTa receptors in NTS has also been implicated (Wang
et al., 1997), with 8-OH-DPAT affecting the ongoing activity of almost all vagally
identified NTS neurones, although roughly half these neurones were excited,
and half were inhibited by this receptor ligand. Interestingly, out of five
neurones that were functionally identified as receiving cardiac vagal afferent
input, four were excited by the 5-HT 14 receptor agonist. Although this
demonstrates a strong role for this subtype in the NTS, the high affinity of
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8-OH-DPAT for the 5-HT7 receptor, cannot be ignored (pK; 8.7 for 5-HT4a, pK;
7.4 for 5-HT7, see Hoyer, 1994).

1.6.2 5-HT,g,p receptors

Activation of 5-HT1p receptors by i.c.v. injection of selective receptor ligands has
been shown to cause a depressor response, although there is also some
evidence demonstrating that activation of central 5-HT g receptors might causes
the opposite, a rise in blood pressure in anaesthetized rats (Gallacher &
Ramage, 1984). In the presence of WAY-100635, sumatriptan (a 5-HTg/1p
receptor agonist) evoked a depressor response associated with hindquarter
vasodilation, whilst the 5-HT,g receptor agonist CP-93,129 caused a small
tachycardia and pressor response. The sumatriptan response was sensitive to
selective 5-HT1p receptor antagonism, and was also delayed, consistent with
the increased diffusion time needed for an i.c.v. injection to reach hindbrain
regions.

In addition, preliminary studies have revealed a similar differential effect of
5-HT45 and 5-HTp receptor activation in the NTS, with the ligand CP-93,129
increasing vagal afferent evoked activity and sumatriptan attenuating this
activity (Wang et al., 1998b). A role for 5-HT4g,1p receptors in the modulation of
afferent relay and integration within the NTS therefore seems likely, although
they may also play a role in other autonomic nuclei of the brainstem.

1.6.3 5-HT, receptors

There is now a large amount of evidence implicating 5-HT. receptor subtypes in
the control of blood pressure (see Ramage, 2001). Original interest in a role for
these receptors was triggered by the ability of ketanserin to induce central
sympathoinhibition, however, this has been demonstrated to be largely due to
the blockade of central a;-adrenoceptors (see McCall & Clement, 1994).
However, the selective 5-HT, receptor agonist DOI , administered i.c.v., has
recently been shown to produce a profound sympathoexcitation (Anderson ef
al., 1995), and this has confirmed an important role for this receptor subtype.
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One significant aspect when investigating the role of central 5-HT; receptors is
the response to peripheral activation of these receptors. Experiments have
shown that i.v. administration of DOI causes a generalised sympathoexcitation,
a pressor response, but no tachycardia. Of these, a vasoconstriction-induced
rise in blood pressure and bronchoconstriction has been shown to be mediated
by peripheral 5-HT, receptors (see Ramage et al., 1993). These peripheral
responses must therefore be taken into account when studying centrally
mediated effects of 5-HT, receptor activation.

Activation of 5-HT, receptors in the rostral ventrolateral medulla (RVLM)
produces a pressor response but no change in heart rate (Mandal et al., 1990),
explained by the differential effects of specific populations of RVLM neurones
capable of modulating ventricular contraction independent of heart rate.
However, due to the rise in blood pressure, the increased force of contraction
could be due to a phenomenon known as the Anrep effect which describes the
association between these two variables (see Ramage, 2001). Experimentation
has revealed that administration of 5-HT» receptor ligands to the ventral surface
of the brainstem (adjacent to the RVLM), in a paced heart preparation produced
no increase in ventricular contraction (Ramage & Daly, 1998). This has led to
the conclusion that 5-HT, receptors in the RVLM mediate different effects on
sympathetic premotor neurones projecting to the heart, than to other
sympathetic premotor neurones, a characteristic also seen with the 5-HT1a
receptor ligand 8-OH-DPAT (see Ramage, 2001).

Activation of central 5-HT, receptors by i.c.v. administration of selective
agonists has also now been shown to cause the release of vasopressin
(Anderson et al., 1991; Pergola et al., 1993; Knowles & Ramage, 1999). This
vasopressin release has been shown to be induced by the activation of,
specifically, 5-HT2a receptors and involves the stimulation of a central
angiotensinergic pathway (Knowles & Ramage, 1999). In addition, the
expected 5-HTza receptor-mediated sympathoexcitation is inhibited by a
feedback system indirectly or directly mediated via the released vasopressin
'and, furthermore, this sympathoinhibitory feedback system involves the
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activation of 5-HT g receptors, as it is sensitive to blockade by the selective
5-HT g receptor antagonist SB204741 (Knowles & Ramage, 1999). Whether
the 5-HTog receptor is activated by the vasopressin-induced baroreceptor
activation or directly by a central action of vasopressin remains to be
determined. Surprisingly, selective central 5-HTog receptor activation, via i.c.v.
administration of a selective agonist, has also been shown to cause renal
sympathoexcitation and a small fall in blood pressure (Knowles & Ramage,
2000). A role for central 5-HT, receptors in the mechanisms by which the brain
regulates blood volume therefore clearly exists, although more research is
required to fully understand the functions of the individual receptor subtypes in
this mechanism. The current understanding is that the central regions thought
to mediate these effects of midbrain 5-HT, receptor activation include the
paraventricular nucleus, the anterior hypothalamus and preoptic area, and the
subfornical organ (see Ramage, 2001). This would explain the successful
activation of these receptors within relatively short onset times using i.c.v.
injections, it is also corroborated by the known activation of AT, receptors within
the subfornical region by vasopressin (lovino & Steardo, 1985). These areas
are known to receive serotonergic projections from dorsal and median raphe
nuclei (see above).

As mentioned previously 5-HT, receptor binding sites have also been described
in the brainstem, specifically the NTS (Dashwood, 1988). Electrophysiological
studies examined the effects of the 5-HT, receptor agonist DOI on the
excitability of NTS neurones (Sévoz-Couche et al., 2000a). Variable effects
were described upon 5-HT, receptor activation, although the use of more
selective ligands, has now demonstrated that 5-HT.g receptors are more likely
to mediate excitatory responses, whilst 5-HToc receptors abpear to mediate
inhibitory responses in the NTS (Sévoz-Couche et al., 2000b).
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1.6.4 5-HT; receptors

As described previously there is a high density of 5-HT3 receptors within the
brainstem, suggesting an important role for these receptors in the complex
interaction of brainstem nuclei. These receptors have been shown to be
predominantly located presynaptically within the NTS (Pratt & Bowery, 1989;
Leslie et al., 1990), and activation of these receptors using microinjections and
intracisternal (i.c.) injections has been shown to affect both resting
cardiovascular variables and also baroreflex and cardiopulmonary reflex-evoked
responses (see below). The hypotensive effects evoked by microinjection of
low (pmol) doses of 5-HT have been suggested to be partially mediated by
activation of 5-HT3 receptors since it is mimicked by application of 5-HT;
receptor agonists and attenuated by selective antagonists (Merahi et al., 1992;
Merahi & Laguzzi, 1995). In addition, a number of studies in the NTS have also
reported that microinjection of a 5-HT3 receptor agonist abolishes the vagally-
mediated fall in heart rate caused by baroreflex (Merahi et al., 1992; Callera et
al., 1997b), chemoreflex (Sévoz et al., 1996; Callera et al., 1997b) and
cardiopulmonary reflex (Sévoz et al., 1996). However, in contrast other work
has describedl an attenuation in the vagally-mediated bradycardia caused by
upper airway and cardiopulmonary reflex activation after i.c. administration of a
5-HT3 receptor antagonist (Dando et al., 1995; Pires et al., 1998). The apparent
conflicts in these results have yet to be defined experimentally and remain, to
date, unanswered.

Other in vitro research has demonstrated the ability of 5-HT3 receptor activation
to affect both spontaneous and evoked synaptic transmission as well as
causing a postsynaptic depolarisation in neurones throughdut the NTS (Glaum
etal., 1992). Interestingly the magnitude of the depolarising response to
2-CH3-5-HT was dependent on the concentration administered, with higher
concentrations mediating a smaller depolarising effect. This patch clamp study
also stated that 5-HT; receptors might produce localised depolarisation of the
presynaptic terminal mediated via axonally or presynaptically located receptors,
suggested to be present on glutamatergic and GABAergic neurones of the NTS.
A further study confirmed this, at least with glutamate, when the 5-HT; receptor
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agonist phenylbiguanide, administered into the NTS, increased levels of
glutamate release, a response shown to be sensitive to antagonism with the
selective ligand ondansetron (Ashworth-Preece et al., 1995). Furthermore,
ionotropic glutamate receptor blockade in the NTS abolishes the bradycardia,
hypotension and apnoea evoked by the activation cardiopulmonary afferents
(Bonham et al., 1993; Vardhan et al., 1993), implicating 5-HT3 receptors in the
cardiovascular reflex modulation of heart rate.

As a result of some of the above work suggestions have been made for two
populations of 5-HT3 receptor in the NTS. Firstly, a postsynaptic population,
which mediates a pressor response, located on, and able to depolarise,
GABAergic neurones. Secondly, a population of presynaptically located 5-HT;
receptors which depolarise glutamatergic presynaptic terminals facilitating
glutamate release, and subsequently mediating a depressor response (see
Lawrence & Jarrott, 1996). However, at the cellular level these, and other,
proposed mechanisms have yet to be clarified, although it has been
demonstrated that the ongoing activity of the majority of vagally identified NTS
neurones is increased after ionophoretic administration of the selective 5-HT3
receptor agonist phenylbiguanide (Wang et al., 1997).

Adjacent to the NTS, the DVN also contains 5-HT3 receptors and
electrophysiological extracellular recordings have demonstrated an excitatory
action for these receptors on DVN neurone activity, mediated by both pre- and
postsynaptic receptors (Wang et al., 1998a; Albert et al., 1996). Indeed, 5-HT3
receptor activation of DVN neurones has been shown to be sensitive to
glutamate receptor antagonists, demonstrating a presynaptic location of 5-HT3
receptors on glutamatergic terminals (Wang et al., 1998a), 'potentially
supporting theories for the same mechanism in NTS. Finally, a recent paper
demonstrated that CVPNs of the nucleus ambiguus are also sensitive to 5-HT3
receptor activation in the anaesthetized cat (Wang & Ramage, 2001). As
demonstrated in the DVN and NTS (to a certain extent) these neurones

demonstrated a predominantly excitatory action for 5-HT; receptors.
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1.6.5 5-HT, receptors

A recent paper has reported that the cAMP-protein kinase A pathway
modulation of the cardiopulmonary reflex at the level of the NTS is mediated by
the activation of 5-HT,4 receptors (Edwards & Paton, 1999). This study
described, in anaesthetized rats, an attenuation of the bradycardia and
tachypnea produced in response to cardiopulmonary afferent activation, by the
prior microinjection of the non-specific 5-HT receptor agonist
5-methoxytryptamine. This response was blocked by microinjection into the
NTS of a 5-HT, selective antagonist, demonstrating that 5-HT acting at 5-HT4
receptors is able to attenuate the reflex bradycardic component of the
cardiopulmonary reflex. However, this selective antagonist did not alter
baseline values for blood pressure or heart rate, suggesting that 5-HT,
receptors are not tonically active in this preparation. Other functions for this
receptor subtype in relation to cardiovascular regulation remain to be
determined.
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1.7 Aims of this thesis

Experiments were carried out to:-

examine, in cats, the response of respiratory modulated CVPNs in the
region of the NA to stimulation of the pulmonary chemoreflex. Secondly, in
the rat, the vagal and cardiopulmonary afferent-evoked responses of NTS
neurones was studied, providing a basis for, in subsequent experiments,
examinations into the role of 5-HT receptor subtypes in any modulation of
these afferents.

investigate the effects of ligands selective for 5-HTg and 5-HT1p receptor
binding sites on the ongoing activity of NTS neurones in the anaesthetized
rat. In addition, the ability of these ligands to modulate vagal or
cardiopulmonary afferent input to NTS neurones was also examined.

examine the role of 5-HT3 receptors in the NTS at the neuronal level. Firstly,
confirming the predominant excitatory effect that activation of 5-HTs
receptors has on NTS neuronal activity and secondly examining any role
that these receptors may have on the vagal afferent-evoked and
cardiopulmonary afferent-evoked activation of NTS neurones in the
anaesthetized rat.

investigate interactions between 5-HT3 receptors and NMDA receptors in the
NTS at the neuronal level in the anaesthetized rat. In addition, the role of
NMDA receptors in the cardiopulmonary afferent-evoked activation of NTS
neurones was investigated.
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Chapter 2 Methods

Experiments were carried out under the Animals (Scientific Procedures) Act,
1986, and, upon completion of each experiment, animals were killed by an
overdose of anaesthetic and exsanguination.

2.1 Anaesthetized rat preparation

Adult male Sprague-Dawley rats (275-450 g) were anaesthetized with an intra-
peritoneal injection of either pentobarbitone sodium (Sagatal, 60 mg kg™") or
thiobutabarbitone sodium (Inactin, 120 mg kg™'). Additional anaesthetic was
administered when required (10 mg kg™ and 30 mg kg™ respectively, i.v.),
assessed by cardiovascular responses to paw-pinch and the stability of
measured cardiovascular and respiratory variables.

Core body temperature was monitored and maintained at 37 °C via a
homeothermic blanket and rectal probe (Harvard). The right femoral vein was
cannulated with silicone tubing of external diameter 0.96 mm for the
administration of drugs. The right femoral artery was also cannulated, using the
same tubing, for the withdrawal of fluids and for the recording of arterial blood
pressure via a pressure transducer (Gould Statham P23XL). In addition, the
trachea was exposed, posterior to the larynx, allowing for its cannulation using a
short length of silicone tubing of diameter 3 mm.

Two wires tipped with thin gauge needles were then inserted into two opposing
paws, and connected to an amplifier (x 5 000; Neurolog AC preamplifier, model
NL104) and filter (0.5-5 kHz; Neurolog filter; model NL125) to allow for the
recording of ECG activity, followed by cannulation of the right jugular vein with
silicone tubing of external diameter 0.96 mm. This cannula was then slowly
advanced further into the jugular vein until a small interruption in ECG activity
was observed, indicating the location of the tip of the cannula as being within or
in close proximity to the right atrium of the heart. The subsequent
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administration of phenylbiguanide (PBG, 12-24 ug kg™') through this cannula
could then activate cardiopulmonary afferents, confirmed by the production of a
bradycardia, hypotension and apnoea in response to this stimulus. The inter-
administration period of PBG was maintained at a minimum of 5 min to avoid
tachyphylaxis and, in order to eliminate the activation of atrial stretch receptors,
the concentration of PBG administered was 200 ug mi”', producing a volume
range for injection of 60-120 ul kg . In addition, in some experiments a dual
lumen cannula was advanced into the right atrium via the right jugular vein.
Lumens contained PBG and saline allowing volume controls to be carried out
on central and peripheral responses.

Animals were then placed in a stereotaxic frame and artificially ventilated (rate
50-70 strokes min™', stroke volume - 6-8 ml kg™') with oxygen-enriched room air
via a positive pressure pump (Harvard rodent ventilator, model 683). Tracheal
pressure was recorded and monitored via a pressure transducer (Gould) and, in
some experiments, animals were neuromuscular blocked with either repeated
doses of decamethonium bromide (3 mg kg hr' i.v.) or a single dose of a-
bungarotoxin (140 ug kg'i.v.). In addition, in some experiments a
pneumothorax was carried out on the right side for increased stability during
central recording, consequently end-expiratory pressure was raised to 1-2 cm of
H20 to prevent collapse of the lungs. In all experiments arterial blood samples
were taken regularly from the femoral artery to monitor blood gases and blood
pH using a Corning Blood Gas Analyser (model 238). Blood gas levels and
blood pH were maintained within physiological levels by varying the volume and
rate of ventilation and administering sodium bicarbonate (1M; i.v.) where
necessary.

The dorsal brainstem surface was exposed by removal of the nucchal muscles
and subsequent removal of the occipital bone. The dural layers overlying the
brain were cut along the midline and reflected laterally allowing for removal of
the pia matter directly adjacent to the dorsal brainstem surface. Removal of the
pia matter was restricted to within 2 mm rostrally, caudally and laterally to obex,

on the side ipsilateral to vagal stimulation (see below) to limit bleeding and
surface damage.
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Isolation of the right phrenic nerve was achieved from a dorsolateral approach
by deflection of the right scapula forwards. The nerve was then cut peripherally
and desheathed, with the central cut end subsequently placed on a bipolar
platinum recording electrode. The right cervical vagus was isolated from the
same approach and placed on a bipolar silver stimulating electrode connected
to an isolated stimulator (Digitimer; model DS2A) triggered by a Digitimer
programmer (model D4030). Identification of the vagus nerve was confirmed by
the generation of a cardiac arrest upon stimulation (1 ms pulses at 100 pA, 50
Hz). The exposed lengths of both nerves were subsequently covered in paraffin
wax, and fixed in place with dental impression material (President light body

dental polyvinylsiloxane — Coltene®).
2.2 Anaesthetized cat preparation

Experiments were performed on seven adult cats of either sex (2.5-4.5kg).
Anaesthesia was induced by an i.v. injection of a mixture of a-chloralose (70 mg
kg™") and pentobarbitone sodium (6 mg kg'), and supplemented as required
with additional a-chloralose (10-15 mg kg'; i.v.). Depth of anaesthesia was
assessed by the withdrawal reflex, cardiovascular response to paw-pinch,

stability of cardiovascular and respiratory variables and pupil size.

Core body temperature was monitored and maintained at 37 °C using a
homeothermic blanket and probe (Harvard). Upon achieving surgical
anaesthesia both brachial veins and one femoral vein were cannulated using
silicone tubing of external diameter 1.52 mm for the administration of drugs. In
addition, both brachial arteries were cannulated using silicon tubing of external
diameter 0.96 mm for the withdrawal of fluids and for recording arterial blood
pressure via a pressure transducer (Gould Statham P23XL). Two leads tipped
with thin gauge needles were then inserted into each forepaw and connected to
an amplifier (x 5 000; Neurolog AC preamplifier; model NL104) and filter

(0.5-5 kHz; Neurolog filter; model NL125) in order to monitor ECG activity.
Exposure and cannulation of the trachea was then carried out using a brass

cannula with a diameter of between 4 and 8 mm. In addition, a cannulation of
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the bladder was also carried out using 3 mm diameter silicon tubing inserted via
the urethra. This allowed urine to drain freely and prevented any reflex changes
associated with bladder distension (de Groat et al., 2001).

To stimulate pulmonary C-fibre afferents the right jugular was cannulated using
silicon tubing of external diameter 1.52 mm containing a solution of PBG

(400 pg ml™"; 14-32 ug kg™'). This cannula was then slowly advanced into the
right atrium of the heart, confirmed by a small interruption in ECG activity. The
volume of PBG administered was limited to less than 200 ul per injection to
prevent the activation of atrial stretch receptors and five minutes was the
minimum period between adjacent PBG injections.

Once placed in a stereotaxic frame the animal was connected to a positive
pressure ventilator (Harvard ventilator; model 551) and ventilated with oxygen-
enriched room air. Tracheal pressure was recorded and monitored via a
pressure transducer (Gould) and end-expiratory pressure was maintained
between 1-2 cm H,O. Neuromuscular blockade was then achieved using a
bolus injection of vecuronium bromide (200 ug kg'; i.v.), this was maintained
via a continuous infusion (480 mg kg hr' at an infusion rate of 6 ml kg hr™).
Other components of the infusion include 2g of glucose, 8.4g of sodium
bicarbonate and 80mg of vecuronium bromide made up in 500ml of H,O and
500ml plasma substitute gelofusine. This was designed to maintain blood pH
and volume and prevent the development of non-respiratory acidosis for the
duration of the experiment. In support of this arterial blood samples were taken
regularly from the femoral artery to monitor both blood gases and blood pH
using a Corning Blood Gas Analyser (model 238). Where necessary
supplementary doses of sodium bicarbonate (1M; i.v.) were administered in
addition to any necessary modulation of ventilatory rate and volume. All
animals were pretreated with the B1-adrenoceptor antagonist atenolol

(1 mg kg'"; i.v.), to block sympathetic drive to the heart. Thus, all cardiac

chronotropic changes could be attributed to alterations in vagal drive to the
heart.

78



The right phrenic nerve was isolated from a dorsolateral approach after forward
deflection of the right scapula, cut peripherally, desheathed, and mounted on a
bipolar silver wire recording electrode. In addition, clamps were placed on the
spine at positions C5 and L2-3 to ensure the stability of central recording sites.
Exposure of the brainstem was then carried out by removal of the nucchal
muscles and subsequent removal of the occipital bone. In some experiments
the rostral displacement of the cerebellum by means of a small retractor was
necessary, allowing easier access to the area overlying the nucleus ambiguus
(NA). In addition, in the cat, removal of the pia matter was not found necessary

in all experiments.

On the right side of the animal a thoracotomy was performed between the fourth
and sixth ribs exposing the thoracic cavity, allowing identification and isolation
of the right pulmonary and both the caudal and cranial cardiac branches of the
vagus (as described in McAllen & Spyer, 1976). Bipolar silver electrodes were
constructed using fine silver wire (0.125mm) and insulated copper wire, with the
paired electrodes held together and insulated from each other with wax.
Electrodes were then placed on the vagus between caudal and cranial cardiac
branches, on the pulmonary branch and on the intact cardiac branch, and fixed
in place using dental impression material (President light body dental
polyvinylsiloxane — Coltene®). The protruding insulated copper tails were
subsequently attached to the thorax of the animal and connected to an isolated
stimulator (Digitimer; model DS2A) and triggered using a Digitimer programmer
(model D4030). Functional identification of the cardiac and pulmonary
branches was demonstrated by the cessation of ECG activity during cardiac
branch stimulation and by the modulation of tracheal activity independent of
heart rate changes seen upon selective stimulation of the pulmonary branch

(1 ms pulses at 100 pA, 50 Hz).
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2.3 Extracellular recording

Extracellular recordings were made from brainstem neurones using a
combination of single barrel, multi-barrelled (5-7) and compound ‘piggyback’
glass microelectrodes. These ‘piggyback’ electrodes are constructed from a
single barrel glass microelectrode (tip diameter ~1 um) cemented to a multi-
barrel electrode (tip diameter 3-7 um), with the tips of the two electrodes, glued
together with cyano-acrylate adhesive, less than 10 um apart (see figure 2.1,
Wang et al., 1998).

Recording barrels contained a solution of sodium chloride with a concentration
of between 0.5 M and 4 M. In experiments using multi-barrel electrodes, other
barrels contained Pontamine Sky Blue (PSB, 2% dissolved in 0.5 M sodium
acetate) and a combination of 5-HT and glutamate receptor ligands. These
compounds were ejected via ionophoresis (Neurophore, Medical Systems) with
the PSB solution-containing barrel providing the balancing for this current
ejection.

2.4 Histological localisation

In some experiments PSB was injected via ionophoresis as a marker into the
brainstem after the termination of recording for the identification and localisation
of specific neurones. At the end of these experiments the marked brainstems
were removed and fixed in 10% formal saline, followed by serial cryo-sectioning
of the brainstem region and staining of these sections with neutral red. The PSB
marked recording sites were then visualised under light microscope and
mapped onto a standard stereotaxic atlas of the appropriate region of the cat or
rat brainstem, confirming and visually demonstrating the location of specific
neurones.
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Figure 2.1 Compound ‘piggyback’ glass micorelectrode

construction

A constructed ‘piggyback’ glass microelectrode. The tips of the multibarrel
(3-7 um tip diameter) and single (~ 1 um tip diameter) glass electrodes are
glued together under a light microscope using cyanoacrylate glue,
ensuring that the distance between the tips of the two electrodes remains
less than 10 um. Dental cement is then placed over the necks of the two

electrodes to provide further structural support during their use.

81



brass
collar

multibarrel
electrode

dental
cement

Single
barrel
electrode

* Multibarrel tip 3-7 b
» Single electrode tip ~1 pan

* Distance between tips <10 |im

82

Cyanoacrylate glue
used to fix electrode
tips together



2.5 Electrophysiological identification of neurones

Nucleus tractus solitarius (NTS) neurones were recorded from the
anaesthetized rat preparation and were identified by the presence of a cellular
response evoked following vagus nerve stimulation (50-500 pA, 1 ms pulse
width, 0.3-1 Hz). In addition, identification was aided by the neurones
approximate location of between 200um and 800 um below the dorsal surface
of the brainstem at the level of obex. Excitatory evoked responses were
identified as being orthodromic (see figure 3.4) in order to distinguish from
antidromically activated (see below) neurones of the dorsal vagal motor nucleus
(DVN) located directly ventral to the NTS, which contains vagal preganglionic
neurones.

Cardiac vagal preganglionic neurones (CVPNs) of the NA were recorded from
the anaesthetized cat preparation and were identified by antidromic activation
following stimulation of the cardiac branches of the vagus (100-500 pA, 1ms
pulses, 0.2-1.0 Hz) as described previously (see McAllen & Spyer, 1976;
1978a). Antidromic activation is characterised firstly by the constant latency of
the evoked response. In addition, it is defined by the ability of spontaneous
action potentials to pass down the axon of the neurone and collide with the
antidromic-conducting stimulation-evoked action potential, in the appropriate
time band. Current spread from stimulation of the cardiac branch of the vagus
to the main trunk of the vagus was ruled out by stimulation of the vagus,
posterior to the pulmonary branch, not producing an evoked response in at least
one neurone per experiment.

2.6 Data capture and protocols

2.6.1 Anaesthetized rat - data capture

Tracheal pressure and blood pressure were both displayed on a polygraph pen
recorder (Grass, model 7D), along with heart rate, which was derived
electronically from blood pressure in this instance (Gould Biotach Amplifier).

83



This was maintained for the duration of each experiment, providing a long term

record of systemic variables and thus indicating experimental stability.

Phrenic nerve activity and ECG activity was amplified (x 20 000 and x 5 000
respectively; Neurolog AC preamplifier, model NL104) and filtered (0.5-5 kHz;
Neurolog filter, model NL125). Subsequently, phrenic nerve activity, ECG
activity, blood pressure, tracheal pressure and neuronal activity (see below)
was captured on computer (PC) using a 1401 plus interface (Cambridge
Electronic Design, CED) and Spike2 software (CED). An on-line derivation of
heart rate was then made from the blood pressure wave using a script program
(see Appendix) and Spike2.

Neuronal activity was recorded using one of two methods. Initial experiments
used a Neurolog headstage (model NL105), connected to a Neurolog amplifier
(x 1 000-5 000; Neurolog AC preamplifier NL104) and filter (0.5-5 kHz; Neurolog
filter, model NL125). However, in later experiments an Axoclamp headstage
(model HS-2A (0.1)) connected to an Axoclamp centre unit (model 2A) was
used. This was amplified (x 1 000-5 000; NL104) and filtered (0.5-5 kHz;
NL125) in the.same way. In both cases the output was transmitted to the PC
via the 1401 plus interface.

Furthermore, all variables were also recorded, via a digital data recorder
(Instrutech, model VR100B), onto videotape in the majority of experiments.
This provided a digital record of each experiment and also allowed off-line
replaying of experimental data through Spike2.

2.6.2 Anaesthetized rat - protocols

Systemic variables

Resting systemic data for the instrumented and stabilised preparation was
examined over a 2 min period to give mean values for arterial blood pressure
(MAP), heart rate (HR), tracheal pressure-inflation and deflation. In addition,
blood pH, pO; and pCO:, levels were taken from blood sample results from each
experiment providing mean data for respiratory variables.
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Cardiopulmonary reflex analysis-peripheral

For analysis of the peripheral response to right atrial injections of PBG and
saline, cardiovascular variables (MAP and HR) were measured over a period of
40 s prior to injection and mean levels were compared to the evoked response.
This evoked response was taken as the maximum change in MAP and HR
following right atrial injection of either PBG or saline. Any reduction in phrenic

nerve activity evoked by injections was also noted.

In some experiments both vagi were isolated at the cervical level the responses
to right-atrial PBG injection were recorded before and following bilateral
vagotomy.

Neuronal identification and characterisation

Using low frequency vagal stimulation (0.3-1 Hz; 50-500 pyA; 1 ms pulse width)
as a search stimulus, evoked NTS neurones were recorded by descending
through the brainstem from dorsal to ventral areas perpendicular to the surface
of the brain using a nano-stepper (Burleigh, model 6100) with the step size set
to 3 um through the depths of interest (see section 2.3). In some experiments,
in which muiti-barrel electrodes were used, a low current of a glutamate
receptor agonist (DL-homocysteic acid (DLH) or AMPA) was continuously
ejected ionophoretically whilst searching for neurones. This provided an
excitatory drive for cells which had no spontaneous activity and/or were too
hyperpolarised to fire an action potential evoked by vagus nerve stimulation at a
level supra-threshold for unmyelinated fibre recruitment. It therefore aided
identification and also allowed further characterisation of NTS neurones. Single
unit activity was discriminated and counted using a window discriminator
(Digitimer, model D130), and, using Spike2, presented as a rate histogram with

units of spikes s™.

After the termination of experiments all analysis of neuronal activity was carried
out using Spike 2 software. A Post-stimulus-triggered histogram (PSTH) was
produced for each neurone using a Spike 2 script program, with a bin size of 1
ms over a minimum of 50 sweeps. The PSTH was triggered by vagus nerve
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stimulation and demonstrated any modulation of ongoing neurone activity by
this stimulus. The latency of evoked excitatory spikes was measured, in
addition to the variability in this latency over a minimum of 50 sweeps.

Any correlation of neuronal activity to MAP, phrenic nerve activity and tracheal
pressure was also examined in each neurone. The trigger for each correlation
was produced from spike discrimination of ECG activity, phrenic nerve activity
and each peak of inspiration. Correlation histograms were produced using a
standard Spike 2 script program, with bin sizes of between 2 and 10 ms over a
maximum period of stable neuronal firing with vagal stimulation switched off.
Assessment of any correlation was carried out by comparing each correlogram
with a waveform average of the related trigger, produced once more using a
spike 2 script program with the same bin width over the same time period.

Cardiopulmonary reflex analysis-neuronal

NTS neuronal responses to right atrial injections of PBG were observed, and
neurones were classified into groups based on the characteristics of this
response. The latency of both the cellular and peripheral changes evoked by
right atrial PBG was measured using on-screen cursors within Spike 2 and
compared. Neuronal responses were measured by counting the number of
spikes in the evoked burst of excitation, until neuronal activity returned to pre-

- injection levels. Or in the case of an inhibitory response to right atrial PBG
injection, the time period of this inhibition was measured, until neuronal activity
returned to pre-injection levels.

In addition, the stability of excitatory neuronal responses to right atrial PBG was
examined in neurones in which multiple injections of PBG were made. This
would establish the potential for studying the effects of ionophoretically applied
receptor ligands on neuronal response to right atrial PBG injections.
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Single ligand administration analysis

Initial examination into the effects of ionophoresis of glutamate and 5-HT
receptor ligands was carried out on the ongoing activity of NTS neurones.
However, some neurones were quiescent, with no ongoing activity and so in
some cases the membrane potential of neurones was depolarised by
ionophoretic ejection of either DLH or AMPA to allow the inhibitory effects of
drugs to be observed. This activity level, on which drugs were tested, whether
ongoing or DLH-evoked is referred to as the baseline activity of the neurone.
Figure 2.2 describes the protocol for the administration and analysis of the
effects of drugs on the baseline activity of neurones. . Baseline activity was
measured as the initial firing rate of neurones before, during and, where

" possible, after ionophoretic administration of the test drug. All activity was
calculated from a period of neurone firing of between 10 and 20 seconds from
which a mean was taken to give spikes s'. Drugs were defined as causing
excitation or inhibition if they altered baseline firing rates of neurones by more
than 20%, as has been used previously (Wang et al., 1996). Neurones were
subsequently grouped together into one of three groups; excitatory effect,
inhibitory effect or no effect. The mean data for each group (baseline, test &
recovery) was then obtained in spikes per second and comparisons were made.

Dual ligand administration analysis

The effects of ionophoretic administration of certain drugs were subsequently
tested during the ionophoretic administration of a second drug. Any modulation
of the control effect of the ligand was then examined; responses were again
classified on the basis of the control effect being altered by a magnitude of more
than 20% in the presence of the second drug e.g. an excitétory ligand tested in
the presence of a second ligand could have this excitation either potentiated,
attenuated or unaffected. However, in some cases the second drug altered
baseline firing itself and therefore, if possible, activity was returned to control
levels by varying the current of ejection of DLH (or AMPA) before test
application of the first drug in the presence of the second drug.
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Figure 2.2 Ligand ionophoresis - protocols and analysis

(i) Effects of single compound administration. Example given for an
excitatory response of an NTS neurone to a receptor ligand or vehicle
control. Neurones were classified into three groups; excitation if
compounds increase baseline activity by more than 20%; inhibition if
compounds decrease baseline activity by more than 20%; and none if
baseline activity is altered by 20 % or less.

(ii) Effects of administration of one compound in the presence of another.
The effect of one drug tested in the presence of a second. This effect is then
classified into three groups; potentiation of effect if the predominant effect of
the ligand is augmented by more than 20%; attenuation of effect if the
predominant effect is attenuated by more than 20%; and none if the
predominant effect is altered by 20% or less.
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Effects of ligand administration on vagal-evoked activity

The effect of ionophoresis of receptor ligands was also examined on the vagus
nerve stimulation-evoked response of NTS neurones. The control response
was calculated by producing a PSTH over a minimum of 20 sweeps of vagal
stimulation. This showed the total number of evoked spikes, and if the number
of sweeps exceeded 20, then the response was adjusted to give a value of
number of evoked spikes (20 sweeps)”. This was subsequently compared with
the evoked response (20 sweeps)' during and after ionophoretic ligand
administration. As before, neurones were classified into three groups,
potentiation of the evoked response if drug administration increased the number
of spikes (20 sweeps) ' by more than 20%, attenuation if the response was
decreased by more than 20% and none if the response was altered by 20% or
less.

Effects of ligand administration on cardiopulmonary reflex-evoked activation

The effect of ionophoretic administration of drugs was tested on the excitatory
response of some neurones to right atrial PBG administration. The total
number of evoked spikes (from the start of the excitatory burst until the cell
returns to pre-PBG administration activity) was compared with the response
during the ionophoresis of test ligands. Where possible the response to right
atrial PBG administration after the test response was also recorded and
compared.

In order to minimise the effects of ligands on the baseline firing rate of neurones
only low currents of ejection were used during comparisons of the response to
right atrial PBG administration and vagus nerve stimulation.

Cardiopulmonary reflex-neuronal controls

In a sample population of NTS neurones the response to right atrial
administration of PBG was examined and compared to the response of the
same neurone evoked by right atrial administration of the same volume of
saline. Furthermore, a bilateral vagotomy was performed during the recording
of a small group of NTS neurones to confirm that the excitatory cellular
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responses evoked by right atrial PBG administration were mediated by vagal
afferents.

Additionally, in some experiments a dose of sodium nitroprusside (0.4-0.8 ug
per animal, i.v.) which produced a depressor response of similar magnitude to
that evoked by right atrial PBG administration was administered during neuronal
recording, in order to demonstrate whether neurones were modulated by
baroreceptor afferents.

All data are presented as mean + standard error mean (s.e.mean) except where
indicated. All comparisons of mean were made with the Student’s paired ¢ -test,

with the significant levels set at: * P < 0.05 ** P < 0.01

2.6.3 Anaesthetized cat - data capture

Tracheal pressure and blood pressure were both displayed on a polygraph pen
recorder (Grass, model 7D), along with heart rate, which was derived
electronically from blood pressure (Gould Biotach Amplifier). This was
maintained for the duration of each experiment, providing a long term record of
systemic variables and thus indicating experimental stability.

Phrenic nerve activity and ECG activity was amplified (x 20 000 and x 5 000
respectively; Neurolog AC preamplifier, model NL104) and filtered (0.5-5 kHz;
Neurolog filter, model NL125). In addition, phrenic nerve activity was integrated
using an EMG integrator (Neurolog, model NL703). Subsequently, ECG
activity, blood pressure, tracheal pressure, raw phrenic nerve activity, integrated
phrenic nerve activity and neuronal activity (see below) was captured on
computer (PC) using a 1401 plus interface (Cambridge Electronic Design, CED)
and Spike2 software (CED).

Neuronal activity was captured using a Neurolog headstage (model NL105),
connected to a Neurolog amplifier (x 2 000; Neurolog AC preamplifier NL104)
and filter (0.5-5 kHz; Neurolog filter, model NL125). The output was then
transmitted to the PC via the 1401 plus interface.
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Furthermore, all variables were also recorded, via a digital data recorder
(Instrutech, model VR100B), onto videotape in the majority of experiments.
This provided a digital record of each experiment and also allowed off-line
replaying of experimental data through Spike2.

2.6.4 Anaesthetized cat - protocols

Systemic variables

Resting systemic variables (MAP, HR, tracheal pressure-inflation and deflation,
arterial blood pH, pO. and pCO,) were measured over a period of 40 seconds
and the mean was calculated for each variable in all animals.

Cardiopulmonary reflex analysis-peripheral

Peripheral responses to intra-atrial PBG administration were analysed by
comparing the mean heart rate and mean arterial blood pressure (MAP) over a
40 second period prior to PBG injection with the maximal effect on heart rate
and blood pressure induced by right atrial PBG injection.

Neuronal identification and characterisation

Using low frequency vagal stimulation (0.2-1.0 Hz, 1 ms pulses, 100-500 pA) as
a search stimulus, antidromically activated CVP neurones were recorded by
descending through the brainstem from dorsal to ventral areas perpendicular to
the surface of the brain using a nano-stepper (Burleigh, model 6100) with the
step size set to 3 um through the region of the nucleus ambiguus. In some
experiments, in which multi-barrel electrodes were used, a low current of DLH
was continuously ejected ionophoretically whilst searching for neurones,
providing an excitatory drive for hyperpolarised neurones. This also allowed the
further characterisation of CVPNs by raising their activity to high levels and
examining any modulation of cardiac activity. Single unit activity was
discriminated and counted using a window discriminator (Digitimer, model
D130), and, using Spike2, presented as a rate histogram with units of spikes s™.
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After the termination of experiments all analysis of neuronal activity was carried
out using Spike 2 software. A post-stimulus-triggered histogram (PSTH) was
produced for each neurone using a Spike 2 script program, with a bin size of 1
ms over a minimum of 50 sweeps. The PSTH was triggered by stimulation of
the cardiac branch of the vagus and demonstrated the latency of the antidromic
spike in order for fibre conduction velocities to be calculated. This also
confirmed the stability of the antidromic spike and allowed examinations into the
presence of orthodromic afferent inputs to these CVPNs from both cardiac and
pulmonary branches of the vagus.

Any correlation of neuronal activity to MAP, phrenic nerve activity and tracheal
pressure was also examined in each neurone. The trigger for each correlation
was produced from spike discrimination of ECG activity, phrenic nerve activity
and each peak of inspiration. Correlation histograms were produced using a
standard Spike 2 script program, with bin sizes of between 10 and 50 ms over a
maximum period of stable neuronal firing with nerve stimulation switched off.
Assessment of any correlation was carried out by comparing each correlogram
with a waveform average of the related trigger, produced once more using a
spike 2 script program with the same bin width and time period as the
correlogram.

Cardiopulmonary reflex analysis-neuronal

The ongoing activity of recorded CVPNs was measured over a period of forty
seconds prior to right atrial PBG administration and mean activity was
calculated. However, these neurones fired in bursts in phase with the
respiratory cycle, specifically during the post-inspiratory and stage two
expiratory segments (Gilbey et al., 1984). Therefore, the mean number of
spikes burst’ and mean burst duration in the four cycles prior to PBG
administration was also recorded, acting as the control for the first burst of
cellular activity post-PBG administration. PBG-evoked neuronal excitation was
defined by an increase of greater than 20% in either burst density or duration.
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One important consideration in this analysis was the observation that neuronal
responses, in the cat, occurring within five seconds of the administration of PBG
could be attributed solely to the activation of pulmonary C-fibres (Daly &
Kirkman, 1988; Jones et al., 1998). Neuronal excitation occurring later than 5
seconds could be mediated by activation of cardiac afferent, or afferents in
other parts of the systemic circulation (Daly & Kirkman, 1988). Consequently,
neuronal activation was defined as to whether it occurred within five seconds of
the right atrial administration of PBG. In the majority of cases the evoked
neuronal excitation was within, but exceeded, this five second period and so a
further analysis of the response was carried out. This was achieved by
counting the number of spikes seen in the first second of the evoked neuronal
response within the five second period post-PBG administration and comparing
it to the first second of the burst for the four previous respiratory cycles.

All data are presented as means + standard error mean (s.e.mean) except

where indicated, and all comparisons of mean were made with the Student’s
paired t test, with the significant level set at: P < 0.01
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2.7 Drugs and solutions

lonophoretic drug recipes

In order to ionophorese compounds it was necessary to alter the pH of
solutions. Some compounds were adjusted to pH 4, some to pH 8.5 and one
compound was adjusted to pH 10. The pH of solutions was adjusted by adding
drops of either 0.1 M HCI or 0.1 M NaOH.

The following ionophoretically applied drugs were dissolved in 0.9% saline:-

pH 4
granisetron (10 mM)
GR55562B (10 mM)
ondansetron (10 mM)
sumatriptan (20 mM)
ketanserin (10 mM)

pH 8.5

" AMPA (20 mM)

AP-5 (20 mM)
DLH (100 mM)
NMDA (20 mM)

pH 10
PBG (10 mM)

In addition the compound CP-93,129 (10 mM) was dissolved in 50ul of 1%
ascorbic acid, then made up to 1 ml with 0.9% saline and the solution was then
adjusted to pH 4.
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Drug sources

Drugs were obtained from the following sources: a-bungarotoxin, a-chloralose,
AMPA, AP-5 and atenolol from Sigma Aldrich Chemical Co. (Poole, Dorset,
U.K.); CP-93,129 from Tocris Cookson Ltd. (Northpoint, Avonmouth, U.K.);
decamethonium bromide and DL-homocysteic acid from Sigma Aldrich
Chemical Co. (Poole, Dorset, U.K.); Gelofusine from Braun Medical Ltd
(Aylesbury, Bucks, U.K.); GR55562B and granisetron from Glaxo-Smithkline
(Harlow, Essex, U.K.); ketanserin from Tocris Cookson Ltd. (Northpoint,
Avonmouth, U.K.); NMDA from Sigma Aldrich Chemical Co. (Poole, Dorset,
U.K.); ondansetron from Glaxo Group Research (Ware, Hertfordshire, U.K.);
pentobarbitone sodium from Rhone Mérieux Ltd (Harlow, Essex, U.K.),
phenylbiguanide from Research Biochemicals Inc., Semat Technical Ltd (St.
Albans, Herts, UK); Pontamine Sky Blue dye from BDH (Poole, Dorset, U.K.);
sodium nitroprusside from Sigma Aldrich Chemical Co. (Poole, Dorset, U.K.);
sumatriptan from Glaxo-Smithkline (Harlow, Essex, U.K.) ; thiobutabarbitone
sodium from Sigma Aldrich Chemical Co. (Poole, Dorset, U.K.) and vecuronium
bromide from Organon Technika Ltd (Cambridge, U.K.).

All drugs given i.v. were dissolved in 0.9% saline.
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Cardiopulmonary
Chapter 3 reflex and brainstem

neuronal responses

3.1 Introduction

The cardiopulmonary reflex is characterised by a bradycardia, hypotension and
apnoea mediated by vagal afferent C-fibres with receptors in the pulmonary and
cardiac circulations (see Coleridge & Coleridge, 1980). Electrolytic lesions of
the nucleus tractus solitarii (NTS) or nucleus ambiguus (NA) abolished the
depressor and bradycardic components of this reflex (Lee et al., 1972),
confirming the role of these two nuclei in this reflex pathway. Furthermore,
caudal ventrolateral medullary neurones have also been suggested to be
important in mediating the sympathetic component of this reflex (Verberne et
al., 1989). However, the actions of supramedullary structures on the integrity of
this reflex appear to be minimal (see Verberne & Guyenet, 1992), although
these structures are certainly capable of modulating vagal reflexes.

With respect to the NTS it is important to note that although discrete pathways
for individual reflexes through the nucleus exist, it is also known that a high
degree of modification of reflex input occurs at this site (see Spyer, 1991). In
any given physiological situation there are likely to be inputs to the nucleus from
a host of different peripheral sites, some converging onto the same NTS
neurone, resulting in numerous temporal and spatial interactions (see Mifflin &
Felder, 1990). For instance, the excitatory response to chemoreflex activation
evoked in a population of NTS neurones has been shown to be attenuated by
the simultaneous activation of baroreceptor afferents (Mifflin, 1993). Modulation
of NTS neuronal activity by cardiopulmonary reflex activation has also recently
been examined (Sévoz-Couche et al., 2000a; Sévoz-Couche et al., 2000b) and
the authors described a correlation between this response and the vagal
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stimulation-evoked response of each neurone. Their initial classification placed
NTS neurones receiving vagal afferent input into three groups dependent on the
variability of the latency of the C-fibre input (Sévoz-Couche et al., 2000a;
Sévoz-Couche et al., 2000b). Group 1 neurones had an onset latency
variability of <3ms, group 2 from 3-5ms and group 3 neurones had a variability
of greater than 5ms. Thus, neurones in group 1 were most likely receiving a
monosynaptic unmyelinated vagal afferent input, group 2 neurones were of a
higher order receiving at least some polysynaptic input, whilst group 3 neurones
were deemed to be an even higher order, possibly output neurones, receiving
polysynaptic vagal afferent input. Those studies then demonstrated that

group 3 neurones were excited by activation of cardiopulmonary afferents, in
contrast to neurones of group 1 which were mainly inhibited by these afferents.
This inhibition of first order neurones by cardiopulmonary afferents was
suggested to mediate a protective effect over other vagal reflexes mediating a
depressor response (Sévoz-Couche et al., 2000a).

A component of this excitatory output response subsequently activates cardiac
vagal preganglionic neurones (CVPNSs) in either the NA or dorsal vagal motor
nucleus (DVN) resulting in the associated reflex bradycardia. Most vagal
reflexes display decreased slowing of the heart during inspiration; a response
thought to be mediated by disfacilitation of baroreceptor and chemoreceptor
inputs by lung stretch afferents (Potter, 1981) and the inhibition of CVPN’s by
central respiratory neurones (Gilbey et al., 1984). In addition, the CVPNs that
mediate this respiratory modulated bradycardia have been demonstrated to be
located in the NA, having a baroreceptor input (McAllen & Spyer, 1978a), and
small myelinated axons (McAllen & Spyer, 1976; McAllen & Spyer, 1978b;
Gilbey et al., 1984). However, the pulmonary chemoreflex, evoked by specific
activation of pulmonary C-fibres in the cat, is one vagal reflex whose
bradycardia is not under respiratory modulation (Daly, 1991; Daly et al., 1992;
Daly & Kirkman, 1988, 1989). This bradycardia was suggested to be mediated
by CVPNs located in the DVN (Daly, 1991). These neurones have C-fibre
axons (Donoghue et al., 1981; Jordan et al., 1986; Ford et al., 1990), an input
from C-fibre pulmonary afferents (Bennett et al., 1985), a negative chronotropic
effect on heart rate (Jones et al., 1995) and are excited during activation of the
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cardiopulmonary reflex in the rat (Jones ef al., 1998). However, the excitation
of CVPN's in the DVN by cardiopulmonary afferent activation is of shorter
duration than the associated bradycardia (Jones et al., 1995). Secondly, in the
cat the magnitude of the bradycardia evoked by selective C-fibre vagal efferent
stimulation is 14 bpm (Jones et al., 1995), whereas the pulmonary chemoreflex-
evoked bradycardia is in the order of 55 bpm (PBG dose 6-15ug kg™, Daly &
Kirkman, 1988). These findings are not consistent with C-fibre CVPN's
providing the sole negative chronotropic cardiac component of the pulmonary
chemoreflex, and the question remains as to whether respiratory modulated B-
fibore CVPN’s located in the NA are activated by this reflex, therefore

contributing to the associated cardiac slowing.

One important point concerning the activation of these cardiopulmonary reflexes
evoked by right atrial administration of phenylbiguanide (PBG) is the ability in
the cat to differentiate the activation of afferents from the pulmonary circulation
with those activated from the heart and systemic circulation (Daly & Kirkman,
1988). Consequently, in the cat, responses to the administration of PBG
occurring within five seconds of the injection are deemed as resulting from
solely pulmonary C-fibre stimulation (pulmonary chemoreflex; see section
1.1.4). Unfortunately, in the rat, because of the much shorter pulmonary
circulation time, this differentiation cannot be made and the activation of cardiac
chemo-sensitive afferents and/or afferents within the systemic circulation can
therefore not be ruled out. However, in rats the effects of pericardial-
administered PBG have been examined (Veelken et al., 1990), this study used
a dose of 90 ug per animal to activate cardiac chemoreceptors, which may

indicate that at lower doses significant cardiac afferent activation is unlikely.
Aims:

e Experiments were carried out to examine the response of respiratory
modulated CVPNs in the region of the NA to stimulation of the pulmonary
chemoreflex in the cat. Secondly, in the rat, the vagal and cardiopulmonary
afferent-evoked responses of NTS neurones was studied, providing a basis
for, in subsequent experiments, examinations into the role of 5-HT receptor

subtypes in any modulation of these afferents.
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3.2 Results - anaesthetized rat

Baseline values for systemic variables were measured and averaged for a total
of 38 anaesthetized rats. They were (mean + S.E.): - mean arterial pressure
(MAP) 99 + 2 mmHg; heart rate 326 + 5 bpm; tracheal pressure - inflation 7.0 +
0.3 mmHg, deflation -0.4 + 0.1 mmHg; blood pH 7.35 + 0.01; blood PO, 155 +5
mmHg; blood pCO, 37 + 1 mmHg.

3.2.1 Cardiopulmonary Reflex (systemic response)

In 38 animals right atrial injection of phenylbiguanide (PBG; 12-24 ug kg™, 20-
40 pl) evoked a sighificant bradycardia of 92 + 12 bpm (326 + 4 to 234 + 12
bpm, P<0.01) and a significant fall in blood pressure of 37 + 2 mmHg (MAP, 99
+ 2 t0 63 + 2 mmHg, P<0.01). The left panel of figure 3.1 shows a typical
example of this response and also illustrates the reduction in phrenic nerve
activity following right atrial PBG injection, a response that was seen in 31 of the
38 animals.

Comparisons of cardiopulmonary reflex (systemic response

Using a dual lumen cannula, it was possible to carry out right atrial injections of
both PBG and the PBG vehicle 0.9% saline to the same animal (figure 3.1). In
a group of 8 animals PBG (12 ug kg™, 20 ul) evoked a bradycardia of 83 + 25
bpm (344 + 8 to 261 + 25 bpm, P<0.05), a hypotension of 35 + 4 mmHg (MAP,
99 + 7 to 64 + 6 mmHg, P<0.01) and a reduction in phrenic nerve activity in 7 of
the 8 animals. In contrast saline (20 wl) produced a bradycardia of just 12 + 3
bpm (345 + 6 to 333 + 4 bpm, P<0.01), and a small hypotension of 4 + 1 mmHg
(MAP, 96 + 8 to 92 + 8 mmHg, P<0.05) but no change in phrenic nerve activity.
However, the bradycardia and hypotension produced by PBG was significantly
bigger (P<0.05 and P<0.01 respectively) than that produced by saline (figure
3.1).

The cardiac response to right atrial PBG injection was abolished following a
bilateral vagotomy, at the cervical level, (figure 3.2) in all 3 animals tested
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(bradycardia — 100 + 53 to 5 + 3 bpm, n=3). In addition, the reflex-evoked
apnoea, which occurred in 2 of the 3 animals, was also abolished, confirming
that the evoked cardiac and respiratory changes are mediated by vagus nerve
transmission. However, the associated drop in blood pressure was maintained,
although it was found to be smaller in magnitude in all 3 animals (mean
hypotension: 34 + 4 to 23 + 3 mmHg, n=3; figure 3.2), suggesting a non-vagal
component of the reflex-evoked hypotension.

3.2.2 Nucleus tractus solitarius neurones

Single barrel, multibarrel and compound ‘piggyback’ glass microelectrodes were
used to record a total of 360 nucleus tractus solitarius (NTS) neurones from 116
animals. These neurones responded to electrical activation of afferents at the
cervical level of the vagus. Stimulation evoked an orthodromic action potential
in 342 (95% of the population) of these neurones (figure 3.3 A). In 10 neurones
vagus nerve stimulation evoked solely an inhibitory response, and the location
of these 10 and the remaining 8 neurones was confirmed as within the NTS
using histolog!cal methods after ionophoretic Pontamine Sky Blue ejection at
their recording sites.

314 neurones (87% of the population) received vagal afferent projection with a
conduction velocity in the C-fibre range (0.6-2.7 m s™'; mean: 1.31 + 0.01 ms™;
figure 3.3 A). In addition, 67 neurones (19% of the population) received inputs
with a conduction velocity consistent with transmission along small myelinated
fibres (3.1-13.3ms”; mean: 6.9 + 0.3 m s™), and of these neurones 39 (11%)
received both a short and long latency evoked potential. As mentioned above
10 neurones presented with only a post-stimulation period 6f inhibition, this
inhibition was also seen in a further 136 neurones which received an initial
excitatory vagal afferent input and had ongoing, or ionophoretically-induced
activity (range of inhibition: 50 to 750 ms (post-stimulation), mean: 319 + 14 ms;
figure 3.4 B).

In addition, in many neurones it was possible to vary the number of evoked
spikes per stimulus (sweep') by altering the intensity of current stimulation of
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the vagus nerve, i.e. at low currents over a period of 20 stimulations (sweeps) of
the vagus there might only be 10 evoked spikes. This observation allowed
examinations into the effects of various ligands on the excitability of this vagal-
evoked response in later experiments.

Correlation of NTS neurone activity

183 of the 360 neurones recorded had no ongoing activity, 47 had a low (<1Hz)
ongoing activity, whilst the remaining 130 had an ongoing activity greater than

1 Hz. Therefore, in order to examine the correlation of neuronal activity to
systemic variables it was necessary to apply excitatory compounds, using
ionophoresis, to raise the baseline firing rates of some neurones.

313 neurones showed neuronal activity related to ECG activity, 307 showed
activity correlated to tracheal pressure and 166 neurones fired in phase with
phrenic nerve activity. Of these, 148 of the 360 neurones were correlated to all
three systemic variables (figure 3.3 B), whilst 154 were correlated to two
variables (141 to tracheal pressure and ECG activity, 10 to phrenic nerve
activity and ECG activity, and 3 to tracheal pressure and phrenic nerve activity).
Only 34 neurones were correlated to just one variable (15 to tracheal pressure,
14 to ECG activity and 5 to phrenic nerve activity), whilst the neuronal activity of
the remaining 24 neurones was not correlated to any of the measured systemic
variables. In some cases, in these neuromuscular blocked animals, phrenic
nerve activity was locked in phase with tracheal pressure and therefore
attributing the correlation of neuronal activity to tracheal pressure or phrenic
nerve activity is difficult. However, the correlations of the neurone shown in
figure 3.3B suggests that neuronal activity is linked to both phrenic nerve
activity and tracheal pressure despite their synchronicity, demonstrated by the
biphasic peak of the correlogram.

Variability (jitter) of the orthodromic evoked response

All inputs to NTS neurones were identified as orthodromic and, as such, the
latency of the evoked action potential varied between stimuli. For the purposes
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of this thesis this variability is referred to as the jitter of the vagal-evoked
response.

Electrical stimulation of the cervical vagus was carried out using a bipolar silver
stimulating electrode, thus stimulation could be carried out at two different
polarities. A study was carried out to determine if the jitter of the evoked
response of an NTS neurone varied according to polarity of stimulation or to the
magnitude of current used. The minimum current used was 2 x the threshold of
the evoked response and the maximum was 6 x threshold.

In 7 of 11 neurones tested the jitter of the evoked response, over 50 sweeps,
was different according to polarity, with a higher jitter in 5 of the 7 neurones
when stimulation polarity was reversed (figure 3.4 A). These 11 neurones all
had a jitter of 5 ms or less (mean: 2.6 ms), and the range of variation was 1-3
ms (mean: 1.6 ms, n=7).

Furthermore, in 4 of 7 neurones the jitter, over 50 sweeps, was different
according to the intensity of the current used to stimulate the vagus nerve
(figure 3.4 A).' These neurones all had a jitter of 5 ms or less (mean: 2.6 ms)
and the maximum variation was 1 ms. Surprisingly, the jitter was greater in 3 of
the 4 neurones when current was increased.

Finally, in one neurone the evoked pattern was tested before and after the
administration of supplementary anaesthetic (pentobarbitone sodium L.v.; 10 mg
kg), and the jitter was found to be greater after the addition of the anaesthetic.
Unsurprisingly, spontaneous activity, in this neurone, was also inhibited by
anaesthetic administration. '

On the basis of the above data, the jitter of the total population of NTS neurones
was used to classify neurones into two groups; those receiving an excitatory,
synaptic, input with a jitter <5 ms and those receiving an input with a jitter

>5 ms. In 342 neurones the evoked response of 43 had a jitter <5 ms, whilst
the remaining 299 neurones had a mean jitter of 2.96 + 0.06 ms.
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3.2.3 Cardiopulmonary reflex (NTS neuronal response)

The response of 204 NTS neurones to right atrial injections of PBG was
examined. In 129 neurones activation of cardiopulmonary afferents produced a
burst of excitation in neuronal activity of 43 + 7 spikes (figure 3.5 A), in contrast,
in a further 34 neurones a period of inhibition was evoked of duration 8.5+ 1.8 s
(figure 3.5 B). The remaining neurones were either unaffected by right atrial
PBG injection (28) or responded in a biphasic manner, with a period of
excitation followed by a period of inhibition (10; figure 3.5 C) or a period of
inhibition followed by a period of excitation (3).

24% (31 of 129) of the neurones excited by activation of cardiopulmonary
afferents had a myelinated vagal afferent fibre input, whereas only 12% (4 of
34) of the neurones inhibited by afferent activation had a myelinated fibre input.
In addition, only 6% (8 of 129) of the neurones excited by right atrial PBG
administration had a jitter <5 ms, in contrast to 12% (4 of 34) of the neurones
inhibited by PBG. Further analysis also revealed that of 62 neurones with a
jitter [2 ms 49 were excited by PBG administration, whilst 6 were inhibited and 7
were unaffected.

The onset latency of the evoked cellular and depressor response to right atrial
PBG administration was also examined (i.e. the time at which neuronal activity
first changes from baseline and the point at which blood pressure first begins to
fall). For the 129 neurones which responded with excitation the mean latency of
the neuronal cellular response was significantly longer (P<0.01) than the mean
latency of the systemic response (3.1 + 0.3 ms vs. 2.3 + 0.1 ms respectively).
However, in 52 of these neurones the latency of the neuronal response was
significantly shorter (P<0.01) than that of the systemic response (mean data:
1.7 £ 0.1 ms vs. 2.7 + 0.1 ms respectively). Additionally, the mean latencies for
the 34 neurones that responded to right atrial PBG with a period of inhibition
was not significantly different (cell 2.6 + 0.2 ms vs. sys 2.3 + 0.2 ms), although
again in 14 (40%) of these neurones the latency of the neuronal response was
significantly shorter than the systemic response (mean data: 1.8 + 0.2 ms vs.
2.7 + 0.2 ms respectively, P<0.01).
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To examine the effects of receptor ligands on the right atrial PBG injection-
evoked excitation of NTS neurones it was necessary to ensure that this
neuronal response was consistent between injections (figure 3.6 & 3.7). Ina
control group of 6 neurones the evoked excitatory response varied by less than
20% in all 6 (mean variation: -3.8 + 3.1%).

Comparisons of cardiopulmonary reflex (neuronal response)

In 2 NTS neurones sodium nitroprusside (SNP; 1 ug kg™, 1.v.) was used to
lower blood pressure to a level equivalent to that evoked by right atrial PBG
injection (figure 3.7). SNP evoked no significant change in the activity of either

neurone.

Right atrial administration of volume-matched saline was carried out on 10 NTS
neurones excited by intra-atrial PBG administration. In 9 of 10 neurones saline
evoked no change in neuronal activity (figure 3.8); in the remaining neurone
PBG evoked a burst of excitation of 44 spikes, whereas saline evoked an
excitation of only 4 spikes.

The excitatory response of 2 NTS neurones to right atrial PBG administration
before and after a bilateral vagotomy at the cervical level was also examined; in
. both neurones the excitation was abolished (figure 3.9; mean: 71.5 (before) to 0
(aifter) spikes).
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Figure 3.1 Cardiopulmonary reflex | — systemic responses to
right atrial administration of phenylbiguanide and saline in the

anaesthetized rat

lllustration of the systemic responses to the right atrial administration of
phenylbiguanide (PBG) and 0.9% saline. From the top, traces show heart
rate (HR; bpm - beats min™"), raw phrenic nerve activity (PNA; uV) and
blood pressure (BP; mmHg). PBG and saline were administered at the
horizontal line (=). There is a gap in recording signified by the symbol A,

and of the duration stated.
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Figure 3.2 Cardiopulmonary reflex |l — systemic responses to
right atrial administration of phenylbiguanide prior to and post a
bilateral vagal transection at the cervical level in the

anaesthetized rat

Shown are the systemic responses to the right atrial administration of
phenylbiguanide (PBG) before and after a vagal transection at the cervical
level. From the top, traces show heart rate (HR; bpm - beats min™"), raw
phrenic nerve activity (PNA; uV) and blood pressure (BP; mmHg). The
administration of PBG is highlighted by a solid horizontal line ( == ;

12 ug kg™*; 20ul). There is a gap in recording signified by the symbol 4,

and of the duration stated.
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Figure 3.3 ldentification of an NTS neurone in the

anaesthetized rat

A The orthodromic activation of an NTS neurone by single shot electrical

stimulation of the cervical vagus (150 pA, 1ms, 0.9 Hz). Traces show the
raw extracellular recording of neuronal activity (uV). (i) Five superimposed
sweeps, showing a jitter of 3ms in the evoked response (latency - 32 ms).
(ii) Three consecutive sweeps indicating the inability of a spontaneous
spike in the middle trace to cancel the evoked response. @ - stimulus

artefact.

NB. The presence of a second neurone in the background, the evoked
response of which is cancelled in the middle trace, suggesting antidromic

activation.

B Correlation of the ongoing activity of the same NTS neurone as shown

in A to blood pressure, tracheal pressure and phrenic nerve activity. The
top panel shows an ECG-triggered average of arterial blood pressure (BP,
mmHg; 720 sweeps) superimposed above a histogram of neuronal activity
triggered with ECG activity (2 ms bin width; 720 sweeps). The bottom
panel shows an average of tracheal pressure (TP, mmHg; 54 sweeps) and
a simultaneous recording of phrenic nerve activity (PNA; nV)
superimposed above a histogram of neuronal activity triggered with

tracheal pressure (4 ms bin width; 54 sweeps).
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Figure 3.4 Electrophysiological characteristics of an NTS

neurone in the anaesthetized rat

A The excitation of an NTS neurone by single shot electrical stimulation of
the cervical vagus at different currents and polarities of stimulation (300-
600 pA, 1 ms, 0.91 Hz). Traces show 5 superimposed sweeps of
neuronal activity (left panels) and post stimulation time histograms
(PSTHs) of neuronal activity (right panels) during different vagal
stimulation conditions. (i) The response to stimulation of the vagus nerve
at 2x threshold (300mA; latency 34 ms). (ii) The response to stimulation
at reverse polarity (300mA; latency 31 ms). (iii) The response to
stimulation at higher current, 4x threshold (600mA; latency 28 ms).

B Demonstration of inhibition in the ongoing activity of an NTS neurone

evoked by electrical stimulation of the cervical vagus (300 pA,
1 ms, 0.91 Hz). A PSTH of the neuronal activity of the same neurone as

in A is shown, and an inhibitory period occurring after the excitatory

response (see above) and lasting 400 ms can be seen .
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Figure 3.5 Responses of NTS neurones to activation of

cardiopulmonary afferents in the anaesthetized rat

A, B & C Responses of three NTS neurones to activation of
cardiopulmonary afferents by right atrial administration of phenylbiguanide
(PBG). From the top, each set of traces show blood pressure (BP;
mmHg), a continuous rate histogram of neuronal activity (spikes bin™) and
the raw recording of neuronal activity (uV). The administration of PBG is
highlighted by a solid horizontal line (=; A - 12 ug kg™, 20 pl; B — 18 ug
kg™, 30 ul; € — 12 pg kg™, 20 pl). Of a total population of 204 neurones
tested with cardiopulmonary afferent activation 129 were excited (A), 34
were inhibited (B) and 10 showed a period of excitation followed by a
period of inhibition (C). Of the remaining 31 neurones, 3 responded with a
period of inhibition followed by a period of excitation and 28 neurones

were unaffected by cardiopulmonary afferent activation.
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Figure 3.6 Stability of the neuronal and systemic response to
activation of cardiopulmonary afferents in a single NTS neurone

in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG) on two
separate occasions (expanded below). From the top, each set of traces
show blood pressure (BP; mmHg), a continuous rate histogram of
neuronal activity (spikes bin™') and the raw recording of neuronal activity
(uV), also shown in the expanded sections is raw phrenic nerve activity

(uV). The administration of PBG is highlighted by a solid horizontal line
(=12 pgkg" ; 20 pi).
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Figure 3.7 Stability of the neuronal and systemic responses to
activation of cardiopulmonary afferents, and the response to
sodium nitroprusside of a single NTS neurone in the

anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG) on two
separate occasions, and the response of the same neurone to sodium
nitroprusside (SNP). From the top, traces show blood pressure (BP;
mmHg), a continuous rate histogram of neuronal activity (spikes bin™') and
the raw recording of neuronal activity (uV). The administration of PBG and
SNP is highlighted by a solid horizontal line (== ; PBG - 18 ug kg™, 30 pl;
SNP - 1 ug kg™, i.v.). The boxes show the total number of spikes in the

burst of excitation evoked by cardiopulmonary afferent activation.
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Figure 3.8 The response of a single NTS neurone to right atrial
injections of phenylbiguanide and saline in the anaesthetized

rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG) and the
response of the same neurone to right atrial administration of saline. From
the top, traces show blood pressure (BP; mmHg), a continuous rate
histogram of neuronal activity (spikes bin™*) and the raw recording of

neuronal activity (uV). The administration of PBG and saline is highlighted
by a solid horizontal line (= ; PBG - 12 ug kg™', 20 pl; saline - 20pl).
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Figure 3.9 The response of a single NTS neurone to a right
atrial injection of phenylbiguanide is abolished by a bilateral

cervical vagotomy in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG; left) and
the response of the same neurone to right atrial administration of PBG
following bilateral cervical vagotomy (right). Top panels - from the top,
traces show blood pressure (BP; mmHg), a continuous rate histogram of
neuronal activity (spikes bin™') and the raw recording of neuronal activity
(uV). The administration of PBG is highlighted by a solid horizontal line
(=;PBG-12 pg kg™, 20 pl). There is a gap in recording signified by the
symbol A, and of the duration stated. Bottom panels — vagal stimulation
was carried out at the identified points (®) and neuronal identity was
confirmed between PBG injections by the similar shape of the evoked

spike.

122



bilateral

PBG cervical PBG
vagotomy
/9
(mmHg)
200 NV
12 min
ke 1
4s
(ii)
* - vagal stimulation
50 mv

10 ms 10 ms



3.3 Results — anaesthetized cat

Baseline values for systemic variables were measured and averaged for all 7
anaesthetized cats. They were (mean + S.E.): - mean arterial pressure (MAP)
101 + 5 mmHg; heart rate 160 + 23 bpm; tracheal pressure - inflation 5.4 + 2.5
mmHg, deflation 2.1 + 0.7 mmHg; blood pH 7.32 + 0.05; blood PO, 141 + 27
mmHg; blood pCO, 38 + 10 mmHg.

3.3.1 Cardiac vagal preganglionic neurones

Compound ‘piggyback’ glass microelectrodes were used to record a total of 11
cardiac vagal preganglionic neurones (CVPNs). These neurones had axons
located in the cardiac branches of the vagus, confirmed by antidromic activation
(figure 3.10 A), with conduction velocities in the B-fibre range (5.9-18.0 m s™';
mean: 11.4 + 0.9 m s'). The recording sites of 6 of these neurones were
marked by ionophoretic Pontamine Sky Blue ejection (figure 3.11), a further 2
neurones were recorded in close proximity to one of these recording sites. In
addition, based on the depth of recording and position of entry of the electrode
through the dorsal surface of the brainstem, the positions of the remaining
CVPNs were also judged as being close to the marked sites. Thus, the location
of at least the majority of neurones recorded was found to be within or
ventrolateral to the nucleus ambiguus (figure 3.11).

Correlation of CVPN activity

10 of the 11 CVPNs recorded had little or no ongoing activity, the remaining
neurone had an ongoing activity of 6.3 spikes s™'. Therefore, in order to
examine correlation patterns of neuronal activity the excitatory amino acid DL-

homocysteic acid (DLH; 10-120 nA) was ionophoretically applied to 7 of the 11
neurones.

All 11 CVPNs showed a strong correlation to ECG, with activity at its highest

during the peak of the blood pressure wave (figure 3.10 B). Furthermore, all
neurones had activity correlated to central respiratory drive, with the highest
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period of activity in the post-inspiration and stage 2 expiration phases (figure
3.10 B). This correlation was maintained even in periods of high excitability
evoked by ionophoretic DLH administration (60-120 nA,; figure 3.12 C).
However, artificial removal of central respiratory drive by hyperventilation (data
not shown) or low current (10 uA) pulmonary vagal branch stimulation (figure
3.13 B), which also considerably increased ongoing activity, did remove the
respiratory-related modulation of these neurones. Finally, the ongoing activity
of only 3 of these 11 neurones was correlated to tracheal pressure, at its
highest during the period of lung deflation, the remaining 8 neurones did not
display any tracheal pressure related rhythm (figure 3.10 B).

lonophoretic application of DLH at high currents (30-160 nA) also produced a
significant fall in both blood pressure and heart rate (MAP — 106 + 4t0 90 + 3
mmHg, P<0.05; heart rate — 156 + 6 to 139 +6 bpm, P<0.01; n=6) at 6 of 8
recording sites. In 3 cases CVPN activity was also recorded and increased
inversely with the associated decreases in heart rate and blood pressure (figure
3.12).

3.3.2 Cardiopulmonary reflex (CVPN response)

Right atrial injections of phenylbiguanide (PBG; 14-32 ug kg'', 100-200 pl)
excited 9 of 11 CVPNs tested (figure 3.13 A). Increases occurred in both the
number of spikes in each respiratory-related burst of activity (11 + 4 to 27 + 6;
P<0.01), as well as in the duration of each burst (1.9 + 0.5 t0 3.6 £ 0.8 ms;
P<0.01). In these 9 neurones right atrial PBG also caused a significant
bradycardia of 69 + 6 bpm (159 + 7 to 90 + 6 bpm, P<0.01), a significant fall in
blood pressure of 22 + 1 mmHg (MAP, 96 + 5 to 74 + 4 mmHg, P<0.01), and a
reduction in phrenic nerve activity (figure 3.13 A).

Furthermore, there was a significant (P<0.01) difference between the onset
latency of the CVPN response (1.8-4.5 s; 3.4+0.3 s) and that of the bradycardic
response (2.5-4.5 s; mean 3.7 + 0.3 s) to right atrial PBG, the excitatory
neuronal response commencing before the bradycardia in 6 of the 9 neurones.
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Further analysis of this neuronal response revealed that in 8 of the 9 neurones
the 1st second of the evoked burst of activity (10 + 1), which occurred within a 5
second window post-PBG injection, was significantly bigger (P<0.01) than the
mean of the 1st second of the previous four control bursts (4 + 1; figure 3.13 A).
This excitation is therefore likely to be mediated by activation of C-fibres in the
pulmonary circulation as it occurs inside the 5 second window i.e. inside the
pulmonary circulation time. Additionally, although the 1st second of the
response of the remaining neurone was unaffected, the total intensity and
duration of the first burst post-PBG injection was increased.

As mentioned previously low current (10 uA) pulmonary vagal branch
stimulation increased the ongoing activity and removed the respiratory phase
pattern of firing of a single CVPN, in addition t'o\inhibiting phrenic nerve activity
(figure 3.12 B). However, right atrial PBG injection still caused excitation in this
neurone (figure 3.12B). This was also found to be the case in a second CVPN,
where respiratory modulation was removed by hyperventilation (data not

shown).

3.3.3 Synaptic inputs to recorded CVPNs

In 6 of the 8 CVPNSs excited by pulmonary C-fibre activation, stimulation of
cardiac or pulmonary vagal branches evoked an excitatory synaptic input (figure
3.14). Three of these neurones received an input from both cardiac and
pulmonary branches, two received an input solely from the cardiac branch, and
the remaining neurone received an input solely from the pulmonary branch.

The latency of these orthodromic inputs (125-230 ms; figure 3.14) was also
found to be much greater than that observed for antidromic responses (11-21
ms; figures 3.10 and 3.14). However, one neurone did receive both a short

latency and long latency orthodromic input from pulmonary branch stimulation
(figure 3.14 A).
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Figure 3.10 Identification of a B-fibre cardiac vagal
preganglionic neurone in the nucleus ambiguus of an

anaesthetized cat

A The antidromic activation of a cardiac vagal preganglionic neurone by

electrical stimulation of the right cardiac branch of the vagus (200 pA,
1ms, 0.5 Hz). Traces show the raw extracellular recording of neuronal
activity (uV). (i) shows five superimposed sweeps, showing the constant
latency of the evoked response (15 ms). (ii) shows three consecutive
sweeps indicating the presence of the evoked response in the top and
bottom trace and the cancellation of this response by spontaneous activity

as shown in the middle trace. @ - stimulus artefact.

B shows the correlation of the DL-homocysteic acid (20 nA)-evoked
activity of the same cardiac vagal preganglionic neurone as shown in A to
integrated phrenic nerve activity, blood pressure and tracheal pressure.
From the top, traces show a histogram of neuronal activity triggered with
integrated phrenic nerve activity (50 ms bin width; 330 sweeps), ECG
activity (10 ms bin width; 4724 sweeps) and tracheal pressure (10 ms bin
width; 1536 sweeps) respectively. Superimposed above each respective
histogram is an average of integrated phrenic nerve activity (Int-phre),
ECG triggered arterial blood pressure (BP; mmHg) and tracheal pressure
(TP; mmHg) with the same number of sweeps taken as for the respective

histogram.
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Figure 3.11 Histological localisation of cardiac vagai

preganglionic neuronal recording sites in the anaesthetized cat

Recording sites marked by Pontamine Sky Blue ejection for six B-fibre
cardiac vagal preganglionic neurones mapped onto five standard serial
sections of the medulla oblongata from —1 to +2.5 mm caudal to rostral

levels relative to obex.

AP - area postrema; NA — nucleus ambiguus; NTS — nucleus tractus

solitarius; X — dorsal vagal motor nucleus; Xll — hypoglossal nucleus.
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Figure 3.12 The effect of ionophoretic administration of an
excitatory ligand onto a single cardiac vagal preganglionic

neurone in the nucleus ambiguus of an anaesthetized cat

A, B & C show the activity of a B-fibre cardiac vagal preganglionic
neurone (CVPN) at differing currents of ionophoretic application of the
excitatory amino acid DL-homocysteic acid (DLH) in the nucleus ambiguus
of an atenolol-pretreated (1 mg kg™, i.v.) anaesthetized cat. Traces show,
from the top, integrated phrenic nerve activity (IPNA), blood pressure
(mmHg), heart rate (HR, bpm - beats min™"), a continuous rate histogram
of neuronal activity (spikes bin™'; 0.5s bin) and the raw recording of

neuronal activity (CVPN, puV). A — CVPN activity with no DLH application,
B — CVPN activity during 20 nA DLH application, C — CVPN activity during
60 nA DLH application.

NB. As CVPN activity increases there is an associated fall in heart rate,
with the dotted line representing mean heart rate in the absence of DLH
application. In addition, respiratory related activity remains even at high

levels of activity.
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Figure 3.13 The effect of right atrial injections of phenylbiguanide
in the presence and absence of central respiratory drive on the
activity of a single cardiac vagal preganglionic neurone in the

nucleus ambiguus of an anaesthetized cat

A & B shows the ongoing activity of a B-fibre cardiac vagal preganglionic
neurone (CVPN) prior to, during and after an intra-atrial injection of
phenylbiguanide (PBG) in the presence (A) and absence (B) of central
respiratory drive in an atenolol-pretreated anaesthetized cat. Traces
show, from the top, integrated phrenic nerve activity (IPNA), blood
pressure (mmHg), heart rate (HR, bpm - beats min'1), a continuous rate
histogram of neuronal activity (spikes bin™'; 0.5s bin) and the raw recording
of neuronal activity (CVPN, uV). DL-homocysteic acid is applied at 20 nA
during recording. In addition, vertical lines represent a 5 second window

following PBG injection (see Methods), and this time period is expanded in

panels (i) and (ii).

NB. In the bottom panel low intensity electrical stimulation of the
pulmonary vagal branch inhibits central respiratory drive, as indicated by
the lack of phrenic nerve activity, and the increase seen in neuronal
activity during this stimulation is therefore due to inhibition of central

respiratory drive.
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Figure 3.14 Synaptic activation of cardiac vagal preganglionic
neurones from stimulation of thoracic vagal branches in the

anaesthetized cat

Two sets of traces containing ten consecutive sweeps each, showing the

effect of stimulation (e) of the pulmonary branch (200 pA, 1 Hz, 1 ms; A)
and the cardiac branch (150 pA, 0.5 Hz, 1 ms; B)

A stimulation of the pulmonary branch evoked both a short and a long

latency orthodromic excitatory input (NB. In the 6th trace (%) the
spontaneous spike did not cancel the short latency input from the

pulmonary nerve, identifying it as a synaptic input)

B stimulation of the cardiac branch evoked a short latency antidromic

spike (O) and a long latency synaptic input.
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3.4 Discussion

Main findings

Rat:-

Neurones located in caudal medial areas of the NTS received excitatory and
inhibitory vagal afferent input and had activity correlated to cardiovascular and
respiratory variables. The majority of these neurones responded to right atrial
administration of PBG but were unaffected by i.v. administration of sodium
nitroprusside. In addition, the neuronal activation of neurones evoked by right
atrial PBG administration was abolished by a bilateral cervical vagotomy.

Cat:-

Neurones located within or ventrolateral to the NA were antidromically activated
by stimulation of the cardiac branch of the vagus, with a latency of response
consistent with small myelinated fibre transmission. These neurones had
activity correlated to respiration and the oscillations of arterial blood pressure
and were activated by right atrial administration of PBG. In addition, a large
proportion of neurones received afferent input from cardiac and pulmonary
branches of the vagus nerve.

Systemic data

Right atrial administration of a 5-HT3 receptor agonist, PBG in these
experiments, consistently produced a bradycardia, hypotension and apnoea in
both rats and cats, as has been previously demonstrated (Coleridge et al.,
1991). In a small number of rats a fall in phrenic nerve activity did not occur, an
observation most likely explained by the relatively low dose of PBG
administered (12-24 ug kg™).

Volume-matched controls of right atrial PBG injections, using the PBG vehicle
saline, were carried out in the rat and demonstrated that PBG was indeed
responsible for the apnoea since saline did not induce any reduction in phrenic
nerve activity. Furthermore, the large majority of the bradycardia and
hypotension evoked by PBG was also not mediated by PBG vehicle or by the
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activation of atrial stretch afferents since saline only evoked a very small
reduction in blood pressure and heart rate. These small alterations in
cardiovascular variables evoked by right atrial saline administration might be
mediated via temperature i.e. saline (and PBG) was held in the cannula at room
temperature and this may be cold enough to affect node conduction in the
heart, marginally lowering cardiac output and subsequently blood pressure.
However, due to the low volumes of fluid injected in the rat (20-40 pl) these
responses are unlikely to be mediated via the activation of stretch receptors in
the right atrium. Thus, the majority of the cardiovascular response and the
entire respiratory response to right atrial administration of PBG is mediated via
the actions of PBG and not by PBG vehicle or by volume effects in the heart.

In the cat, the B-adrenoceptor antagonist atenolol was used to prevent
alterations in heart rate via changes in the sympathetic nervous system,
ensuring that the bradycardic response to right atrial PBG administration was
mediated solely via increases in cardiac vagal activity. In the rat, a bilateral
cervical vagotomy was carried out between reflexes to demonstrate the vagal
component of the response to right atrial PBG administration. The bradycardic
and respiratory components of the response were almost entirely abolished by
bilateral cervical vagotomy, although the hypotension was reduced by only a
third. This is in agreement with a number of other studies (Sévoz et al., 1996;
Verberne & Guyenet, 1992) in the demonstration of a non-vagal component of
the hypotension, although in conscious rats complete inhibition of the
hypotensive and bradycardic responses during cholinergic blockade has been
shown (Chianca & Machado, 1996). Thus, in these experiments at least, the
bradycardia, apnoea and a small component of the hypotension evoked by right

atrial administration of PBG is mediated via the vagus nerve.

Nucleus tractus solitarius neurones

Neuronal characteristics

Extracellular recordings were made of a large population of neurones in the
nucleus tractus solitarii of anaesthetized rats. In the vast majority of neurones
an action potential was evoked by cervical vagus nerve stimulation with a
latency consistent with unmyelinated fibre transmission. A significant number
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(~20%) of neurones also received an excitatory input with a latency consistent
with small myelinated fibre passage, a similar proportion to that described
previously (Wang et al., 1997). In addition, vagal afferent stimulation evoked an
inhibitory response in over a third of all neurones recorded, although whether
this was mediated by unmyelinated or myelinated fibres remains to be

determined.

Initial examinations were made into the relative position of recorded neurones
within their afferent pathway through the NTS. In vitro studies have described
how the variability of the evoked action potential between multiple stimuli
(known as synaptic jitter) is the most reliable method of discriminating mono-
versus polysynaptic pathways (Doyle & Andresen, 2001). Furthermore, an in
vivo study has classified neurones into 3 groups: those receiving vagal afferent
input with a jitter >5 ms, those with a jitter of 3-5ms and those with a jitter <3ms
(Sévoz-Couche et al., 2000b). Neurones with low jitter were assumed to be
likely monosynaptic, 2™ order neurones, and those with a high jitter were
deemed as higher order, polysynaptic neurones. However, in these
experiments it was found that the synaptic jitter could vary during different
afferent stimulation conditions which could result in neurones being classified
incorrectly. Figure 3.4 is an example of this since the jitter of the unmyelinated
input to this neurone is <3 ms at high current stimulation but at lower current
stimulations this jitter rises to 4 ms. Other factors were also found to affect the
jitter of the vagal input, including increased jitter after the addition of
supplementary anaesthetic. Thus, in the present experiments two groups were
used to classify neurones, those with jitter >5 ms, which were deemed as
polysynaptic, possibly output, neurones, and those with a jitter of <5 ms which

would include 2" order and higher order NTS neurones.

Half of all NTS neurones recorded had no ongoing activity in these
pentobarbitone sodium anaesthetized rats, a proportion found to be similar to
that described in previous studies using the same anaesthetic (Wang et al.,
1997; Sévoz-Couche et al., 2000b). This is unlikely to reflect the proportion of
NTS neurones with ongoing activity in conscious rats, and may well be related

to the level of anaesthesia, confirmed by the observation that ongoing activity
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was suppressed after supplementary anaesthetic administration during

neuronal recording.

Almost 90% of neurones were correlated to cardiovascular and respiratory
variables, with almost half of all neurones correlated to both, suggesting that
these neurones play some role in cardio-respiratory function. When comparing
the regions in which NTS neurones were recorded (0.5 mm rostral and caudal
to obex, <0.5 mm lateral to midline) with the afferent termination density map
shown in figure 1.2 this result is perhaps not surprising. Generally, neurones
were located in medial and relatively caudal zones of the nucleus although
distinctions were not made regarding accurate localisation in specific subnuclei.
These areas are thought to have the highest density of vagal afferent
termination (Cottle, 1964; section 1.3.1) and unmyelinated chemo-, bronchial
and pulmonary receptor afferent termination (see Loewy & Burton, 1979; Kalia
& Mesulam, 1980; Jordan & Spyer, 1986). However, these studies have also
described how the highest density of baroreceptor afferent termination was in
more lateral areas, which may explain the lack of a neuronal response to the

vasodilator sodium nitroprusside in the present experiments.

Right atrial administration of PBG

A high proportion of NTS neurones (86%) responded to the activation of
cardiopulmonary afferents evoked by right atrial administration of PBG. The
majority of neurones were excited by this stimulus, although some responded
either with inhibition or in a biphasic manner. Bilateral cervical vagotomy
abolished the excitatory response of neurones, confirming that at least the
activation of neurones is mediated via vagal transmission in the present
experiments. Furthermore, the lack of a neuronal response to volume-matched
right atrial administration of saline demonstrated that the response to PBG

cannot be accounted for by the activation of atrial stretch receptors.

In a large proportion of neurones the latency of the neuronal response was
shorter than the onset of the hypotension evoked by right atrial PBG
administration. This suggests that these neurones were activated by, and

possibly mediating, the vascular response to PBG, as opposed to being reflexly
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activated by the systemic response to right atrial PBG. In some neurones the
latency of the neuronal response was very short (<1 s), which may suggest that
at least part of the response is mediated within the pulmonary circulation time,
i.e. is due to the activation of pulmonary C-fibres. Further, a recent study has
examined the response of NTS neurones to right atrial and left ventricular
injections of PBG and described how right atrial PBG evoked a significantly
greater excitatory neuronal response (27 spikes s™) than left ventricular PBG
(11 spikes s™'; Wilson et al., 1996), suggesting that the difference is due to the
activation of afferents in the pulmonary circulation. In addition, another study
used far higher doses (90 ug) of PBG than the present studies (4-8 ug) to
activate cardiac chemoreceptors via pericardial administration, which may
indicate the amount of PBG used in this investigation is insufficient to activate
chemoreceptors in the heart. However, the activation of vagal afferents in both
the heart and the systemic circulation cannot be wholly ruled out, indeed there
are also a high number of 5-HT3 receptors located throughout the digestive tract
(another vagal afferent source; Glatzl et al., 2002) which may be activated by
right atrial PBG administration. In summary, the excitatory neuronal response
to right atrial administration of PBG is mediated via chemoreceptors, which
subsequently activate vagal afferents and, at least a proportion of this excitation
is likely to be directly resulting from afferent activation in the pulmonary and/or
cardiac circulation.

Interestingly, a previous study reported that neurones with an afferent input jitter
>5 ms were excited by cardiopulmonary reflex, as opposed to neurones with an
afferent input jitter <5 ms which were inhibited by this stimulus (Sévoz-Couche
et al., 2000b). Those authors suggested that this observation might underlie a
protective effect of cardiopulmonary afferents on inputs from other depressor
cardiovascular reflexes such as the baroreflex. However, in this study only 6%
of neurones excited by right atrial PBG administration had a jitter >5 ms,
compared with 12% of inhibitory responding neurones. These conflicting data
may reflect the responses of different sub-populations of NTS neurones
although the anatomical regions of the NTS in which recordings were made are
similar. In fact, in the present experiments nearly half of all neurones excited by
PBG had a synaptic jitter of <2 ms, suggesting that these are 2" order NTS
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neurones receiving monosynaptic vagal afferent input. Interestingly, the latency
of the excitatory neuronal response to PBG was very short in the majority of
these neurones which, once more, may indicate that this excitation is mediated
via the activation of vagal afferents in the pulmonary circulation.

Unfortunately, whether these neurones (or indeed any of the NTS neurones
recorded in these experiments) project to other neurones within the NTS, to
higher cell groups or directly to preganglionic cell groups in the medulla cannot
be determined. Therefore, the nature of the response (excitatory or inhibitory)
to cardiopulmonary afferent activation may not reflect that which is transmitted
to other neurones outside the NTS.

Conclusions

In conclusion, this study describes a population of NTS neurones located
primarily in caudo-medial areas of the nucleus which have activity related to
resting autonomic variables and are insensitive to baroreceptor modulation.
The majority of these neurones are sensitive to activation of cardiopulmonary
afferents although whether the origin of the neuronal response to right atrial
PBG administration is entirely from the pulmonary and/or cardiac circulations or
includes the activation of afferents from further along the systemic circulation
cannot be wholly determined in these experiments. However, the excitatory
neuronal response is mediated via the vagus and further evidence suggests
that a proportion of the excitation is mediated via cardiopulmonary afferent
activation. In addition, a large number of the excitatory-responding neurones
may well be 2™ order NTS neurones receiving monosynaptic vagal afferent
input.

Cardiac vagal preganglionic neurones

Neuronal characteristics

The characteristics of neurones recorded within or ventrolateral to the nucleus
ambiguus that were antidromically activated following stimulation of one of the
cardiac branches of the vagus nerve were also examined in the anaesthetized
cat. These neurones had respiratory-related activity which was also positively
correlated to the oscillations of arterial blood pressure. This activity was highest
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in the post-inhibitory and stage 2 expiratory phases of the respiratory cycle.
The combination of these characteristics confirm their identity as cardiac vagal
preganglionic neurones as described previously (McAllen & Spyer, 1976,
1978a,b; Gilbey et al., 1984). Subsequent high current ionophoretic ejection of
DLH at six recording sites of CVPNs in these atenolol-pretreated animals
evoked a bradycardia confirming the vagally-mediated chronotropic capabilities
of these neurones. In addition, the bradycardia evoked by DLH administration
was paralleled by increasing CVPN activity at two of these sites, confirming
similar observations made by McAllen & Spyer (1978a). However, atrial
ionotropic, dromotropic or coronary vasomotor changes were not identified,
therefore the precise cardiac functions of these neurones cannot be
determined.

Right atrial administration of PBG

Right atrial administration of PBG activated 9 of the 11 CVPNs indicating a
synaptic input from cardiopulmonary C-fibres to these neurones. In addition, it
is important to remember that right atrial injections of PBG may also activate
afferents in the systemic circulation (Coleridge & Coleridge, 1979). However, in
the cat, it has been demonstrated that the latency for right atrial PBG to evoke a
bradycardia due to activation of pulmonary C-fibre afferent stimulation alone
ranges between 2 and 5 seconds (Daly & Kirkman, 1988). Thus, usinga 5
second window to discriminate neuronal activity following PBG injection, an
increase was recorded in the activity of 8 CVPNs, and this excitation was
therefore mediated solely by pulmonary C-fibre afferents within this time period.
Furthermore, an excitatory orthodromic spike was evoked in 6 of these 8
neurones by electrical stimulation of the cardiac and pulmohary branches of the
vagus, confirming that these neurones received an input from C-fibre afferents
running in these branches. The failure to see evoked spikes in the remaining 2
neurones may be a result of the afferents supplying these neurones running in
cardiac or pulmonary branches other than those which were stimulated.

Since right atrial injections of PBG inhibit inspiration then another potential

component of the evoked excitation of CVPNs may be mediated by indirect
disinhibition of these neurones resulting from inhibition of central respiratory
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drive. However, during periods of central apnoea, induced by pulmonary vagal
branch stimulation, right atrial PBG injection still evoked an excitation in
recorded CVPNSs, suggesting that the observed neuronal excitation is
independent of the inhibition of central respiratory drive. As described, ongoing
or DLH-evoked CVPN activity was respiratory modulated, therefore it may be
expected that the PBG-evoked excitation was also modulated by respiratory
activity. However, due to the short duration of the evoked excitation and the
variability in the size and occurrence of phrenic nerve activity this could not be
examined in these experiments.

Conclusions

In conclusion, this study demonstrates that CVPNs with B-fibre axons, located
in the region of the nucleus ambiguus are activated by the stimulation of
pulmonary C-fibre afferents and at least part of this excitation was not due to
the inhibition of central respiratory drive by these afferents. In combination with
the findings of other studies (Jones et al., 1998), this indicates that the
stimulation of pulmonary C-fibre afferents activates simultaneously two groups
of CVPNSs, those in the region of the nucleus ambiguus described above and
also CVPNs with C-fibre axons located in the dorsal vagal motor nucleus. The
question therefore remains as to how the vagal bradycardia evoked by
stimulation of pulmonary C-fibres is not respiratory modulated (Daly & Kirkman,
1988, 1989, Daly, 1991)? As mentioned the activity of B-fibre CVPNs is
respiratory modulated therefore it would be expected that pulmonary C-fibre
evoked increases in activity, and indeed baroreceptor and chemoreceptor
evoked changes are also respiratory modulated. However, since this was not
tested in these experiments this may or may not be the casé. It is unlikely that
the high firing rate of CVPNs evoked by pulmonary C-fibre étimulation (figure
3.13Ab) is overriding the respiratory modulation since CVPNs, in which the
firing was raised to similar levels with DLH, still showed respiratory modulation
(figure 3.12C). However, it may be possible that respiratory modulation might
be prevented if the activation of pulmonary C-fibre afferents also inhibited the
inspiratory input to CVPNs, in addition to causing the excitation described
above. Another possibility is that an interaction may occur between the activity
of CVPNSs located in the dorsal vagal motor nucleus with C-fibre axons and the
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activity of B-fibore CVPNSs in the region of the nucleus ambiguus at the level of
the cardiac ganglia and/or postganglionic nerve terminals in the sino-atrial node
(Jones, 1993; Jones et al., 1998). However, the exact mechanism by which the
pulmonary C-fibre-evoked bradycardia remains non-respiratory modulated is
still unclear.
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5-HT; /1D receptor
Chapter 4 modulation of NTS

neuronal activity

4.1 Introduction

Activation of centrally located 5-HT14/18/10 & 1F receptor subtypes using i.c.v.
injection has been shown to mediate cardiovascular responses in vivo (see
sections 1.6.1 & 1.6.2 and Ramage, 2001). Studies have shown that i.c.v.
administration of the archetypal 5-HT1g/1p receptor agonist sumatriptan
produced a depressor response in the presence of a 5-HT 4 antagonist
(Gallacher & Ramage, 1996). This response could be attenuated by pre-
treatment with the selective 5-HT4p receptor antagonist GR127935. In contrast,
i.c.v. administration of CP-93,129, a selective 5-HT g receptor agonist,
produced a pressor response (Gallacher & Ramage, 1996), suggesting
opposing effects for 5-HT1g versus 5-HT1p receptors.

Some of these 5-HT receptor ligand-mediated effects on the cardiovascular
system have now been attributed to a brainstem location of action.
Microinjection techniques have now demonstrated the ability of 5-HT to produce
both pressor and depressor effects when administered to the NTS (see
Lawrence & Jarrott, 1996). These contradictory observations may be explained
by the activation of a number of different 5-HT receptor subtypes as described
above with distinct functional roles. It is also important to note the limitations of
microinjection techniques in accurately targeting specific cell groups, with
injected compounds diffusing to adjacent central nuclei.

Autoradiographic studies have demonstrated binding sites for both 5-HT,5 and

5-HTp receptors in the NTS (Manaker & Verderame, 1990). Therefore, it is
likely that a proportion of these cardiovascular responses are mediated by an
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action within this nucleus. Furthermore, recent studies have suggested a
possible excitatory action for the 5-HT4g selective ligand CP-93,129, and an
inhibitory action for the 5-HTg/1p ligand sumatriptan on the excitatory
vagal-evoked activity of NTS neurones in the anaesthetized rat (Wang et al.,
1998b).

Aims:

e Experiments were carried out to further investigate the effects of ligands
selective for 5-HT g and 5-HT4p receptor binding sites on the baseline
activity of NTS heurones in the anaesthetized rat. In addition, their
modulatory actions on vagal or cardiopulmonary afferent input to NTS

neurones was also examined.

147



4.2 Results

4.2.1 Effects of 5-HTg,1p receptor ligands on neuronal activity

The effect of ionophoretic administration of 5-HT1g and 5-HT1p receptor ligands
and their vehicles on the activity of NTS neurones was tested in a total
population of 108 cells. A proportion of these neurones showed little or no
ongoing activity therefore in some cases it was necessary to raise the activity of
these cells using ionophoretic application of the excitatory amino acid DL-
homocysteic acid (DLH) to examine the effects of these 5-HT receptor ligands.
Excitation or inhibition of the activity of each neurone was classified by a
change in this baseline firing rate of greater than 20%. Recording of the
baseline activity, post-ligand administration, was not achieved in all neurones.
However, mean firing rates (spikes s™) for both the full populations tested and

the proportions with a recorded post-ligand response are given.

Sumatriptan

lonophoretic administration of the 5-HTg/1p receptor agonist sumatriptan
caused inhibition in 54 of 64 NTS neurones tested and this reduction in baseline
firing rate had an average magnitude of 66% (figure 4.1; table 4.1).

Sumatriptan did not affect the activity of 8 of the remaining 10 neurones but
increased the baseline firing rate of the other 2 neurones by more than 20%
(table 4.1).

Sumatriptan in the presence of ketanserin

The predominant inhibitory response evoked by ionophoretic administration of
sumatriptan was examined during the ionophoretic administration of the
5-HT,a1p receptor antagonist ketanserin (see table 4.1). In 11 of the 14
neurones tested the inhibitory response to sumatriptan was attenuated in the
presence of ketanserin (figures 4.2 and 4.6). In these 11 neurones sumatriptan
evoked a mean decrease in baseline activity of 71% which was reduced to a
28% decrease in the presence of ketanserin. In addition, the response to

sumatriptan post-ketanserin administration was recorded in 5 neurones and
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partial recovery of the control sumatriptan response was observed.
Interestingly, in 3 of the 11 neurones the inhibition in baseline activity evoked by
sumatriptan was reversed to an excitation in the presence of ketanserin (figure
4.3). This excitatory response to sumatriptan was not found to be statistically
significant, although it did return to an inhibition in both neurones where the

post-ketanserin response was recorded.

In 2 of the remaining 3 neurones ketanserin had no effect on the inhibitory
response evoked by sumatriptan whilst in 1 neurone it was potentiated (table
4.1).

The effect of ketanserin on the baseline activity of NTS neurones was also
examined (see table 4.4). In 7 of 14 neurones ketanserin reduced baseline
firing rates (figure 4.6), although the group data showed that this was not
statistically significant. In a further 6 neurones ketanserin had no effect on
baseline firing rates, whilst the firing rate of the remaining neurone was

increased by more than 20%.

Sumatriptan in the presence of GR55562B

The inhibitory response evoked by sumatriptan was also examined during the
ionophoretic administration of the h5-HTg receptor antagonist GR55562B (see
table 4.2). In 6 of 11 NTS neurones a 58% reduction in baseline activity
evoked by sumatriptan was significantly increased to 82% in the presence of
GR555628B (figure 4.4). In 4 of these neurones the sumatriptan response post-
GR55562B administration was recorded and a partial recovery of the control

inhibition was observed (figures 4.4).

Of the remaining 5 neurones the inhibition evoked by sumatriptan was
attenuated in 2 and unaffected in 3 neurones in the presence of GR55562B.

In addition, the effect of ionophoretic administration of GR55562B on the

baseline activity of NTS neurones was examined in 32 neurones (see table 4.4).

In 20 neurones GR55562B caused a mean decrease of 45% in the baseline
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activity (figure 4.7). The activity of the remaining 12 neurones was unaffected
by GR55562B.

CP-93,129

lonophoretic administration of the selective 5-HT4g receptor agonist CP-93,129
was examined in 41 NTS neurones (see table 4.2). In the majority of neurones
(31 of 41) CP-93,129 caused excitation, increasing the mean baseline activity of
these neurones by 100% (figure 4.5). However, CP-93,129 also evoked a
significant decrease in the ongoing activity of 5 of 41 neurones (figure 4.5B),
whilst the remaining 5 neurones were unaffected by CP-93,129 administration.
In addition, the post-CP-93,129 activity was recorded in 28 of the 31 neurones
excited by CP-93,129 and complete recovery of control baseline activity was

observed.

150



Figure 4.1 The effect of ionophoretic administration of
sumatriptan on the activity of NTS neurones in the

anaesthetized rat

A Current-dependent inhibition of the activity of an NTS neurone evoked

by ionophoretic administration of sumatriptan (during the bars & at the
currents stated). From the top, traces show a rate histogram (spikes bin™)

and the raw extracellular recording of neuronal activity (cell).

B Histogram of the mean data of NTS neuronal activity with vertical bars

representing s.e.mean. From left to right: baseline activity (Jjij; CON),
activity evoked by ionophoretic administration of sumatriptan (20-160 nA;

[]; SUM), and recovery of baseline activity (Z; REC). 54 of 64
neurones were inhibited by the ionophoretic administration of sumatriptan.
Of the remaining 10 neurones 8 were unaffected whilst 2 were excited by

sumatriptan (figure 8.1).

** P<0.01
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Figure 4.2 The effect of ionophoretic administration of
ketanserin on the inhibitory effect evoked by ionophoretic

administration of sumatriptan in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
sumatriptan before and during the ionophoretic administration of
ketanserin (during the bars and at the currents stated). From the top,
traces show a rate histogram (spikes bin™") and the raw extracellular

recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of sumatriptan (20-160 nA;[_]; SUM), activity evoked by
sumatriptan in the presence of ketanserin (10-40 nA; =5; SUM + KET),
baseline activity (Jjjj; CON) and recovery of baseline activity (£7Z]; REC).
The inhibitory response to sumatriptan was attenuated by ketanserin in 11
of 14 neurones, with the baseline firing rates of 10 of these neurones
shown. The post-ketanserin response to sumatriptan was recorded in 5 of
these 11 neurones (figure 8.2). Of the remaining 3 of the 14 neurones the
inhibitory response to sumatriptan was unaffected in 2 and potentiated in

one in the presence of ketanserin (figure 8.2).

** P<0.01
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Figure 4.3 An excitatory response to the ionophoretic
administration of sumatriptan during the ionophoretic

administration of ketanserin in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
sumatriptan (during the bars and at the currents stated) before, during &
after the ionophoretic administration of ketanserin. The trace shows a rate

histogram of neuronal activity (spikes bin™).

B Histograms of the mean data of NTS neuronal activity with vertical bars

representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of sumatriptan (40-80nA;[_]; SUM), activity evoked by
sumatriptan in the presence of ketanserin (10-40 nA; ; SUM + KET),
baseline activity (JjJj; CON) and recovery of baseline activity (Z}; REC).
In 14 neurones tested with sumatriptan and ketanserin (see figure 4.2), 3
neurones were excited by sumatriptan in the presence of ketanserin with
the post-ketanserin response to sumatriptan recorded in 2 of these 3

neurones (figure 8.2).

NS - not significant
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Figure 4.4 The effect of ionophoretic administration of
GR55562B on the inhibitory effect evoked by ionophoretic

administration of sumatriptan in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
sumatriptan before, during and after the ionophoretic administration of
GR55562B (during the bars and at the currents stated). From the top,
traces show a rate histogram (spikes bin™") and the raw extracellular

recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of sumatriptan (20-80 nA; [ _]; SUM), activity evoked by
sumatriptan in the presence of GR55562B (10-80 nA; ; SUM + GRS5),
baseline activity (Jjj; CON) and recovery of baseline activity (7}, REC).
In 6 of 11 neurones the inhibition evoked by sumatriptan was potentiated
in the presence of GR55562B. The post-GR55562B response to
sumatriptan recorded in 4 of these 6 neurones (figure 8.3). Of the
remaining 5 neurones the inhibitory response to sumatriptan was
attenuated in 3 and unaffected in 2 in the presence of GR55562B (figure
8.3).

* P<0.05
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Figure 4.5 The effect of ionophoretic application of CP-93,129

on the activity of NTS neurones in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
CP-93,129 (during the bars and at the currents stated). From the top,
traces show a rate histogram (spikes bin™*) and the raw extracellular

recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i) & (ii) From left to right: baseline activity ([l ;
CON), activity evoked by ionophoretic administration of CP-93,129 (40-
240 nA; [_]; CP), and, where shown, recovery of baseline activity (FZ;
REC). 31 of 41 neurones were excited by the ionophoretic administration
of CP-93,129 (i), with the post-CP-93,129 activity recorded in 28 neurones
(figure 8.1). Of the remaining 10 neurones 5 were inhibited (ii), and 5
were unaffected by CP-93,129 (figure 8.1).

* P<0.05 ** P<0.01
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Figure 4.6 The effect of ionophoretic administration of
ketanserin on the activity of NTS neurones in the anaesthetized

rat

A The activity of a single NTS neurone prior to (left panel) and during
(right panel) the ionophoretic administration of ketanserin. Also shown is
the response of this neurone to sumatriptan (during the bars and at the
current stated) prior to (left) and during (right) the period of ketanserin
administration. From the top, traces show a rate histogram (spikes bin'1)

and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i) & (ii) From left to right: baseline activity (JIl} ;
CON) and activity evoked by ionophoretic administration of ketanserin (10-
40 nA; [_]; KET). 7 of 14 neurones were inhibited by the ionophoretic
administration of ketanserin (i) whilst 6 neurones were unaffected (ii). The
post-ketanserin activity was recorded in 6 of these neurones (figure 8.1).
The activity of the remaining neurone was increased in the presence of

ketanserin.

NS - not significant
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Figure 4.7 The effect of ionophoretic administration of
GR55562B on the activity of NTS neurones in the

anaesthetized rat

A Inhibition in the ongoing activity of an NTS neurone evoked by the
ionophoretic administration of GR55562B (during the bars & at the
currents stated). From the top, traces show a rate histogram (spikes bin™)

and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i) & (ii) From left to right: baseline activity ([l ;
CON) and activity evoked by ionophoretic administration of GR55562B
(40-240 nA; [ _]; GR5). Of 32 neurones, 20 were inhibited by the
ionophoretic administration of GR55562B (i) and 12 neurones were
unaffected (ii). The post-GR55562B activity was recorded in 28 of these

neurones (figure 8.1).

** P<0.01
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4.2.2 5-HT4g/1p receptor ligands and identified inputs

The effects of the 5-HT1g/1p receptor agonist sumatriptan and the selective
5-HT4g receptor agonist CP-93,129 were examined on both the vagal
afferent-evoked and cardiopulmonary afferent-evoked activation of NTS

neurones (see table 4.3).

Vagal afferent activation of neurones was measured as the total number of
spikes evoked by vagus nerve stimulation, including both short and long latency
spikes over a time period of a minimum of 20 sweeps of nerve stimulation. The
mean response of neurones was subsequently calculated per 20 sweeps of
stimulation. In addition, cardiopulmonary afferent activation was measured as
the total number of spikes in the burst of neuronal activity evoked by right atrial
administration of phenylbiguanide. Responses prior to, during and, where
possible, after the ionophoretic administration of each receptor ligand were then

compared.

Vagal-afferent-evoked activation

lonophoretic administration of sumatriptan decreased vagal afferent-evoked
activity by a mean of 24% in 20 out of 23 neurones (figure 4.8). The
post-sumatriptan response was recorded in 12 of these neurones and partial
recovery of control evoked activity was observed. Of the remaining 3 neurones
2 were unaffected, whilst the vagal afferent-evoked activity of one neurone was

potentiated by sumatriptan.

In contrast, ionophoretic administration of CP-93,129 increased vagal
afferent-evoked activation by a mean of 33% in 22 out of 25 neurones (figure
4.9). In addition, the post-CP-93,129 response was recorded in 15 of these
neurones and partial recovery of control evoked activity was observed. The
total vagal afferent-evoked activity of the remaining 3 neurones was unaffected
by CP-93,129.
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Cardiopulmonary afferent-evoked activation

lonophoretic application of sumatriptan also decreased the cardiopulmonary
afferent-evoked activation of NTS neurones by a mean of 42% in 2 out of 3
neurones tested (figures 4.10). The activation of the third neurone was

unaffected by sumatriptan.

In contrast, CP-93,129 increased the cardiopulmonary afferent-evoked
activation by a mean of 240% in 3 of 5 neurones tested (figures 4.11). The
activation of the remaining 2 neurones was unaffected by CP-93,129

administration.
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Figure 4.8 Attenuation of the vagal afferent-evoked activation
of NTS neurones by ionophoretic administration of sumatriptan

in the anaesthetized rat

A Attenuation of the vagal afferent-evoked activity of an NTS neurone by
the ionophoretic administration of sumatriptan (at the current stated).
From the top, traces show the raw extracellular recording of neuronal
activity (5 sweeps; uV) before (i) and during (ii) the administration of

sumatriptan. @ - stimulus artefact.

B Histogram of the mean data of vagal afferent-evoked activity with
vertical bars representing s.e.mean. From left to right: control evoked
activity (mean response per 20 sweeps; JJJ; CON) and evoked activity
during the ionophoretic administration of sumatriptan (30-160 nA; [_1;
SUM). In 23 neurones, the total evoked activity was inhibited by
sumatriptan in 20 with the post-sumatriptan activity recorded in 12 of these
neurones (figure 8.4). Of the remaining 3 neurones the total evoked
response was unaffected in 2 and potentiated in one by sumatriptan
(figure 8.4).

** P<0.01
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Figure 4.9 Potentiation of the vagal afferent-evoked activation
of NTS neurones by ionophoretic administration of CP-93,129

in the anaesthetized rat

A Potentiation of the vagal afferent-evoked activity of an NTS neurone by
the ionophoretic administration of CP-93,129 (at the current stated). From
the top, traces show the raw extracellular recording of neuronal activity (5
sweeps; 1V) and before (i) and during (ii) the administration of CP-93,129.

@ - stimulus artefact.

B Histogram of the mean data of vagal afferent-evoked activity with
vertical bars representing s.e.mean. From left to right: control evoked
activity (mean response per 20 sweeps; [JJJ; CON) and evoked activity
during the ionophoretic administration of CP-93,129 (40-160 nA; [_]; CP).
In 25 neurones, the total evoked activity of was potentiated by CP-93,129
in 22 with the post-CP-93,129 activity recorded in 15 of these neurones
(figure 8.4). The total evoked response of the remaining 3 neurones was
unaffected by CP-93,129 (figure 8.4).

** P<0.01
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Figure 4.10 Attenuation of the cardiopulmonary afferent-
evoked activation of NTS neurones by ionophoretic

administration of sumatriptan in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of PBG prior to (left panel) and
during (right panel) the ionophoretic administration of sumatriptan. From
the top, traces show blood pressure (BP; mmHg), a continuous rate
histogram of neuronal activity (spikes bin™') and the raw recording of
neuronal activity (uV). The administration of PBG is highlighted by a solid
horizontal line (= ; PBG - 18 ug kg™, 30 pl). Circled numbers show the
number of spikes in the corresponding burst of activity. In 3 neurones, the
cardiopulmonary afferent-evoked activation of 2 was attenuated in the
presence of sumatriptan (80 nA), whilst the activation of the remaining

neurone was unaffected (figure 8.5).
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Figure 4.11 Potentiation of the cardiopulmonary afferent-
evoked activation of NTS neurones by ionophoretic

administration of CP-93,129 in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG) prior to
(left panel) and during (right panel) the ionophoretic administration of CP-
93,129. From the top, traces show blood pressure (BP; mmHg), a
continuous rate histogram of neuronal activity (spikes bin™') and the raw
recording of neuronal activity (uV). The administration of PBG is
highlighted by a solid horizontal line (= ; PBG - 18 pg kg™, 30 pl). Circled
numbers highlight the number of spikes in the corresponding burst of
activity. In 3 of 5 neurones, the cardiopulmonary afferent-evoked
activation was potentiated in the presence of CP-93,129 (40-80 nA), whilst

the activation of the remaining 2 neurones was unaffected (figure 8.5).
NB. Background activity is vagal-evoked activity (0.6 Hz), and is

potentiated by CP-93,129 in this neurone, in addition cell identity between
panels is confirmed by the expanded sections at the bottom of the page.
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4.2.3 Effects of vehicle controls on neuronal activity

The effects of the vehicles for the above ligands were examined on the ongoing
or DLH-evoked activity of NTS neurones. Sumatriptan, ketanserin and
GR55562B were all dissolved in saline which was adjusted to pH 4, whereas
CP-93,129 was dissolved in 1% ascorbic acid then made up to volume with
saline and adjusted to pH 4. Therefore ionophoretic administration of saline at
pH 4 and 1% ascorbic acid at pH 4 was tested on the activity of NTS neurones.

Saline at pH 4

Figure 4.12 shows that ionophoretic administration of saline at pH 4 does not
affect the DLH-evoked activity of a single NTS neurone whilst ionophoretic
administration of sumatriptan to the same neurone is able to strongly inhibit
DLH-evoked activity. Indeed, in 12 neurones the baseline activity of 11 was
unaffected by the ionophoretic administration of saline at pH 4 (figure 4.12B;
table 4.4). The activity of the remaining neurone was increased by more than
20%.

1% ascorbic acid

The baseline activity of 5 of 6 NTS neurones was unaffected by the ionophoretic
administration of a 1% solution of ascorbic acid at pH 4 (figure 4.13B; table 4.4).
Figure 4.13 shows the ongoing activity of the remaining neurone which is
decreased by 58% by the ionophoretic administration of ascorbic acid, however,
ionophoretic administration of the 5-HT g receptor ligand CP-93,129 to the
same neurone, despite showing a brief period of inhibition, significantly
increased baseline activity by 163%. |
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Figure 4.12 The effect of ionophoretic administration of saline

at pH 4 on the activity of NTS neurones in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
DLH in the presence of sumatriptan and saline at pH 4 (during the bars
and at the currents stated). From the top, traces show a rate histogram

(spikes bin™) and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: baseline activity (JjJjj ; CON),
activity evoked by ionophoretic administration of saline at pH 4 (40-120
nA; [_]; pH 4 SAL), and recovery of baseline activity (Z; REC). In 12
neurones, 11 were unaffected by the ionophoretic administration of saline
at pH 4. The activity of the remaining neurone was increased by saline at
pH 4.
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Figure 4.13 The effect of ionophoretic administration of the CP-
93,129 vehicle ascorbic acid on the activity of NTS neurones in

the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
CP-93,129 and ascorbic acid, the CP-93,129 vehicle (during the bars and
at the currents stated). From the top, traces show a rate histogram (spikes

bin™') and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: baseline activity (Jjjj; CON),
activity evoked by ionophoretic administration of CP-93,129 vehicle (60-80
nA; [_]; VEH), and recovery of baseline activity (£; REC). In 5 of 6
neurones the baseline activity was unaffected by the ionophoretic
administration of CP-93,129 vehicle whilst the activity of one neurone was
inhibited (shown in A).
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Table 4.1 The effect of ionophoretic administration of sumatriptan, in
addition to the effect of ionophoretic administration of ketanserin on
the inhibition evoked by sumatriptan, on the activity of NTS neurones

Numbers reflect mean firing rates of neurones in spikes s

(i) The effects of ionophoretic administration of sumatriptan on the
activity of NTS neurones

(i)  The effects of ionophoretic administration of sumatriptan before,
during, and after the ionophoretic administration of ketanserin, on
the activity of NTS neurones

(i)  Further effects of ionophoretic administration of sumatriptan before,
during, and after the ionophoretic administration of ketanserin, on
the activity of NTS neurones

CON-baseline activity, SUM-activity in the presence of sumatriptan, REC-
recovery of baseline activity, + KET-in the presence of ketanserin, Att.
Inh.-attenuated inhibition, none-activity unaffected, Pot. Inh.-inhibition
potentiated, to Exc.-inhibition reversed to excitation.

*P<0.05 ** P<0.01 compared to CON

1t P<0.05 tt1 P<0.01 compared to SUM
¥ P=0.057 compared to SUM
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(i) The effects of sumatriptan

Number CON SUM REC
Effect
of cells spikes s™
54/64 | inhibition 6.8+1.0 2.3+0.5* 7.1+1.2
8/64 none 5.3+0.8 5.1+0.8 5.3+1.0
2/64 excitation 1.7 4.3 1.7

(ii) The effects of sumatriptan in the presence of ketanserin

CON|[sum]|REC
Number | o [CON[sum|Rec| SN | ST Bl con fsuM | REC
of cells ' :
spikes s

41 [12+] 39 | 39 |28t o
14 JAttInh. nels03]|+08|:1.0|206] - | -

42 [19%] 20 | 4.1 |3.01t] 4.0 ]
10/14 | Att.Inh.| n9| 403 |08 ]|+1.1|=06]x00] = | -

42 [ 13| 36 | 35 [33t| 34 | 30 [ 13| 28
514 (AttInh.| 15104 |08 +1.1 | 209 | 1.0 403|404 {202
2114 | none | 98| 18 (105l 75 |16 86| - | - | -
1/14 |Pot.inh.| 65| 18|77 | 40| 03| 39|23 |06 | 20

(iify An excitatory response to sumatriptan in the presence of ketanserin

CON|SUM[REC
Number | .. | CONfsum|Rec |5 S M| Bl con| sum | Rec
of cells - <
spikes s
2211|2323 [30:t] 27
314 1t BxC | 54 li02|02]|200]|203]+02] ~ | ~ | -
2114 |toExc.| 25 | 1.1 | 23| 23| 33| 26|30 22|28
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Table 4.2 The effect of ionophoretic administration of GR55562B on
the inhibition evoked by ionophoretic édministration of sumatriptan,
in addition to the effect of ionophoretic administration of CP-93,129,
on the activity of NTS neurones |

Numbers reflect mean firing rates of neurones in spikes s™

© (i) | The effects of ionophoretic administration of sumatriptan before,
during, and after the ionophoretic application of GR55562B, on the
activity of NTS neurones '

(i) The effects of ionophoretic administration of CP-93,129 on the
activity of NTS neurones

CON-baseline activity, SUM-activity in the presence of sumatriptan, CP- in
the presence of CP-93,129, REC-recovery of baseline activity, + GR5-in
the presence of GR5562B, Pot. Inh.-inhibition potentiated, Att. Inh.-
attenuated inhibition, none-activity unaffected.

* P<0.05 compared to CON
** P<0.01 compared to CON
t P<0.05 compared to SUM
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()  The effects of sumatriptan in the presence of GR55562B

CON | SUM | REC _
Number Effect CON | SUM | REC +GR5|+GR5|+GR5 CON | SUM | REC
of cells - - I
spikes s
69 | 29*| 6.9 | 6.5 |1.2%t| 6.7
6/11 |Pot.Inh. 55|08 |+20|s16|205 (17| ~ | | -
6.0 | 3.0*| 6.1 6.0 |1.2*+| 64 | 6.2 | 2.3* | 5.8
411 (Pot.Inh el t10| 16|13 |06 | 1.1 |+1.0] 03 |<0.8
26 (06| 25124 |10 | 2.8
3/11 | Att.Inh.) 58 |+05]|08]|+07|z05|x08] | " | -
2/11 none 45 | 21 1491 29|15 | 25148 |24 | 59
(i) - The effects of CP-93,129
Number CON CP REC
Effect
of cells spikes s
31/41 excitation 1.9+0.5 3.8+0.8* -
28/41 | excitation | 1.9+0.5 3.9+0.8** 1.9+0.4
5/41 inhibition 3.2+1.1 0.8+0.4* 3.4+0.9
5/41 none 4.4+1.3 4.6+1.3 4.5+1.4
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Table 4.3 The effects of ionophoretic administration of sumatriptan
and CP-93,129 on the vagal afferent-evoked and cardiopulmonary
afferent-evoked activation of NTS neurones

Numbers reflect mean firing rates of neurones in spikes (20 sweeps)™' and
spikes (burst)™

(i) The effects of ionophoretic administration of sumatriptan on the
vagal-evoked activity of NTS neurones

(i) The effects of ionophoretic administration of sumatriptan on the
vagal-evoked activity of NTS neurones

(i)  The effects of ionophoretic administration of sumatriptan on the
cardiopulmonary afferent-evoked activity of NTS neurones

(iv)  The effects of ionophoretic administration of CP-93,129 on the
cardiopulmonary afferent-evoked activity of NTS neurones

CON-baseline evoked activity, SUM-evoked activity in the presence of
sumatriptan, CP-evoked activity in the presence of CP-93,129, none-
evoked activity unaffected, REC-recovery of baseline evoked activity

** P<0.01 compared to CON
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(i) The effect of sumatriptan on vagal-evoked activity

Number CON SUM REC
Effect
of cells spikes (20 sweeps)™
20/23 | inhibition 31.7 24.2* )
+3.1 +2.5
12/23 | inhibition 31.7 25.1™ 28.1
+4.4 +3.8 +3.8
2/23 none 32.6 31.6 31.2
1/23 excitation 14.3 18.3 -

(i) The effect of CP-93,129 on vagal-evoked activity

Number CON CcP REC
Effect - - -
of cells spikes (20 sweeps)™
22/25 | excitation 27.6 36.7+ .
+4.3 +4.6
15/25 excitation 24.3 33.0** 29.2
+3.8 +3.8 +3.6
+8.8 +8.5 +7.3

(i) The effect of sumatriptan on cardiopulmonary afferent-evoked activity

Number CON SUM REC
Effect
of cells spikes (burst)”’
2/3 attenuated 48 28 -
1/3 none 47 48 -

(iv) The effect of CP-93,129 on cardiopulmonary afferent-evoked activity

Number CON CP REC
Effect !
of cells spikes (burst)
3/5 potentiated | 4.7+1.3 16+4.0 4.7+2.0
2/5 none 25 26 -
1/5 none 43 47 48
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Table 4.4 The effects of ionophoretic administration of ketanserin,
GR55562B, saline at pH 4 and the CP-93,129 vehicle ascorbic acid

on the activity of NTS neurones
Numbers reflect mean firing rates of neurones in spikes s

()] The effects of ionophoretic administration of ketanserin on the
activity of NTS neurones

(i) The effects of ionophoretic administration of GR55562B on the
activity of NTS neurones

(iii)  The effects of ionophoretic administration of saline at pH 4 on the
activity of NTS neurones

(iv)  The effects of ionophoretic administration of the CP-93,129 vehicle
ascorbic acid on the activity of NTS neurones

CON-baseline activity, KET-activity in the presence of ketanserin, GR5-in
the presence of GR55562B, SAL pH 4-in the presence of saline at pH 4,

CP VEH-in the presence of CP-93,129 vehicle, none-activity unaffected,

REC-recovery of baseline activity

** P<0.01 compared to CON
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(i) The effects of ketanserin

Number CON KET REC
Effect
of cells spikes S-1
714 | inhibition | 4 .8+1.8 2.5+0.8 -
2/14 | inhibition o8 1.6 20
6/14 none 4.8+1.3 4.7+1.5 -
4114 none 3.5+1.2 3.1+1.0 2.5+0.3
1/14 | excitation 0.3 15 0.1
(ii) The effects of GR55562B
Number CON GR5 REC
Effect
20/32 inhibition 4.7+1.0 2 6+0.5** -
19/32 | inhibition [ 49+1.0 | 2.7:0.6* | 4.1:0.8
12/32 none 4.8+1.2 4.3+0.9 -
9/32 none 3.8+0.8 3.6:0.7 3.6+0.6
(iii) The effects of saline at pH 4
Number CON SAL pH 4 REC
Effect
of cells spikes s
11/12 none 8.2+2.8 8.2+2.8 9.0+3.1
1/12 | excitation 3.9 4.9 5.3

(iv) The effects of the CP-93,129 vehicle, ascorbic acid

Number CON CP VEH REC
Effect
of cells spikes s™
5/6 none 2.1+0.8 2.2+0.8 2.1+0.8
1/6 inhibition 1.9 0.8 1.7
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4.3 Discussion

Main findings

The present studies focused on the effects of ionophoretic administration of 5-
HT1g/1p receptor ligands on the ongoing or DLH-evoked activity of NTS
neurones. The 5-HTg1p receptor agonist sumatriptan decreased this baseline
activity in the majority of NTS neurones and this reduction was attenuated in
almost every case by the 5-HTa/1p receptor antagonist ketanserin. In contrast,
the sumatriptan-mediated reduction in baseline activity was potentiated in the
presence of the h5-HT,g receptor antagonist GR55562B in the majority of
cases. This implies that 5-HTg and 5-HTp receptors have opposing actions on
NTS neurones, an implication further supported by the observation that
ionophoretic administration of the 5-HT,g receptor agonist CP-93,129 excited
the majority of cells. The role of 5-HTg and 5-HTp receptors was further
confirmed when sumatriptan attenuated, and CP-93,129 potentiated, the vagal
and cardiopulmonary afferent-evoked activation of the majority of neurones.

Selectivity of 5-HT1g/1p receptor ligands used

Sumatriptan

Sumatriptan, a compound selective for the 5-HTg/1p receptor binding sites, has
been shown to be effective in the acute treatment of migraine (Ferrari &
Saxena, 1993). However, sumatriptan also has affinity for 5-HT¢ and, to a
small extent, 5-HT 1 receptors binding sites (pK;‘'s 7.6 and 6.1 respectively;
Hoyer, 1991) and it has been shown to produce some effects that were
sensitive to blockade by the 5-HTa receptor antagonist WAY-100635 in the rat
(Pagniez et al., 1998). Furthermore, previous studies (Wang et al., 1997) have
shown that ionophoresis of the selective 5-HT 14 receptor agonist 8-OH-DPAT
does modulate the activity of NTS neurones, therefore, at high currents of
ejection, activation of 5-HT14 receptors by ionophoretic administration of
sumatriptan cannot be ruled out. The activation of 5-HT ¢ receptors also
remains a possibility although there is no evidence as to how this may modulate
NTS neuronal activity. However, the affinity of sumatriptan at 5-HT, receptors
has been shown to be very low (Schoeffter & Hoyer, 1989). In addition, there
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are differences between the affinity of this ligand for human 5-HT1g compared to
rat 5-HT g binding sites, due to their different pharmacological profiles caused
by a single amino acid modification (see section 1.5.1; Oksenberg et al., 1992).
However, although sumatriptan has a 10 fold higher affinity for the human 5-
HT4g receptor the K;value for the rat 5-HT4g receptor is still in the nanomolar
range (K; 46518 nM; Oksenberg et al., 1992). Therefore, activation of both 5-
HT1p receptors and, possibly to a lesser extent, 5-HT g receptors during
ionophoresis of sumatriptan seems likely, although without the use of selective
antagonists it is not possible to distinguish between the two receptor subtypes.
In addition, an ionophoresis study has previously described an inhibitory action
for sumatriptan on the vagal afferent-evoked activity of NTS neurones (Wang et
al., 1998b).

Ketanserin

Ketanserin, a 5-HT> receptor antagonist which has been in clinical use (see
Barrett, 1992), has 70 fold selectivity for the 5-HT2a receptors over other 5-HT,
receptor subtypes and is also a potent ay-adrenoceptor antagonist. However,
the key characteristic in relation to the present experiments is its high selectivity
for the 5-HT1p receptor (pK; 7.1; Hoyer et al., 1991) over the r5-HT 45 receptor
(pK; 5.7; Hoyer et al., 1991). The use of ketanserin as an effective 5-HTp
receptor antagonist has been exploited before e.g. Gallacher & Ramage (1996)
who demonstrated that activation of central 5-HTp receptors can cause
hypotension. In addition, ketanserin has been used in ionophoresis studies in
the NTS (Sévoz-Couche et al., 2000b) where it was found to attenuate the
modulation of NTS neuronal activity by the 5-HT; receptor agonist DOI.
However, their study did not report any actions of ketanserin itself, at the
currents used (10-20 nA), on the ongoing or DLH-evoked activity of NTS

neurones.

GR55562B

There appears to be a certain level of confusion surrounding the actions and/or
selectivity of the 5-HT4 receptor antagonist GR55562B. Initial literature has
reported the use of GR55562 as a silent antagonist at both 5-HT1p and 5-HTpg
receptor binding sites, providing pK; values of 7.3 and 6.3 for 5-HTpg and
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5-HT1pe receptors respectively (Walsh et al., 1995). However, more recent
evidence, provided after the revised nomenclature for 5-HT+g and 5-HTp
receptors (see section 1.5.1), has defined GR55562 as a neutral antagonist of
h5-HT g receptors (Lamothe et al., 1997). Due to the similar pharmacological
profiles of the r5-HTg and h5-HT 5 receptors it might be expected that
GR55562 might also have higher affinity for the r5-HT1g over the 5-HT1p
receptor. Indeed, in further recent studies in rat GR55562 has been found to
attenuate effects mediated by the selective 5-HT1g receptor agonist CP-93,129,
and this work was carried out in rat striatal synaptosomes (Sarhan et al., 1999),
the mesenteric arteries of deoxycorticosterone acetate salt rats (Banes & Watts,
2001) and in the accumbal shell or core of rats (Przegalinski et al., 2002).
Thus, it seems likely that this compound can antagonise the responses of
selective r5-HT,g receptor activation, and may therefore be a useful tool in the
discrimination of 5-HT1p and r5-HT4g receptor functions in the rat.

CP-93,129

CP-93,129 is a selective 5-HTg receptor agonist with >100 fold selectivity over
5-HT1a, h5-HTyg and 5-HT, receptors (Koe et al., 1992). It has been widely
used in the ch'aracterisation of this receptor including those studies described
above, and a recent study using ionophoresis has described an excitatory
action for this compound in the NTS of anaesthetized rats (Wang et al., 1998b).

5-HT1g/1p receptor actions in the NTS

The findings of the present experiments support those found previously (Wang
et al., 1998b) in describing an inhibitory action for the 5-HT1g/1p receptor ligand
sumatriptan. This study further characterises this response using the ligands
ketanserin and GR55562B.

Generally, in the relatively large population of NTS neurones examined,
sumatriptan caused an inhibition in the ongoing or DLH-evoked activity. Only 2
neurones were excited by sumatriptan suggesting that the receptor(s) activated
by sumatriptan has a predominant inhibitory action. The 5-HToa/1p receptor
antagonist ketanserin attenuated this inhibitory response and, since ketanserin
has high affinity for the 5-HT1p receptor and sumatriptan has very low affinity for
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the 5-HT>a receptor, this implicates the 5-HTp receptor as mediating at least a
large part of the inhibitory effect of sumatriptan.

Before looking further at the response to sumatriptan it is important to highlight
the observation that the selective 5-HT g receptor agonist CP-93,129 excited
the majority of cells, thus suggesting an excitatory action for 5-HT g receptors
on recorded neurones. This observation may explain the potentiation of the
inhibitory response to sumatriptan evoked by the 5-HTg antagonist GR55562B
i.e. this compound is blocking the excitatory actions of 5-HT1g receptor
activation evoked by sumatriptan, leading to a greater level of inhibition from the
sole 5-HT,p receptor activation.

Further evidence for sumatriptan activating both 5-HT;g as well as 5-HTp
receptors comes from the observation that, in some neurones, ionophoresis of
sumatriptan caused an excitation during the blockade of 5-HT1p receptors with
ketanserin, consistent with the activation of 5-HT4g receptors. The fact that this
did not occur in all neurones may be a result of either the lack of 5-HT4g
receptors or their distant location, or even by a possible inhibitory action for
some 5-HT g }eceptors. This potential inhibitory action was supported by the
inhibitory response of a number of neurones to CP-93,129, the group data of
which indicated that this was a statistically significant result. Further support
may also come from the observation that the inhibitory response evoked by
sumatriptan was attenuated by GR55562B in a small number of cases i.e.
sumatriptan is activating both 5-HTp and 5-HT5 receptors, with both receptors
mediating inhibition, and the subsequent administration of GR55562B
attenuates the 5-HTg-mediated inhibition lowering the compound inhibition
evoked by sumatriptan. It is also worth discussing that in some experiments the
sumatriptan-evoked reduction in the activity of neurones was not completely
attenuated by ketanserin. This may be, as mentioned above, due to the
simultaneous activation of 5-HT1g receptors by sumatriptan, although the
possible, but unlikely activation of 5-HT1r and even 5-HT1a receptors cannot be
ruled out either. It is also likely that the antagonism of the 5-HTp receptors by
ketanserin is not complete due to insufficient drug delivery and there is some
residual activation of 5-HT1p receptors by sumatriptan.
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In relation to 5-HT4g receptors, ionophoresis of GR55562B alone caused an
inhibition in over half of the neurones tested; this may reveal a tonic, ongoing
activation of 5-HT1g receptors in the NTS of these anaesthetized rats.

However, this response to GR55562 was not observed in all neurones and was
also unstable in some neurones which may indicate further non-specific actions
of this compound, i.e. partial agonist effects at other receptor binding sites etc.
The instabilities seen in the response of some neurones to ionophoretic
administration of GR55562B took two forms. Either a reduction in the amplitude
of the ongoing neuronal spikes during the inhibitory effect evoked by GR55562B
administration or in some cases the GR55562B-evoked reduction in neuronal
activity was intermittent and of much shorter duration than the period of
ionophoretic administration. These effects could possibly be explained by a
local anaesthetic effect of GR55562B previously reported after ionophoretic
administration of drugs at high currents (>30 nA) in a study examining the
effects of 5-HT; receptor ligands (Ashby et al., 1991). Unfortunately, due to
these effects the compound GR55562B was not examined on the excitatory
responses evoked by CP-93,129 and therefore the GR55562B-mediated
potentiation of the inhibitory response evoked by sumatriptan may also have
been caused by such a non-specific action.

In contrast to the findings of a previous study (Sévoz-Couche et al., 2000b),
these experiments show that ketanserin did affect the ongoing or DLH-evoked
activity of half of all neurones tested in these experiments. Despite this
decrease in activity being >20% in 7 neurones the group data did not indicate
that this was a statistically significant effect, a result likely to have been caused
by the high variation in firing rates seen in this group of neurbnes. Therefore, it
would seem looking at the response of these 7 neurones that there is some
effect of ketanserin on the activity of NTS neurones, which may indicate a tonic
activation of 5-HT1p receptors. However, the responses seen are the opposite
to what might be expected and so may be mediated either by 5-HTa receptors,
which ketanserin has higher affinity for, or as in the case of GR55562B they
may be via non-specific actions of this compound.
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5-HT,g/1p_receptors and identified inputs

Sumatriptan was also found to attenuate the excitatory unmyelinated vagal
afferent input to NTS neurones suggesting that 5-HT1p receptors activation may
decrease vagal afferent transmission to NTS cells. Whether this is via a direct
effect of sumatriptan on the vagal afferent terminals of NTS neurones or merely
via a lowering of the excitability of the postsynaptic neurones, via 5-HT1p
receptors located on the cell body, was not determined in these experiments.
These data do support the findings of a previous study (Wang et al., 1998b),
and are further confirmed by studies on the effect of sumatriptan on the
excitation of NTS neurones evoked by right atrial PBG administration i.e.
activation of cardiopulmonary afferents.

This excitatory response to cardiopulmonary afferent activation was found to be
consistently stable between injections (see chapter 3), and was therefore used
to examine the effects of ionophoretic ligand administration. This response was
attenuated by sumatriptan in the small number of neurones tested, indicating
that activation of 5-HT1p receptors is certainly capable of suppressing afferent
input to these-neurones, although, as mentioned above, this may not be
mediated by a direct afferent terminal modulation. In order to confirm the
activation of 5-HTp receptors on vagal or cardiopulmonary afferent terminals it
would be necessary to examine the effects of a silent antagonist on the
cardiopulmonary afferent-evoked response of neurones, this was not tested in
these experiments. Specifically, ketanserin was not used due to its inability to
distinguish between 5-HT1p and 5-HT».4 mediated effects on this input.
However, with reference to figure 4.10 the attenuation of the cardiopulmonary
afferent activation of this neurone by sumatriptan is greater, proportionally, than
the sumatriptan-evoked attenuation of the ongoing activity. This suggests that
there may be a significant population of 5-HTp receptors on the
cardiopulmonary afferent terminals of this neurone, and that these
cardiopuimonary afferents are not supplying a continuous excitatory input to
these neurones, thus the ongoing activity is relatively unaffected by
sumatriptan. Once more though it is not possible to tell if there is a tonic
activation of 5-HTp receptors during cardiopuimonary or vagal afferent
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activation. Furthermore, the ability of sumatriptan to modulate the
cardiopulmonary afferent activation was only examined in a small number of
NTS neurones.

The effects of CP-93,129 were also examined on the vagal afferent- and
cardiopulmonary afferent-evoked responses of NTS neurones and
unsurprisingly both of these excitatory input responses were potentiated by this
ligand. This confirms the excitatory actions of this ligand, and therefore the
likely excitatory effects of 5-HTg receptor activation. However, in these
neurones no inhibitory responses were evoked by ionophoresis of CP-93,129 in
comparison to observations of the effects of CP-93,129 on the ongoing or DLH-
evoked activity of neurones, some of which were inhibited. This may be due to
the smaller number of neurones tested. In addition, as mentioned above,
although 5-HT g receptor activation is capable of potentiating vagal afferent
input whether these receptors are located on vagal or cardiopulmonary afferent
terminals, or whether they are merely increasing the excitability of neurones via
activation of 5-HT g receptors on the cell body cannot be determined from the
present experiments. The compound GR55562B was not used to further
examine the role of 5-HT g receptors in the vagal and cardiopulmonary afferent
activation of neurones due to the ability of this compound to reduce the
excitability of neurones itself. Thus, further conclusion on the specific location
or function of 5-HT g receptors cannot be made.

Further comments

Another important point in relation to the above data is that there was no
obvious difference in the responses of neurones to 5-HT1g/1p receptor ligands
based on their location. Neurones were recorded from caudal regions of the
NTS within 0.5 mm rostral or caudal to obex, and within 0.5 mm lateral of
midline on the side ipsilateral to vagal stimulation. Neurones were identified by
their receiving a vagal afferent input, and the majority of neurones were
correlated to cardiovascular and/or respiratory variables (for further detail see
chapter 3). There was also no clear difference between the responses of
neurones to 5-HTg/1p receptor ligands and their sensitivity to cardiopulmonary
afferent activation and/or level of correlation to autonomic variables. With
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respect to cardiovascular roles for these receptor subtypes there is some
evidence that activation of central 5-HT g receptors increase whilst 5-HTp
receptors decrease blood pressure in the anaesthetized rat, and that this
response is largely due to activation of these receptors in hindbrain areas
(Gallacher & Ramage, 1996). A differential effect for 5-HT4g and 5-HT1p
receptors is obviously supported by the findings of the present experiments,
however, despite the closely correlated activity of these neurones to
cardiovascular and respiratory variables, no conclusions can be made as to any
specific vascular function of individual neurones. In addition, i.c. administration
of sumatriptan has been shown to attenuate the reflex activation of cardiac
vagal preganglionic neurones (CVPNs; Dando et al., 1996), and this may also
be supported in the present study since sumatriptan was found to attenuate the
excitatory input to NTS neurones evoked by cardiopulmonary afferent
stimulation and a proportion of this excitation might well be directed to CVPNSs.

The ongoing discharge rate of ~50% of neurones was nil and therefore, as
mentioned, ionophoretic administration of DLH was used to raise the activity of
these neurones in order to examine the inhibitory effects of some ligands.
However, since raising the baseline activity did not appear to have any
qualitative effect on the 5-HT1g/1p receptor ligand-mediated effects neurones
were not separated on the basis of their neuronal firing rates. With respect to
this last point it is worth noting that these neurones were recorded from
anaesthetized animals, therefore the level of neuronal activity is unlikely to
reflect that occurring in a conscious animal. Indeed, the ongoing firing rate of
neurones can be suppressed during recording by the supplementary addition of
anaesthetic, in this case pentobarbitone sodium (see chapter 3).

One remaining question is the effects of altering the pH of solutions of
compounds, necessary for their ionophoresis, on the activity or excitability of
neurones. Vehicle controls of saline at pH 4 did not affect the ongoing or DLH-
evoked activity of the large majority of neurones tested, confirming that the
effects of solutions containing receptor ligands are indeed mediated via these
ligands and that neurones are unaffected by mildly acidic solutions. In addition,
the 5-HT,g receptor agonist CP-93,129 was initially dissolved in 1% ascorbic
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acid and then adjusted to pH 4, once more the control solution did not affect the
ongoing activity of the majority of neurones. However, a mild inhibition was
seen in the activity of a single NTS neurone, although ionophoresis of
CP-93,129 to the same neurone caused excitation. This may provide an
explanation for the inhibitory effect of CP-93,129 on the baseline activity of a
small but significant number of NTS neurones i.e. these effects are mediated
via the vehicle, 1% ascorbic acid, rather than an active effect of the 5-HT1g
receptor ligand.

Summary

In conclusion, 5-HT1p receptors mediate an inhibitory effect, whilst 5-HT g
receptors mediate an excitatory effect within the NTS of anaesthetized rats.
Activation of these receptors can modulate vagal and cardiopulmonary afferent
input to these neurones, although whether these receptors are activated during
afferent stimulation remains to be determined. Further discussion of these data,
with reference to the potential origin of these serotoninergic inputs is contained
within chapter 6: discussion.
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5-HT3 receptor
Chapter 5 modulation of NTS

neuronal activity

5.1 Introduction

The nucleus of the tractus solitarius (NTS) is a region described as having one
of the richest densities of 5-HT; receptors in the brain (Leslie et al., 1994).
Studies carried out using microinjection methods have demonstrated that the
administration of 5-HT; receptor agonists into the region of the NTS can
increase both blood pressure and sympathetic outflow (Merahi et al., 1992;
Nosjean et al., 1995).

More recent investigations have demonstrated that microinjection of the
selective 5-H'I;3 receptor agonist 1-(m-chlorophenyl)-biguanide into the NTS
attenuated the bradycardic component of the cardi'opulmonary reflex in both
awake and urethane-anaesthetized rats (Sevoz et al., 1996; Leal et al., 2001).
In contrast, other research has demonstrated that, in contrast to activation,
blockade of 5-HT; receptors using the selective antagonist granisetron,
attenuated the bradycardia evoked by cardiopulmonary afferent activation
(Dando et al., 1995; Pires et al., 1998). These latter experiments were
performed in urethane-anaesthetised rabbits (Dando et al., 1995) and rats
(Pires et al., 1998) and drugs were administered i,ntracisterhally (i.c.).

The limitations of microinjection and i.c. injection as methods of accurately
targeting specific nuclei within the dorsal brainstem may partially explain these
conflicting data. There are large populations of 5-HT; receptors in the dorsal
vagal motor nucleus (DVN) and the area postrema, both directly adjacent to the
NTS which may contribute to the modulations of cardiopulmonary reflex that
have been described. Indeed, in the DVN, neurones have been shown to be
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activated by cardiopulmonary afferent activation (Jones et al., 1998) and by
5-HT3 receptor activation at the neuronal level (Wang et al., 1996). More
accurate methods of studying 5-HT; receptors action within the NTS may
provide further evidence of their role in cardiopulmonary reflex and other

functions.

Extracellular recordings, in combination with ionophoresis techniques, have
revealed that the selective 5-HT; receptor agonist phenylbiguanide (PBG)
excites the large majority of NTS neurones (Wang et al., 1997). These
neurones were identified as receiving vagal afferent input, and studies focused
solely on the effects that selective ligand administration had on the baseline
activity of neurones.

Aims:

* Experiments were carried out to further examine the role of 5-HT; receptors
in the NTS at the neuronal level. Firstly, confirming the predominant
excitatory gffect that activation of 5-HT; receptors has on NTS neuronal
activity and secondly examining any role that these receptors may have on
the vagal afferent-evoked and cardiopulmonary afferent-evoked activation of
NTS neurones in the anaesthetized rat.
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5.2 Results

5.2.1 Effects of 5-HT; receptor ligands on neuronal activity

The effect of ionophoretic administration of 5-HT; receptor ligands and their
vehicles on the activity of NTS neurones was tested in a total population of 127
cells. A proportion of these neurones showed little or no ongoing activity
therefore in some cases it was necessary to raise the activity of these cells
using ionophoretic application of the excitatory amino acid DL-homocysteic acid
(DLH) to examine the effects of these 5-HT receptor ligands. Excitation or
inhibition of the activity of each neurone was classified by a change in this
baseline firing rate of greater than 20%. Recording of the baseline activity,
post-ligand administration, was not achieved in all neurones. However, mean
firing rates (spikes s') for both the full populations tested and the proportions
with a recorded post-ligand response are given. '

Phenylbiguanide

lonophoretic administration of the 5-HT3 receptor agonist phenylbiguanide
(PBG) excited 96 of 106 NTS neurones with a mean increase of 129% in
baseline firing rates (figure 5.1). The post-PBG activity of 92 of these neurones
was recorded and complete recovery was observed (table 5.1). Of the
remaining 10 neurones, 9 were unaffected by PBG, whilst the baseline activity
of one neurone was inhibited by greater than 20% (table 5.1).

Phenylbiguanide in the presence of granisetron

The predominant excitatory response evoked by ionophoretic administration of
PBG was examined during ionophoretic administration of the selective 5-HT;
receptor antagonist granisetron (see table 5.1; figures 5.2, 5.3 and 5.5). In 17
NTS neurones tested PBG evoked a mean increase in baseline activity of 106%
and this was reduced to a 27% increase during the simultaneous administration
of granisetron. In 4 of these 17 neurones the post-granisetron PBG response
was recorded and a complete recovery of the control PBG excitation was
observed (figure 5.3). In addition, in 3 of these 4 neurones the recovery PBG
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response was bigger in magnitude than the control PBG response, although this

increase was not found to be significant.

The effect of granisetron on the baseline activity of NTS neurones was also
examined (table 5.2). In 11 of 18 neurones granisetron did not affect the
baseline firing rate (figure 5.5). Of the 7 remaining neurones 4 were excited,
whilst 3 were inhibited by granisetron administration, although the group data
did not indicate that the inhibitory response was statistically significant (figure
5.5B).

Phenylbiguanide in the presence of ondansetron

A second 5-HT3 receptor antagonist was tested on the excitation evoked by
ionophoretic administration of PBG. Ondansetron was chosen due to its use in
other studies examining 5-HT3 receptor-mediated effects in the brainstem. The
response to PBG was tested with ondansetron in just one NTS neurone and a
large attenuation in the PBG-evoked excitation was observed, recovery was
achieved (figure 5.4, table 5.1).

In addition, studies showed that ondansetron did not affect the baseline activity

of 3 out of 4 NTS neurones, although the activity of the remaining neurone was
increased by greater than 20% (table 5.2).
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Figure 5.1 The effect of ionophoretic administration of
phenylbiguanide on the activity of NTS neurones in the

anaesthetized rat

A Excitation in the activity of an NTS neurone evoked by the ionophoretic
administration of phenylbiguanide (PBG; during the bars and at the current
stated). From the top, traces show a rate histogram (spikes bin™") and the

raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: baseline activity (JJJj; CON),
activity evoked by ionophoretic administration of PBG (3-320 nA; [_];
PBG). 96 out of 106 neurones were excited by the ionophoretic
administration of PBG, with the post-PBG activity recorded in 92. Of the
remaining 10 neurones one was inhibited, and 9 were unaffected by PBG.

** P<0.01
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Figure 5.2 The effect of ionophoretic administration of
granisetron on the excitatory effect evoked by ionophoretic

administration of phenylbiguanide in the anaesthetized rat |

A The response of an NTS neurone to the ionophoretic administration of
phenylbiguanide (PBG) before and during the ionophoretic administration
of granisetron (during the bars and at the currents stated). From the top,
traces show a rate histogram (spikes bin™') and the raw extracellular

recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of PBG (5-120 nA;[_]; PBG), activity evoked by PBG in the
presence of granisetron (5-60 nA;= ; PBG + gran), baseline activity (JJjij;
CON) and recovery of baseline activity (Z}; REC). In 17 out of 17
neurones, the control response to PBG was attenuated by granisetron,
with the baseline firing rates of 15 of these neurones shown. The post-
granisetron PBG response was recorded in 4 of these 17 neurones (see
figure 5.3).

* P<0.05
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Figure 5.3 The effect of ionophoretic administration of
granisetron on the excitatory effect evoked by ionophoretic
administration of phenylbiguanide in the anaesthetized rat Il

A The response of an NTS neurone to the ionophoretic administration of
phenylbiguanide (PBG; during the bars and at the current stated) before,
during and after the ionophoretic administration of granisetron. The trace

shows a rate histogram of neuronal activity (spikes bin™).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: baseline activity (JJJj; CON),
activity evoked by ionophoretic administration of PBG (10-120 nA; [_];
PBG), recovery of baseline activity ({7Z}; REC) and activity evoked by PBG
in the presence of granisetron (5-60 nA; EF; PBG + gran). In a population
of 17 neurones (see figure 5.2) the post-granisetron PBG response was

recorded in 4.
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Figure 5.4 The effect of ionophoretic administration of
ondansetron on the excitatory effect evoked by ionophoretic

administration of phenylbiguanide in the anaesthetized rat

The response of an NTS neurone to the ionophoretic administration of
phenylbiguanide (PBG; during the bars and at the current stated) before,
during and after the ionophoretic administration of ondansetron. From the
top, traces show a rate histogram (spikes bin™') and the raw extracellular

recording of neuronal activity (cell).
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Figure 5.5 The effect of ionophoretic administration of
granisetron on the activity of NTS neurones in the

anaesthetized rat

A The activity of an NTS neurone, and its response to phenylbiguanide,
prior to (left panel) and during (right panel) the ionophoretic administration
of granisetron (during the bar and at the current stated). From the top,
traces show a rate histogram (spikes bin™') and the raw extracellular

recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i), (ii) & (iii) From left to right: baseline activity
(Il; CON), activity evoked by ionophoretic administration of granisetron
(5-60 nA; [_]; gran). In 11 of 18 neurones the baseline activity was
unaffected by the ionophoretic administration of granisetron (i). Of the
remaining 7 neurones, 4 were excited (ii) whilst 3 were inhibited (iii) by
granisetron. The response of neurones in which the post-granisetron
baseline activity was recorded can be seen in table 5.1.

* P<0.05

NS - not significant
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5.2.2 5-HT; receptor ligands and identified inputs

The effects of the 5-HT3 receptor ligands PBG and granisetron were examined
on the vagal afferent-evoked and cardiopuimonary afferent-evoked activation of

NTS neurones (see table 5.3).

Vagal afferent activation of neurones was measured as the total number of
spikes evoked by vagus nerve stimulation, including both short and long latency
spikes over a time period of a minimum of 20 sweeps of nerve stimulation. The
mean response of neurones was subsequently calculated per 20 sweeps of
stimulation. In addition, cardiopulmonary afferent activation was measured as
the total number of spikes in the burst of neuronal activity evoked by right atrial
administration of phenylbiguanide. Responses prior to, during, and where
possible, after the ionophoretic administration of each receptor ligand were then

compared.

Vagal-afferent-evoked activation

lonophoretic administration of PBG potentiated vagal afferent-evoked activify by
a mean of 72% in 13 out of 17 neurones (figure 5.6). The post-PBG response
was recorded in 11 of these neurones and partial recovery of control evoked
activity was observed. The vagal afferent-evoked activity of the remaining 4
neurones was unaffected by ionophoretic PBG administration.

Cardiopulmonary afferent-evoked activation

lonophoretic administration of PBG also potentiated the cardiopulmonary
afferent-evoked activation in 2 of 3 NTS neurones by a mean of 160% (figures
5.7). The activation of the third neurone was unaffected by PBG administration.

The effect of ionophoretic administration of granisetron on the activation of NTS
neurones evoked by cardiopulmonary afferent stimulation was examined in 10
neurones (figure 5.8). This activation was significantly attenuated by a mean of
48% in 9 of the 10 neurones, an example of which is shown in figure 5.8. In 5
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of these 9 neurones, recording of the reflex post-granisetron administration was
achieved and complete or partial recovery of the control response was
observed in 4 of these 5 neurones, whilst the post-granisetron response of the

fifth neurone remained attenuated.
The cardiopulmonary afferent-evoked activation of the remaining neurone was

increased by greater than 20% in the presence of granisetron, although the

post-granisetron response was not recorded.
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Figure 5.6 Potentiation of the vagal afferent-evoked activation
of NTS neurones by ionophoretic administration of

phenylbiguanide in the anaesthetized rat

A Potentiation of the vagal afferent-evoked activity of an NTS neurone by
the ionophoretic administration of phenylbiguanide (PBG; at the current
stated). From the top, traces show the raw extracellular recording of
neuronal activity (5 sweeps; uV) and before (i) and during (ii) the

administration of PBG. @ - stimulus artefact.

B Histogram of the mean data of vagal afferent-evoked activity with
vertical bars representing s.e.mean. From left to right: control evoked
activity (mean response per 20 sweeps; JJJJ; CON) and evoked activity
during the ionophoretic administration of PBG (20-160 nA; [_]; PBG). Of
17 neurones, the total evoked activity of 13 was potentiated by the
ionophoretic administration of PBG. The post-PBG activity was recorded
in 11 of these neurones. The total evoked response of the remaining 4

neurones was unaffected by PBG.

** P<0.01
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Figure 5.7 Potentiation of the cardiopulmonary afferent-evoked
activation of NTS neurones by ionophoretic administration of

phenylbiguanide in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by right atrial administration of phenylbiguanide (PBG) prior to
(left panel) and during (right panel) the ionophoretic administration of PBG.
From the top, traces show blood pressure (BP; mmHg), a continuous rate
histogram of neuronal activity (spikes bin™') and the raw recording of
neuronal activity (uV). The administration of PBG is highlighted by a solid
horizontal fine (= ; PBG - 24 pg kg™, 40 ul). Circled numbers highlight the
number of spikes in the corresponding burst of activity. Of 3 neurones, the
cardiopulmonary afferent-evoked response of 2 was potentiated in the
presence of PBG (80-160 nA), whilst the response of the third neurone

was unaffected.

NB. Background activity is vagal-evoked activity (0.7 Hz), and is
unaffected by ionophoretic PBG administration in this neurone, in addition
cell identity between panels is confirmed by the expanded sections at the

bottom of the page.
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Figure 5.8 Attenuation of the cardiopulmonary afferent-evoked
activation of NTS neurones by ionophoretic administration of

granisetron in the anaesthetized rat

The response of an NTS neurone to activation of cardiopulmonary
afferents by intra-atrial administration of phenylbiguanide (PBG) prior to
(left panel) and during (right panel) the ionophoretic administration of
granisetron. From the top, traces show blood pressure (BP; mmHg), a
continuous rate histogram of neuronal activity (spikes bin'?) and the raw
recording of neuronal activity (liv). The administration of PBG is
highlighted by a solid horizontal line (- ; PBG - 24 pg kg'\ 40 pi). Circled
numbers highlight the number of spikes in the corresponding burst of
activity. Of 10 neurones ionophoretic administration of granisetron
attenuated the cardiopulmonary afferent-evoked activation of 9 (20-80 nA),
with the post-granisetron response recorded in 5 of these neurones. The

response of the remaining neurone was potentiated by granisetron.
NB. Background activity is vagal-evoked activity (0.5 Hz) and is unaffected
by granisetron, in addition cell identity between panels is confirmed by the

expanded sections.

Group data:

15J

8T = w3

0J
CON gran CON gran REC

9/10 5/10
CON - control cardiopulmonary afferent-evoked response
gran - response in the presence of granisetron

REC - post-granisetron response
** -P<0.01 * -P<0.05

217



140-1

BP
(mmHg)

spikes
bin'i
(0.5s bin)

00

cell
400 piv

PBG

granisetron (30 nA; 120 s)

PBG

If"

5 min

200

4s



5.2.3 Vehicle and other controls of neuronal activity

DL-homocysteic acid in the presence of granisetron

lonophoretic administration of the excitatory amino acid DL-homocysteic acid
(DLH) was used in experiments to raise the baseline activity of quiescent or
hyperpolarised neurones. This excitatory response of neurones to the
ionophoretic administration of DLH was examined in the presence of
granisetron (table 5.4), acting as a control for the attenuation by granisetron of
the excitation evoked by ionophoretic administration of PBG. In 4 out of 5
neurones the DLH-evoked increase in baseline activity was unaffected by the
ionophoretic administration of granisetron (figures 5.9B and 5.10). In the
example shown in figure 5.9A the DLH-evoked response is only slightly
attenuated by a dose of granisetron that cdmpletely inhibited the excitation
evoked by ionophoretic administration of PBG. Ionophoretic administration of
granisetron did attenuate the DLH-evoked excitation of the fifth neurone by
46%, although, in the same neurone a bigger attenuation (76%) of the excitation
evoked by ionophoretic administration of PBG was observed.

Saline at pH 10

Granisetron and ondansetron were both dissolved in saline adjusted to pH 4, for
the vehicle controls for these drugs refer to chapter 4, section 4.2.3. However,
PBG was dissolved in saline and adjusted to pH 10, therefore the effects of
saline at pH 10 was examined on the activity of NTS neurones (table 5.4). The
baseline activity of 2 out of 3 neurones was unaffected by the ionophoretic
administration of pH 10 saline (figure 5.11B). However, the activity of the third
neurone was increased by 88% by pH 10 saline, although ibnophoretic
administration of PBG to the same neurone raised activity by 300% (figure
5.11A)
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Figure 5.9 The effect of ionophoretic administration of
granisetron on the excitatory effect evoked by ionophoretic

administration of DL-homocysteic acid in the anaesthetized rat |

A The response of an NTS neurone to the ionophoretic administration of
DL-homocysteic acid and phenylbiguanide (DLH and PBG respectively;
during the bars and at the current stated) before and during the
ionophoretic administration of granisetron. From the top, traces show a
rate histogram (spikes bin™) and the raw extracellular recording of

neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of DLH (20-40 nA; [_]; DLH), activity evoked by DLH in the
presence of granisetron (15-80 nA; 5, DLH + gran), baseline activity (JJjij;
CON) and recovery of baseline activity (Z; REC). In 5 neurones, the
control response to DLH was unaffected by granisetron in 4 with the post-
granisetron DLH response recorded in one of these neurones (see figure
5.10). The response to DLH of the remaining neurone was attenuated in

the presence of granisetron.

NS - not significant
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Figure 5.10 The effect of ionophoretic administration of
granisetron on the excitatory effect evoked by ionophoretic
administration of DL-homocysteic acid in the anaesthetized rat Il

The response of an NTS neurone to the ionophoretic administration of DL-
homocysteic acid (DLH) before, during and after the ionophoretic
administration of granisetron (during the bars and at the currents stated).
From the top, traces show a rate histogram (spikes bin™') and the raw

extracellular recording of neuronal activity (cell).
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Figure 5.11 The effect of ionophoretic administration of saline

at pH 10 on the activity of NTS neurones in the anaesthetized

rat

A The response of a single NTS neurone to the ionophoretic
administration of pH 10 saline and phenylbiguanide (PBG; during the bars
and at the currents stated). From the top, traces show a rate histogram

(spikes bin™) and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity. From left to
right: baseline activity (JJj; CON), activity evoked by ionophoretic
administration of saline at pH 10 (40-120 nA; [_]; pH 10 SAL) and
recovery of baseline activity (77, REC). Of 3 neurones, 2 were unaffected
by the ionophoretic administration of saline at pH 10 saline whilst one

neurone was excited (shown in A).
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Table 5.1 The effect of ionophoretic administration of
phenylbiguanide, in addition to the effects of ionophoretic
administration of granisétron and ondansetron on the excitation
evoked by phenylbiguanide, 6n the activity of NTS neurones

Numbers reflect mean firing rates of neurones in spikes s™

' (i) . The effects of ionophoretic administration of phenylbiguanide on the
activity of NTS neurones

(i) The effects of ionophoretic administration of phenylbiguanide
before, during, and after the ionophoretic administration of
granisetron, on the activity of NTS neurones

(iiiy  The effects of ionophoretic administration of phenylbiguanide
before, during, and after the ionophoretic administration of
ondansetron, on the activity of NTS neurones

CON-baseline activity, PBG-activity in the presence of phenylbiguanide, REC-
recovery of baseline activity, + gran-in the presence of granisetron, + onda-in the
presence of ondansetron, Att. Exc.-attenuated excitation, none-activity unaffected.

* P<0.05 ** P<0.01 compared to CON

t P<0.05 compared to PBG
+ P=0.055 compared to PBG
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() The effects of phenylbiguanide

Number CON PBG REC
Effect :
96/106 | excitation | 2 4+0.4 5.5+0.8** -
92/106 | excitation | 2 4+05 | 5.5:0.8% | 25:0.5
9/106 | none 3.7+1.0 4.0+1.1 3.5+1.0.
1/106 | inhibition 15 0.7 3.1

(i) The effects of phenylbiguanide in the presence of granisetron

Number | .., | CON|PBG | REC %?; ;?S] g’facn CON | PBG | REC
spikes s™

17717 | Att. Bxc. :3141 110*; i :36% 2181 i i i i

AL B K e Bl el el R B

N7 |an Bl 35| 5| 0| 27| as| 450 | 551 | 56| 28

(i) The effects of phenylbiguanide in the presence of ondansetron

CON | PBG | REC
Number Effect CON | PBG | REC +onda+onda|+onda|CON PBG | REC
of cells - =
spikes s
1/1 Att.Excl 00 | 56 |00} oo | 15|00 00| 85] 0.0
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Table 5.2 The effects of ionophoretic administration of granisetron

and ondansetron on the activity of NTS neurones
Numbers reflect mean firing rates of neurones in spikes s™

() The effects of ionophoretic administration of granisetron on the
activity of NTS neurones

(i) The effects of ionophoretic administration of ondansetron on the
activity of NTS neurones

CON-baseline activity, gran-activity in the presence of granisetron, onda-in
~ the presence of ondansetron, REC-recovery of baseline activity, none-
activity unaffected.

* P<0.05 compared to CON
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(i) The effects of granisetron

Number Effect CON gran REC
of cells spikes s
1118 | none 3.5+1.2 3.6+1.4 -
7118 none 3.2+1.8 3.422.1 3.4+2.2
4/18 | excitation | 2 0+0.7 2 5+0.8* -
2/18 | excitation 29 28 28
3/18 | inhibition | 55444 3.0+2.4 -
2/18 | inhibition 7.5 4.0 4.3
(i) The effects of ondansetron
Number CON onda REC
of cells Efiect spikes s’
3/4 none 1.3+1.3 1.4+1.3 1.9+1.9
1/4 excitation 2.1 6.0 2.5
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Table 5.3 The effects of ionophoretic administration of
phenylbiguanide and granisetron on the vagal afferent-evoked and
cardiopulmonary afferent-evoked activation of NTS neurones

Numbers reflect mean firing rates of neurones in spikes (20 sweeps)” and

spikes (burst)”

(i) The effects of ionophoretic administration of phenylbiguanide on the
vagal-evoked activity of NTS neurones

(i) The effects of ionophoretic administration of phenylbiguanide on the
cardiopulmonary afferent-evoked activity of NTS neurones

(i)  The effects of ionophoretic administration of granisetron on the
cardiopulmonary afferent-evoked activity of NTS neurones

CON-baseline evoked activity, PBG-evoked activity in the presence of
phenylbiguanide, gran-evoked activity in the presence of granisetron,
none-evoked activity unaffected, REC-recovery of baseline evoked activity

*P<0.05 ** P<0.01 compared to CON
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(i) The effect of phenylbiguanide on vagal-evoked activity

Number CON PBG REC
Effect |
of cells Soikes (20 sweeps)
13/17  |potentiated | 11.5 19.8 )
+3.7 +3.9
11/17 | potentiated 12.6 20.4** 14.0
+4.3 +4.6 +4.9
an7z none 22.2 21.9 _
+1.5 +1.3
317 none 21.2 20.8 17.3
+1.6 +1.1 +2.7

(ii) The effect of phenylbiguanide on cardiopulmonary afferent-evoked activity

Number CON PBG REC
Effect
of cells spikes (burst)”
2/3 potentiated 2.5 6.5 2.5
1/3 none 116 110 93

(iii) The effect of granisetron on cardiopulmonary afferent-evoked activity

Number CON ran REC
Effect 9
of cells spikes (burst)™
9/10 | attenuated 20.2 10.6™ i
+5.7 +4.1
5/10 | attenuated 23.1 9.5* 14.0
+9.1 +6.0 +6.7
1/10 | potentiated 16 21 _ -
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Table 5.4 The effect of ionophoretic administration of granisetron on
the excitation evoked by ionophoretic administration of
phenylbiguanide, in addition to the effect of ionophoretic
administration of saline at pH 10, on the activity of NTS neurones

Numbers reflect mean firing rates of neurones in spikes s

(i) The effects of ionophoretic administration of DL-homocysteic acid
before, during, and after the ionophoretic administration of
granisetron, on the activity of NTS neurones

(ii) The effects of ionophoretic administration of saline at pH 10 on the
activity of NTS neurones

CON-baseline activity, DLH-activity in the presence of DL-homocysteic
acid, +gran-in the presence of granisetron, SAL pH 10-in the presence of
saline at pH 10, REC-recovery of baseline activity, Att.Exc.-attenuated
excitation, none-activity unaffected

* P<0.05 ** P<0.01 compared to CON
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(i) The effects of DL-homocysteic acid in the presence of granisetron

CON | DLH | REC

Number | o | CON | DLH | REC| 20 2| P=2 | CON| DLH | REC
of cells
spikes s™
08 [33]o0s[10]35] 009
4/5 | none | g4 li11]|03|203]|x12]z038] | © | -

1/5 none 1 56 111 ]16 |59 |13 |12 |54 | 12

15 |Att.Exc|] o0 |76 | o | o [41]| o | - - ;

(ii) The effects of saline at pH 10

Number CON SAL pH 10 REC
Effect
of cells spikes s™
2/3 none 4.1 4.3 3.8
1/3 excitation 0.6 1.1 0.7
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5.3 Discussion

Main findings

The present experiments focused on the effects of ionophoretic administration
of 5-HT; receptor ligands on the activity of NTS neurones in the anaesthetized
rat. The selective 5-HT; receptor agonist phenylbiguanide (PBG) increased the
ongoing or DLH-evoked activity of the vast majority of NTS neurones recorded,
and this excitation was attenuated by ionophoretic administration of the
selective 5-HT3 receptor antagonists granisetron and ondansetron. In addition,
in the majority of neurones the cardiopulmonary afferent-evoked activation of
neurones was potentiated by PBG and attenuated by granisetron.

Selectivity of 5-HT; receptor ligands used

Phenylbiguanide (PBG)

The selective 5-HT; receptor agonist PBG has been widely used in research
into the actions of both central and peripheral 5-HT; receptors (see Hoyer,
1991). It has been used throughout this study to activate peripheral 5-HT3
receptors in the puimonary circulation, in order to evoke the cardiopulmonary
reflex. This well known effect of 5-HT; receptor activation has been used in the
characterisation of novel 5-HT; receptor antagonists (see Leslie et al., 1994).
PBG has high affinity at the 5-HT; receptor binding site (K -141 nM ), although it
may act as a partial agonist at this receptor and has also been shown to block
dopamine uptake (see Hoyer, 1994; for further details see section 1.5.3).

Granisetron and ondansetron ,

Both granisetron and ondansetron are highly potent and selective 5-HT3
receptor antagonists (Butler et al., 1988; Sanger & Nelson, 1989). They have
both been in clinical use as anti-emetic agents, particularly in the prevention of

the emetic side effects of cancer chemotherapy and radiotherapy (see Hoyer,
1994).

234



5-HT 3 receptor actions in the NTS

The reported excitatory response of NTS neurones to ionophoretic
administration of the 5-HT; receptor agonist PBG in the present experiments
supports data described previously (Wang et al., 1997). This excitation was
deemed to occur in response to PBG since ionophoretic administration of its
vehicle had no effect on the activity of the majority of neurones. This excitatory
effect was confirmed as being mediated by 5-HT3 receptors since it was
attenuated by the selective 5-HT3 receptor antagonists granisetron and
ondansetron. Granisetron attenuated the PBG-evoked excitation in all
neurones tested but did not alter excitations evoked by the excitatory amino
acid DLH. In the single neurone in which the DLH-evoked excitation was
attenuated by granisetron, the PBG-evoked excitation was reduced to a much
greater extent. Ondansetron also attenuated the PBG-evoked excitation of
neurones, demonstrating that the attenuation of this response by granisetron
could be repeated with other selective 5-HT3 receptor antagonists. Thus, in
conclusion, the excitatory effect evoked by PBG within the NTS is likely to be
due to the activation of 5-HT; receptors.

These experiments also demonstrate that a high proportion of NTS neurones
were sensitive to activation of 5-HT; receptors (>90%), as well as showing that
the response is almost completely excitatory. Only a single neurone of 106
responded with inhibition. This suggests that at least in the areas recorded
(discussed below) there are large numbers of 5-HT3 receptors and their

predominant action is excitatory.

Interestingly, the excitation evoked by ionophoretic PBG administration was not
completely blocked by administration of either granisetron or ondansetron in the
majority of neurones. This may indicate that PBG is mediating an excitatory
effect via activation of other receptor populations or, it may suggest that, at the
low currents of granisetron used, only partial blockade of 5-HT3 receptor was
achieved due to insufficient drug delivery. Unfortunately this cannot be
determined in these experiments, although it can be said that the large majority
of the excitation evoked by PBG is mediated by 5-HT3 receptor activation.
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As described in chapter 3, NTS neurones were identified by their receiving
vagal afferent input. This vagal afferent input was split into two groups:
neurones receiving input with a jitter >5 ms and those receiving an input <5 ms
which may reflect the synaptic location of these neurones within the NTS (see
chapter 3). However, there was no differentiation between these two groups
based on their response to 5-HT; receptor ligand administration, with a similar
proportion of neurones with a vagal afferent input of jitter >5 ms excited by PBG
administration compared with the entire population of NTS neurones used in
these studies (see chapter 3). The majority of neurones tested had a jitter of
<5 ms which would indicate that these neurones are more likely lower or middle
order NTS neurones. In addition, most neurones had activity correlated to
cardiovascular or respiratory variables suggesting some role in autonomic
control. They were recorded in caudal areas of the NTS <0.5 mm lateral to
midline, an area known to have a high degree of unmyelinated
chemo/pulmonary/bronchial receptor afferent termination (see section 1.3.1). In
support of this the majority of neurones were found to be sensitive to
cardiopulmonary afferent activation evoked by right atrial administration of PBG
and a proportion of this response is likely to result directly from the activation of
afferents in the pulmonary circulation (see chapter 3: discussion).

These experiments have also demonstrated that activation of 5-HT; receptors
potentiated both the vagal afferent- and cardiopulmonary afferent-evoked
excitation of the majority of NTS neurones, suggesting that these excitatory
receptors are capable of facilitating sensory afferent input. However,
ionophoretic administration of the selective 5-HT; receptor antagonist
granisetron did not affect the ongoing or DLH-evoked activity of the majority of
NTS neurones, although small excitatory and inhibitory responses were seen in
a small number of neurones. Thus, it would seem that in resting conditions in
these anaesthetized rats there is no significant background activation of 5-HT;
receptors, although it is important to remember that the level of activity of
neurones recorded in this preparation is unlikely to mirror that occurring in
conscious animals.
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Subsequent experiments demonstrated that ionophoretic administration of
granisetron, at currents which did not affect the ongoing activity of neurones,
attenuated the excitation of neurones evoked by cardiopulmonary afferent
activation. This suggests that cardiopulmonary afferent transmission to these
NTS neurones involves the activation of 5-HT3 receptors. The involvement of
5-HT3 receptors in the cardiopulmonary reflex has been demonstrated before in
a number of different studies (see Leal et al., 2001; Dando et al., 1995; Pires et
al., 1998) although there are inconsistencies between some of the data (see
section 1.6.4, 5.1 & below). The findings of the present experiments are
consistent with those of Dando et al (1995) and Pires et al (1998) in the
description of an attenuation of vagal reflex-evoked responses with the 5-HT3
receptor antagonist granisetron. However, Leal et al (2001) have reported that
activation, in contrast to blockade, of 5-HTj3 receptors in the NTS attenuates the
cardiac component of the von Bezold-Jarisch reflex. These inconsistencies are
further discussed below.

The present experiments describe a population of neurones located in
caudomedial regions of the NTS, the majority of which were excited by
activation of cérdiopulmonary afferents and this involved activation of 5-HT3
receptors. One relevant question is: are these low order input neurones
receiving monosynaptic projections from vagal afferents or are they higher order
neurones receiving polysynaptic vagal afferent input? Most of the neurones
receives an unmyelinated vagal afferent input with jitter <5 ms, suggesting that
they are lower order neurones. Indeed, some of the recorded neurones had a
jitter of only 1 ms, which may indicate that they are likely to be receiving
monosynaptic vagal afferent input. Therefore, the total popUIation is likely to
reflect a host of different neurones in this area of the NTS, from input neurones
to output neurones. However, there were no differences in the effect of 5-HT;
receptor blockade on the cardiopulmonary afferent-evoked activation of
neurones based on the likely synaptic location of neurones through the NTS.
Furthermore, this still might not provide further information on the function of
5-HT3 receptors in the NTS since there are both monosynaptic (Luiten et al.,
1987; Blinder et al., 1998) and likely polysynaptic pathways from the NTS to

autonomic preganglionic cell groups, whilst other neurones may project to
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higher central nuclei, such as the parabrachial nucleus etc. (see section 1.2).
Thus, without chemical or electrical stimulation of some/all of these brain nuclei
in order to determine the target of individual NTS neurones, the likely function of
these neurones and therefore the role of 5-HTj3 receptors in these functions
cannot be determined. In addition, not all of the cardiopulmonary reflex-evoked
excitation of neurones is necessarily mediated via the activation of afferents in
the cardiac or pulmonary circulation (see chapter 3: discussion) and therefore
the attenuation of this response by granisetron may reflect a role for 5-HT3
receptors in a non-cardiopulmonary component of the neuronal response.
However, this is unlikely since the granisetron-evoked suppression of this
neuronal response was not different based on the latency of the response i.e.
granisetron also attenuated neuronal responses occurring within a short latency
post-reflex activation, and this short latency would indicate a component
mediated via the pulmonary and/or cardiac circulation.

As mentioned briefly, another group has reported that activation of 5-HT;
receptors in the NTS inhibits the bradycardic component of the von Bezold-
Jarisch reflex, the baroreceptor reflex and the chemoreflex in both
anaesthetized and conscious rats (see Leal et al., 2001). Those studies used
microinjections to apply 5-HT3 receptor ligands to the NTS and, specifically,
suggested that the inhibitory neuromodulation of parasympathetic cardiac
activity is mediated via 5-HT3 receptors located in the lateral commissural NTS.
Their proposed mechanism is that the activation of these 5-HT3 receptors
releases glutamate which subsequently activates GABAergic interneurones and
that these inhibitory neurones are responsible for the attenuation seen in the
bradycardia evoked by the von Bezold-Jarisch reflex (see Leal et al., 2001). In
support of this they have shown that activation of GABA, receptors also
attenuated the von Bezold-Jarisch bradycardia (Callera et al., 1999), and the
GABAAa antagonist bicuculline blocked the cardioinhibitory effects of 5-HT3
receptor activation (Sévoz et al., 1996). In terms of the response to activation
of 5-HTj; receptors alone, this mechanism would fit the findings of the present
experiments i.e. 5-HT3 receptors are excitatory and these NTS neurones could
be projecting onto GABAergic interneurones in more lateral areas. However,
the majority of neurones recorded in these experiments are also excited by
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cardiopulmonary afferent activation, which would also subsequently activate
these GABAergic interneurones preventing the production of a cardiopulmonary
afferent-evoked bradycardia! One possible way round this might be the
observation that some neurones are inhibited by cardiopulmonary afferent
activation (see chapter 3) and in these neurones 5-HTj3 receptors still mediate
an excitation. However, only a small proportion of all neurones tested with
cardiopulmonary afferent activation responded with inhibition (17%; see chapter
3). Furthermore, the inhibitory cardiopulmonary afferent-evoked response was
not tested in the presence of a 5-HT3 receptor antagonist, so it is not possible to
identify the role of 5-HTj3 receptors in this inhibition. It is possible that the
proportion of inhibitory responding neurones does not reflect the pattern of
neuronal response to cardiopulmonary afferent activation in other areas of the
NTS, although anatomical studies have described medial and commissural
areas as opposed to more lateral areas as having the highest density of
unmyelinated pulmonary receptor afferent termination (Kalia & Mesulam, 1980).
One other possible explanation for the inconsistencies between some of the
findings for 5-HT3 receptors is in the method of drug application, with all the
studies described above used either i.c. injection or microinjection methods of
administration. This may have resuited in the diffusion of drugs to other
adjacent brainstem nuclei such as the area postrema or dorsal vagal motor
nucleus (DVN) known to have high numbers of 5-HT3 receptors (see Leslie et
al., 1994) which might be mediating some of the effects seen.

Another important point in relation to the understanding of 5-HT3 receptor action
within the NTS is the report of a pressor response upon microinjection of the 5-
HT3 receptor agonist 2-methyl-5-HT into the NTS of conscious rats (Leal et al.,
2001), an effect mirrored by the microinjection of glutamate into the NTS of
conscious rats (Machado & Bonagamba, 1992). As described in section 1.3.3
glutamate is thought to be the primary neurotransmitter in the NTS (Talman et
al., 1980; Leone & Gordon, 1989), mediating as opposed to modulating synaptic
transmission through this nucleus. In addition, there is thought to be a link
between 5-HT acting at 5-HTj3 receptors and glutamate receptor function in the
NTS (Ashworth-Preece et al., 1995), an interaction already confirmed in the
adjacent DVN, where, at least a proportion of 5-HT; receptors are located on
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glutamatergic terminals facilitating the release of glutamate (Wang et al.,
1998a). If there is a similar interaction occurring in the NTS, at least in medial
areas, then this would also not be compatible with the proposed mechanism of
all NTS located 5-HT3 receptors mediating a cardio-inhibitory function i.e.
glutamate is unlikely to be involved in suppressing the bradycardia as it is
primarily involved in the production of it. However, once more there could be
two populations of 5-HT3 receptors located in the NTS: a population in the
medial NTS closely connected with and potentially modulating glutamate
release, which are activated by cardiopulmonary, and possibly other
cardiovascular or respiratory afferent stimulation (see chapter 3); and a second
population in more lateral areas which, when activated, stimulate a group of
GABAergic interneurones which subsequently suppress the parasympathetic
cardio-inhibitory effects of cardiopulmonary-, baroreceptor and chemo-reflex
activation. This second population may underlie a protective effect in the case
of extremely strong or multiple reflex activations, preventing dramatic reductions
in heart rate. This explanation would fit the majority of proposed mechanisms to
date, although it should be pointed out that there is no direct evidence for two
populations of the 5-HT; receptor mediating separate effects.

Added support for a population of 5-HT; receptors closely involved in afferent
modulation in the NTS comes from their reported location on vagal sensory
afferents in the NTS (Pratt & Bowery, 1989). As mentioned, these afferents
would be expected to release glutamate and this therefore provides further
evidence that at least some 5-HTj3 receptors are facilitating glutamate
transmission and thus vagal afferent transmission through the NTS.

Summary

In conclusion, 5-HT3 receptors mediate an excitatory action in caudomedial
aspects of the NTS and are activated by cardiopulmonary afferent transmission
through these regions. This action may or may not involve the activation of
glutamate and/or GABA receptors. Further discussion of these data, with
reference to the potential origin of these serotoninergic inputs is contained
within chapter 6: discussion.
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Interactions between
Chapter 6 5-HT53 and NMDA
receptors in the NTS

6.1 Introduction

Many studies have focused on the likely synaptic location of 5-HT3 receptors in
the brainstem, mainly dealing with more dorsally located nuclei such as the
dorsal vagal motor nucleus (DVN) and NTS (Prétt & Bowery, 1989; Merahi et
al., 1992; Glaum et al., 1992; Leslie et al., 1994; Ashworth-Preece et al., 1995;
Albert et al., 1996; Wang et al., 1998a).

In the NTS there is now anatomical evidence for populations of 5-HT3 receptors
located on both afferent terminals arriving into the nucleus, and also on the
soma and dendrites of NTS neurones themselves (see Leslie et al., 1994, Pratt
& Bowery, 1989). In addition, nodose ganglionectomy has been shown to
reduce the numbers of 5-HTj3 receptors in the NTS, providing evidence for a
population of these receptors on the presynaptic terminals of vagal afferents
(Merahi et al., 1992).

Furthermore, studies have revealed likely interactions between 5-HT, acting at
5-HT3 receptors, and other neurotransmitters within the NTS (Glaum et al.,
1992; Ashworth-Preece et al., 1995 ; Bonagamba et al., 2000;). One such
interaction between 5-HT and GABA was described in a patch clamp study,
indicating the presence of populations of 5-HT; receptors, located on both the
presynaptic terminals and soma/dendrites of GABAergic NTS neurones (Glaum
et al., 1992). Whilst another group, using microinjection techniques in vivo, has
proposed a GABAx receptor-dependent mechanism for 5-HT; receptor-
mediated effects (Bonagamba et al., 2000).
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Interactions between 5-HT and glutamate have also been described, with a
microdialysis study demonstrating the ability of phenylbiguanide to increase
glutamate release in the NTS, a mechanism confirmed to be mediated by 5-HT;
receptors after its blockade with the selective antagonist ondansetron
(Ashworth-Preece et al., 1995). Evidence currently implicates glutamate as the
primary neurotransmitter in the NTS, with other, secondary, neurotransmitters
such as 5-HT able to modulate, but not mediate, neurotransmission in this
nucleus (see Lawrence & Jarrott, 1996). Therefore, the findings of Merahi et al.
(1992) which described 5-HT; receptors located on vagal afferent terminals may
also implicate interactions between glutamate and 5-HT in the NTS. Indeed,
studies in the DVN are consistent with the presence of 5-HT; receptors located
on glutamate-releasing presynaptic terminals and mediating excitatory effects
on DVN neurones via NMDA and AMPA receptors (Wang et al., 1998a).

Aims:

* Experiments were carried out to investigate interactions between
5-HT3 receptors and NMDA receptors in the NTS at the neuronal level in the
anaesthetized rat. In addition, the role of NMDA receptors in the
cardiopulmonary afferent-evoked activation of NTS neurones was
investigated.
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6.2 Results

6.2.1 Effects of glutamate receptor ligands on neuronal activity

The effect of ionophoretic application of glutamate receptor ligands and a 5-HT;
receptor agonist on the activity of NTS neurones was tested in a total population
of 69 cells. A proportion of these neurones showed little or no ongoing activity
therefore in some cases it was necessary to raise the activity of these cells
using ionophoretic application of either AMPA or NMDA to examine the effects
of some ligands. Excitation or inhibition in the activity of each neurone was
classified by a change in this baseline firing rate of greater than 20%.

Recording of the baseline response, post-ligand administration, was not
achieved in all neurones. However, mean firing rates (spikes s™') for both the
full populations tested and the proportions with a recorded post-ligand response

are given.

NMDA and AMPA

lonophoretic administration of NMDA excited all 51 NTS neurones tested,
raising baseline activity by a mean of 500%, whilst ionophoretic administration
of AMPA also excited all 44 neurones tested, increasing mean baseline activity
by 492% (figure 6.1; table 6.1).

NMDA in the presence of AP-5

The effects of ionophoretic administration of the NMDA receptor antagonist
AP-5 on the NMDA-evoked excitation was examined (table 6.1). In 15 of 18
neurones AP-5 attenuated the NMDA-evoked excitation (figures 6.2, 6.6 and
6.7). In these 15 neurones NMDA increased mean baseline activity by 663%
which was reduced to an excitation of 300% in the presence of AP-5. In
addition, the post-AP-5 NMDA response was recorded in 13 neurones and the
mean data indicated a partial recovery of the initial NMDA excitation, although
in some neurones complete recovery was observed (figure 6.2A). AP-5 was
unable to affect the NMDA-evoked excitation of the remaining 3 neurones at the

currents tested.
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The effect of AP-5 on the baseline activity of NTS neurones was also examined
(table 6.2). Figure 6.7A shows how the baseline activity of a single neurone is
unaffected by AP-5 although it is able to attenuate NMDA-evoked excitation at
the same current. Indeed AP-5 did not affect the baseline activity in 10 of 20
neurones tested (figure 6.7B). Of the 10 remaining neurones 5 were excited,
whilst 5 were inhibited by AP-5 administration and although the group data did
not indicate that these responses were statistically significant (figure 6.7B), the
post-AP-5 baseline activity recorded 8 of these 10 neurones did return to control

levels.

AMPA in the presence of AP-5

To confirm selective antagonism of the NMDA response, ionophoretic
administration of AP-5 was also examined on the excitation evoked by AMPA
(table 6.1). In 6 of 12 neurones the excitatory response to AMPA was
unaffected by AP-5 (figure 6.3), with the post-AP-5 AMPA response recorded in
5 of these neurones. However, in 5 of the 12 neurones the AMPA-mediated
increase in baseline activity was significantly potentiated in the presence of AP-
5 (figures 6.3B and 6.6A). The post AP-5 AMPA response recorded in 2 of
these neurones did indicate a partial recovery of the initial AMPA response. In
only one neurone was the AMPA response attenuated in the presence of AP-5.

In some cases the effects of NMDA and AMPA in the presence of AP-5 were
examined on the same neurone. Figure 6.4 shows an attenuation of the
excitatory response to NMDA during AP-5 administration, whilst the excitatory

response to AMPA remains unchanged over the same period.

Phenylbiguanide in the presence of AP-5

Associations between the actions of 5-HT3 and NMDA receptors were studied
by examining any modulation of the previously described (chapter 5) excitatory
effect of phenylbiguanide (PBG) by the NMDA receptor antagonist AP-5 (table

6.2). In 6 of 7 neurones the excitation evoked by ionophoretic PBG
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administration was attenuated in the presence of AP-5 (figure 8.9). This
attenuation was significant at a P level of 0.1 (P value - 0.078).

The baseline firing rate of one of the 6 neurones was much higher (37 spikes s™
compared to an average of 2 spikes s™') and so was excluded from the group
data presented in figure 6.5B. The post-AP-5 PBG response was recorded in 5
of these 6 neurones and a patrtial recovery of the initial PBG response was
observed (figure 8.9). In addition, figure 6.5A shows an attenuation in the PBG-
evoked excitation of one of these neurones by AP-5, whilst in the same neurone
the excitation evoked by AMPA was unaffected by AP-5. The PBG response of
the remaining neurone of the 7 was unaffected in the presence of AP-5 (figure
8.9).

Figure 6.6 shows an attenuation of PBG-evoked excitation, an attenuation of
NMDA-evoked excitation and a potentiation of AMPA-evoked excitation in the
presence of AP-5 in the same NTS neurone. Once more, this confirms that the
responses seen are not specific to individual groups of neurone tested with
each drug, and can therefore be reproduced for all drugs on the same neurone.
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Figure 6.1 The effect of ionophoretic administration of AMPA
and NMDA on the activity of NTS neurones in the

anaesthetized rat

A Excitation of the ongoing activity of an NTS neurone evoked by the
ionophoretic administration of NMDA and AMPA (during the bars & at the
currents stated). From the top, traces show a rate histogram (spikes bin'1)

and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i) & (ii) From left to right: baseline activity (JJli};
CON), activity evoked by ionophoretic administration of NMDA (20-240 nA;

[]) or AMPA (5-120 nA; [ ]) and recovery of baseline activity (EZ; REC).
(i) 51 of 51 neurones were excited by the ionophoretic administration of
NMDA. (ii) 44 of 44 neurones were excited by the ionophoretic
administration of AMPA.

** P<0.01
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Figure 6.2 The effect of ionophoretic administration of AP-5 on
the excitation evoked by ionophoretic administration of NMDA

in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
NMDA before, during and after the ionophoretic administration of AP-5
(during the bars and at the currents stated). From the top, traces show a
rate histogram (spikes bin™*) and the raw extracellular recording of

neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of NMDA (20-240 nA; [_]; NMD), activity evoked by NMDA
in the presence of AP-5 (3-240 nA; E5; NMD + APS5), baseline activity
(Jl; CON) and recovery of baseline activity (F7; REC). The control
response to NMDA was attenuated by AP-5 in 15 of 18 neurones. The
post-AP-5 NMDA response was recorded in 13 of these neurones. In the
remaining 3 neurones the response to NMDA was unaffected in the

presence of AP-5.

** P<0.01
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Figure 6.3 The effect of ionophoretic administration of AP-5 on
the excitation evoked by ionophoretic administration of AMPA in

the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
AMPA before, during and after the ionophoretic administration of AP-5
(during the bars and at the currents stated). From the top, traces show a
rate histogram (spikes bin™') and the raw extracellular recording of

neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i) & (ii) From left to right: activity evoked by
ionophoretic administration of AMPA (5-120 nA; [__]; AMP), activity evoked
by AMPA in the presence of AP-5 (3-80 nA; =5; AMP + AP5), baseline
activity (JJJj; CON) and recovery of baseline activity (2, REC). In 12
neurones, the control excitatory response to AMPA was unaffected in 6 (i),
whilst the excitation was potentiated in 5 neurones (ii). The post-AP-5
AMPA response was recorded in 5 and 2 neurones respectively whilst in
the remaining neurone the excitatory response to AMPA was attenuated in

the presence of AP-5.

** P<0.05
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Figure 6.4 The effect of ionophoretic administration of AP-5 on
the excitatory response evoked by ionophoretic administration
of NMDA and AMPA, on the activity of the same NTS neurone

in the anaesthetized rat

Traces show the response of an NTS neurone to the ionophoretic
administration of AMPA and NMDA before, during and after the
ionophoretic administration of AP-5 (during the respective bars and at the
currents stated). From the top, traces shown are a rate histogram (spikes

bin"') and the raw extracellular recording of neuronal activity (cell).
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Figure 6.5 The effect of ionophoretic administration of AP-5 on
the excitation evoked by ionophoretic administration of

phenylbiguanide in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
phenylbiguanide (PBG) before, during and after the ionophoretic
administration of AP-5 (during the bars and at the currents stated). Also
shown is the response of this neurone to the ionophoretic administration of
AMPA before and during the ionophoretic administration of AP-5 (during
the bars and at the currents stated. From the top, traces show a rate
histogram (spikes bin™) and the raw extracellular recording of neuronal

activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. From left to right: activity evoked by ionophoretic
administration of PBG (20-160 nA; [_]; PBG), activity evoked by PBG in
the presence of AP-5 (40-120 nA; E5; PBG + APS5), baseline activity (i} ;
CON) and recovery of baseline activity (fZ; REC). In 7 neurones the
control response to PBG was attenuated by AP-5 in 6, with the baseline
firing rates of 5 of these neurones shown. The post-AP-5 PBG response
was recorded in 5 of these neurones. The response to PBG of the

remaining neurone was unaffected in the presence of AP-5.

NS - not significant
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Figure 6.6 The effect of ionophoretic administration of AP-5 on
the excitatory response evoked by ionophoretic administration
of phenylbiguanide, AMPA and NMDA, on the activity of the

same NTS neurone in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
phenylbiguanide (PBG) and AMPA before, during and after the
ionophoretic administration of AP-5 (during the respective bars and at the
currents stated). From the top, traces show a rate histogram (spikes bin™")

and the raw extracellular recording of neuronal activity (cell).

B The response of the same NTS neurone as shown in A, ata time 60 s
later, to the ionophoretic administration of NMDA before, during and after
the ionophoretic administration of AP-5 (during the respective bars and at
the currents stated). From the top, traces show a rate histogram (spikes

bin™") and the raw extracellular recording of neuronal activity (cell).
NB. The activity of a second, unidentified, background neurone can be

seen in the raw neuronal recording, although the activity of this neurone is

not included in the rate histogram.
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Figure 6.7 The effect of ionophoretic administration of AP-5 on

the activity of NTS neurones in the anaesthetized rat

A The response of an NTS neurone to the ionophoretic administration of
AP-5 (during the bar & at the currents stated), in addition to the current

dependent attenuation of the response to NMDA (during the bars and at
the current stated) by AP-5. From the top, traces show a rate histogram

(spikes bin™) and the raw extracellular recording of neuronal activity (cell).

B Histograms of the mean data of NTS neuronal activity with vertical bars
representing s.e.mean. (i), (ii) & (iii) From left to right: baseline activity
(Jl: CON) and activity evoked by ionophoretic administration of AP-5 (3-
80 nA; [_]; AP5). 10 of 20 neurones were unaffected by AP-5 (i), of which
post-AP-5 activity was recorded in 9. A further 5 neurones were inhibited
by AP-5 (ii), of which the post-AP-5 response was recorded in 4, whilst the
remaining 5 neurones were excited by AP-5 (iii), with the post-AP-5

response also recorded in 4 of these neurones.

258



895

A

NMDA (nA) E2

10 .

spikes
binllll
(Is bin)

cell

400 NV

8" =g

A

AP-5 (nA)

w U
CON AP5

10/20

(ii)

40

CON AP5

5/20

80

150 s
(iii) 6 NS
© 8
g.
0
CON APS

5/20



6.2.2 Effects of AP-5 on cardiopulmonary afferent input

The effect of ionophoretic administration of AP-5 on the cardiopulmonary

afferent-evoked activation of NTS neurones was examined (table 6.2).

Cardiopulmonary afferent activation of NTS neurones was measured as the
total number of spikes in the burst of neuronal activity evoked by right atrial
administration of phenylbiguanide. Responses were then compared prior to,
during, and where possible, after the ionophoretic administration of AP-5.

AP-5 attenuated the cardiopulmonary afferent-evoked activation of 3 of 5 NTS
neurones by a mean of 58% (figures 6.8). The post-AP-5 response was |
recorded in 2 neurones, an example of which is shown in figure 6.8, and partial
recovery of the initial response was observed. The activation of the remaining 2

neurones was unaffected by AP-5 administration.
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Figure 6.8 Attenuation of the cardiopuimonary afferent-evoked
activation of NTS neurones by ionophoretic administration of
AP-5

The response of an NTS neurone to activation of cardiopulmonary
afferents by intra-atrial administration of phenylbiguanide (PBG) before
(left panel), during (middle panel) and after (right panel) the ionophoretic
administration of AP-5. From the top, traces show blood pressure (BP;
mmHg), a continuous rate histogram of neuronal activity (spikes bin™') and
the raw recording of neuronal activity (uV). The administration of PBG is
highlighted by a solid horizontal line (= ; PBG - 12 ug kg™*, 20 pl). Circled
numbers highlight the number of spikes in the corresponding burst of
activity. In 5 neurones, the cardiopulmonary afferent-evoked response of
3 was attenuated in the presence of AP-5 (80-120 nA). The post-AP-5
response was recorded in 2 of these neurones, whilst the cardiopulmonary
afferent-evoked response of the remaining 2 neurones was unaffected by
AP-5.
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Table 6.1 The effect of ionophoretic administration of NMDA and
AMPA, in addition to the effects of ionophoretic administration of AP-
5 on the excitation evoked by these drugs, on the activity of NTS
neurones

Numbers reflect mean firing rates of neurones in spikes s™

(i) The effects of ionophoretic administration of NMDA on the activity
of NTS neurones

(i)  The effects of ionophoretic administration of AMPA on the activity of
NTS neurones

(i)  The effects of ionophoretic administration of NMDA before, during,
and after the ionophoretic administration of AP-5, on the activity of
NTS neurones

(iv)  The effects of ionophoretic administration of AMPA before, during,
and after the ionophoretic administration of AP-5, on the activity of
NTS neurones

CON-baseline activity, NMD-activity in the presence of NMDA, AMP-activity in the
presence of AMPA, REC-recovery of baseline activity, + AP5-in the presence of AP-
5, Att. Exc.-attenuated excitation, Pot. Exc.-potentiated excitation, none-activity
unaffected.

* P<0.05 ** P<0.01 compared to CON
t P<0.05 tt P<0.01 compared to NMD/AMP
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(i) The effects of NMDA

Number CON NMD REC
Effect
of cells spikes s
51/51 | excitation | 0.8+0.2 | 4.8:0.5* | 0.8+0.2
(i) The effects of AMPA
Number CON AMP REC
Effect
44/44 | excitation | 1 24+0.3 7.1+1.6% 1.320.4

(ii) The effects of NMDA in the presence of AP-5

coN| NvD | REC
Number | .. | CON|NMD | REC | 52 | N | o | CON| NMD | REC
of cells
spikes s™
08 |6.1%] 0.8 3.2%1| 0.8
15/18 |Att. BExc.| (05|11 |203|+03| 09 |z03] -~ | - | -
07 |57+ 0.7 o4xt| 07 | 0.6 |4.9~| 0.6
1318 |AttExc.| na| 12| +03] 03| 209 | 03| 02| +1.2| 0.3
05 | 37| 0.4 35% | 0.4
3/18 | none | 511 .03]s01]201] 206 |z02] “ | | -
1718 | none | 03 | 3.1 | 03 09 | 05] 07| 24| 06
(iv) The effects of AMPA in the presence of AP-5
con| AmP [REC
r:?r:e?g Efrect | CON[AMP | REC| 20| PAE0 | oz | CON | AMP | REC
spikes s’
06 | a7+ | 06 50 | 0.6
6/12 | None | 131 .16|403|+03]| 2.0 | 03] - - )
08 | 3.4*| 0.7 32* | 06| 09 |34+ 08
512 | None | 03| 10/ +0.4 +09 | +0.4] z0.4| +0.8] 0.4
08 | 59| 1.0 9.8*t| 1.5 N
512 Pot.Bxel o4l +19]| +0.6 +23 | z08| -
2/12  |Pot. Exc] 0.1 | 5.8 | 0.1 89 | 04 04| 79| 02
1712 |att.Exc| 02 | 29| 03 17 loal o6 | 15| 06
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Table 6.2 The effect of ionophoretic administration of AP-5 on the
excitation evoked by ionophoretic administration of phenylbiguanide,
in addition to the effects of ionophoretic administration of AP-5 on
the baseline and cardiopulmonary afferent activity of NTS neurones

Numbers reflect mean firing rates of neurones in spikes s™ and spikes
(burst)™

(i) The effects of ionophoretic administration of PBG before, during,
and after the ionophoretic administration of AP-5, on the activity of

NTS neurones

(i) The effects of ionophoretic administration of AP-5 on the activity of
NTS neurones

(iiiy  The effects of ionophoretic administration of AP-5 on the

cardiopulmonary afferent-evoked activity of NTS neurones

CON-baseline/evoked activity, AP5- activity in the presence of AP-5, PBG-
activity in the presence of PBG, REC-recovery of baseline/evoked activity,
Att.Exc.-attenuated excitation, none-activity unaffected.

* - the mean activity of neurones shown in figure 6.5B

265



(i) The effect of phenylbiguanide in the presence of AP-5

CON| PBG |REC
No.s | Effect | CON|PBG|REC| ‘aps| ,aps5 |+aps| CON [NMD| REC
spikes s
6.4 |128| 67| 75| 87 | 78
6/7 |ALBXC! 55 485|56|+65| 68 |s66] ~ | " | -
12| 44| 12] 11| 19| 1.2
57 |ALBxc) .09 218200207 208|207 " | " | -
75 |148| 80 ] 90| 102 | 92| 6.8 | 124]| 6.7
57 |ALBXC 165 1410.1| 6.7 | 7.7 | +8.1 | s7.9] x4.9| +7.9] +5.0
1/7 | none | 03 [ 86| 02} 03| 93 | 04a] 17 ]|137] 1.2
(i) The effects of AP-5
Number CON AP5 REC
Effect
of cells spikes s™
10/20 | none 0.9+0.4 0.9+0.4 -
9/20 none 0.9+0.5 0.9+0.5 1.3+0.8
5/20 | excitation | 50+4.2 8.3+7.1 -
4/20 | excitation | 57454 9.649.0 5.6+5.3
5/20 inhibition 0.7+0.3 0.3+0.1 -
4/20 | inhibition | 0.8+0.3 0.420.1 0.8+0.3

(iii) The effects of AP-5 on cardiopulmonary afferent-evoked activity

Number CON AP5 REC
Effect !
of cells spikes (burst)
3/5 attenuated 45+12 19+4 -
2/5 attenuated 51 16 26
2/5 none 17 17 21
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6.3 Discussion

Main findings

The present experiments examined interactions between 5-HT, acting at 5-HT;
receptors, and glutamate, acting at NMDA receptors. The glutamate receptor
ligands AMPA and NMDA and the 5-HT; receptor agonist PBG all had
excitatory effects on NTS neurones. lonophoretic administration of the NMDA
receptor antagonist AP-5 attenuated the excitation evoked by ionophoretic
administration of NMDA and PBG but did not affect, or potentiated the excitation
evoked by ionophoretic administration of AMPA in the majority of NTS
neurones. In addition, AP-5 attenuated the cardiopulmonary afferent-evoked
activation of the majority of NTS neurones examined.

Receptor ligands used

The selective 5-HT3 receptor agonist PBG was used to activate 5-HT3 receptors
(see Hoyer, 1991; chapter 5), whilst AMPA receptors were activated by AMPA.
In addition, NMDA receptors were activated by NMDA and blockade of these
receptors was achieved using the selective NMDA receptor antagonist AP-5
(Evans et al., 1982). All these compounds are highly selective and have high
affinity for their respective binding sites.

5-HT3; and NMDA receptors in the NTS

Activation of 5-HT; receptors using PBG produces an almost exclusively
excitatory effect on the ongoing activity of neurones in caudomedial areas of the
NTS (also see chapter 5). This response is thought to result from the activation
of 5-HTj3 receptors as the selective 5-HT; receptor antagonists granisetron and
ondansetron attenuated this excitation (see chapter 5). The present
experiments also demonstrated that both NMDA and AMPA excited all NTS
neurones tested, indicating that glutamate, acting at both NMDA and AMPA
receptors, also has a predominant excitatory action within these regions of the
NTS. Confirmation of the NMDA-evoked excitation as being mediated via the
activation of NMDA receptors was achieved after AP-5, an NMDA receptor
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antagonist, attenuated this excitation in the large majority of neurones. AP-5
also attenuated the excitation evoked by PBG in the majority of neurones,
indicating that a proportion of the excitation evoked by 5-HT; receptor
stimulation is mediated via the activation of NMDA receptors. The AMPA-
evoked excitation was unaffected by AP-5 in half of all neurones tested and
potentiated in the majority of the remaining neurones.

Unfortunately, the group data did not indicate that the attenuation by AP-5 of the
PBG-evoked excitation was statistically significant at a P level of 0.05, since the
absolute P value lies just outside this at 0.078. This is a limitation of this
method of statistical analysis which is most likely explained by the high
variations in firing rates seen in this particular group of neurones. However,
detailed analysis reveals that the PBG-evoked excitation was attenuated by
>20% in the presence of AP-5 in almost all neurones tested and moreover this
excitation recovered almost completely to control levels after AP-5
administration was stopped. Therefore, despite the lack of complete statistical
support it seems likely that the 5-HT3 receptor-mediated excitation of these NTS
neurones is partially blocked in the presence of an NMDA receptor antagonist.
Further suppdrt that this attenuation is not just a random event, or even a non-
specific effect of AP-5, is provided by the evidence that AP-5 did not affect, or
potentiated, a control excitation evoked by AMPA i.e. AP-5 is not simply
suppressing the excitability of neurones. The mechanism by which AP-5
potentiates the excitatory effects of AMPA is unclear, although it may be
mediated via an increased availability of glutamate at AMPA receptors in the
presence of NMDA receptor blockade.

The excitation evoked by PBG was not completely attenuated in the presence
of AP-5 and from the present data it is not possible to determine if this indicates
that there is an AMPA component of 5-HT3 receptor activation, or if it suggests
that there are significant numbers of postsynaptic 5-HT3 receptors located on
the soma of these NTS neurones. In addition, it is worth pointing out that the
selective antagonist granisetron did not fully attenuate the PBG-evoked
excitation either (see chapter 5) so another possible explanation is insufficient
drug delivery via ionophoresis. This attenuation of the PBG-evoked excitation
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of neurones by AP-5 has previously been shown in the dorsal vagal motor
nucleus (DVN; Wang et al., 1998), with these authors demonstrating that this
excitation was also sensitive to attenuation with the AMPA receptor antagonist
DNQX and the neurotransmitter release inhibitors Mgz" and Cd?*. However, the
compound Mg®* was not used in the present studies due its ability to interfere
with the postsynaptic 5-HT3; receptor channel at low concentrations (Peters,
Hales & Lambert, 1988). Furthermore, in the NTS an interaction between the
role of 5-HT, acting at 5-HT; receptors, and glutamate has previously been
reported (Ashworth-Preece et al., 1995), and the findings of the present
experiments would support this.

5-HT3; receptors have previously been shown to modulate synaptic activity
(Glaum et al., 1992) and be located on vagal afferent terminals in the NTS
(Pratt & Bowery, 1989; Leslie et al., 1990). In reference to a presynaptic
terminal location of 5-HT; receptors Glaum et al (1992) have shown that 5-HT;
receptor agonists increased the frequency and amplitude of spontaneous
postsynaptic potentials (PSPs) in NTS neurones in vitro, whilst histological
studies have identified 5-HT; receptors located on specifically vagal afferent
terminals (Leslie et al., 1990). This is partially supported in the present studies
since neurones are identified by their receiving vagal afferent input and there is
evidence for a proportion of these neurones to be 2™ order NTS neurones
receiving monosynaptic vagal afferent input (see chapter 3). However, this is
only a small proportion of the population and there was no difference based on
the effect of AP-5 on the PBG-evoked response of neurones and their possible
synaptic location within the NTS.

It is likely that these NTS neurones are receiving glutamatergic fibre afferent
input since the majority of neurones are activated by cardiopulmonary afferent
stimulation and studies have shown that glutamate is vital in the transmission of
cardio-respiratory reflex information (see Lawrence & Jarrott, 1996). In fact, the
activation of NTS neurones by cardiopulmonary C-fibre afferent stimulation has
previously been shown to be attenuated by ionophoresis of glutamate receptor
antagonists in the NTS (Wilson, Zhang & Bonham, 1996). However, that study
demonstrated that the activation of NTS neurones by right atrial administration
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of PBG was largely mediated via non-NMDA receptors since the non-NMDA
antagonist NBQX significantly attenuated this activation but AP-5 did not. In the
present studies AP-5 did attenuate the cardiopulmonary reflex activation of
neurones, and although this attenuation partially recovered the group data once
more indicated that this was not a statistically significant result. Therefore, in
the present experiments there does appear to be a component of the reflex
activation of neurones mediated by NMDA receptors although this cannot be
wholly determined due to the limited numbers of neurones in this group. In
addition, as mentioned above a number of the neurones recorded in the present
experiments may well be 2" order NTS neurones receiving monosynaptic vagal
afferent input (see chapter 3), and this observation, together with the findings of
a histological study demonstrating the presence of glutamate-containing vagal
afferent ‘terminals inthe NTS (Saha et al., 1995), provides further confirmation
that at least some of these neurones receive glutamatergic primary afferent
input.

The present experiments have also shown that the majority of recorded NTS
neurones are excited by stimulation of cardiopulmonary afferents (see chapter
3) and a proportion of this excitation involves the activation of 5-HT3 receptors
(chapter 5) and, since there is evidence that glutamate is the primary
neurotransmitter of cardiopulmonary information in the NTS (see Lawrence &
Jarrot, 1996; Wilson et al., 1996; Vardhan et al., 1993), this implies that 5-HT,
acting at 5-HT3 receptors, facilitates the glutamatergic cardiopulmonary input to
these NTS neurones. However, the possibility that these receptors are located
on the soma of intrinsic glutamate-containing neurones antecedent to the
recorded NTS neurones cannot be ruled out.

Another recent study has also identified an interaction between 5-HT and
glutamate in the NTS, describing how microinjection of a 5-HT3 receptor agonist
into the NTS blocks the bradycardic response to NMDA microinjection in the
NTS (Bonagamba et al., 2000). They hypothesise that these 5-HT3 receptors
are located on glutamatergic presynaptic terminals mediating non-
cardiovascular vagal afferent input to GABAergic interneurones in the NTS, and
these GABAergic neurones suppress, via GABAA receptors, the
parasympathetic component of vagal reflexes as it is transmitted through other
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neurones of the NTS (see Leal et al., 2001). This hypothesis would only fit the
results of the current experiments if all recorded neurones were GABAergic and
non-cardio-respiratory related. However, these neurones have activity related
to cardio-respiratory variables, are activated by cardiopulmonary afferent
stimulation and some are even likely to be 2™ order NTS neurones receiving
monosynaptic vagal afferent input (see chapter 3) and therefore the results are
perhaps a little surprising. Indeed, even if all neurones were GABAergic there
is still the observation that the majority are activated by both cardiopulmonary
afferent stimulation and by 5-HT3 receptor stimulation negating the possibility of
activation of 5-HT3 receptors, in these neurones at least, mediating a decrease
in any component of cardiopulmonary reflex. How the findings of the present
study and those of the above mentioned study (Bonagamba et al., 2000) are
integrated remains to be determined, although as described in chapter 5 there
is the distinct possibility that there are two populations of 5-HT; receptors, some
located in caudomedial areas directly modulating vagal afferent input via the
facilitation of glutamate release and some in more lateral areas also facilitating
glutamate release, but to GABAergic interneurones which negatively modulate
vagal afferent input. It should be remembered though that it is pure speculation
to indicate the presence of two functionally opposed populations of 5-HT3
receptors.

Origin and stimulus of 5-HT release

There are a number of different possibilities as to the origin of these 5-HT-
containing neurones. The NTS has been shown to contain 5-HT
immunoreactive fibres (Steinbusch, 1981; Sykes et al., 1994) which make
synaptic contact with NTS cells (Maley & Elde, 1982). As demonstrated in the
present experiments some of these fibres are likely to be targetting cells
expressing 5-HT3, 5-HT1g and 5-HT;p receptors, although the possibility that
5-HTs and 5-HTp receptors are functionally dormant cannot be ruled out. This
serotonergic innervation of the NTS has been reported to originate from both
peripheral (Nosjean et al., 1990; Sykes et al., 1994) and central (Schaffer et al.,
1988) sites, and possibly from within the NTS itself (Calza et al., 1985). There
is also the question as to what causes the 5-HT release that is subsequently
activating 5-HT3 receptors during cardiopulmonary afferent stimulation. One

271



possibility is that 5-HT containing neurones, located in sensory afferent ganglia
such as the nodose ganglia, are activated alongside glutamatergic primary
afferent neurones also located there. This afferent information is then
transmitted simultaneously into the NTS with 5-HT, via the activation 5-HT; (and
possibly 5-HT1g/1p) receptors, modulating the excitability of glutamatergic
terminals or directly affecting NTS neuronal activity. Another possibility is that
afferent input is transmitted to other central nuclei (particularly nuclei rich in 5-
HT such as the caudal raphe nuclei), which subsequently sends 5-HT fibres to
the NTS, some terminating on glutamatergic terminals, modulating the
_excitability of afferent information arriving there. There may also be local 5-HT
circuits within the NTS which, in different physiological or pathological states
can modulate the excitability of neurones. Which of these possibilities is
actually ‘occurring cannot be determined from the present experiments, although
since some of the NTS neurones were likely to be 2™ order NTS neurones
receiving monosynaptic afferent input there is a good chance that a proportion
of this serotonergic input is arising from peripheral sources. The complexity of
the circuitry within the NTS is such that without stimulation of multiple peripheral
and central sites simultaneously the exact function and nature of the
serotonergic system in this nuclei remains unclear.

Summary

In conclusion, the excitatory response of NTS neurones to 5-HT3 receptor
activation appears to be mediated in part via the activation of NMDA receptors,
this excitation may or may not involve the activation of AMPA receptors. In
addition, these neurones appear to be glutamatergic, transmitting a proportion
of evoked-cardiopulmonary afferent information via the acti\)ation of NMDA
receptors. In combination with the findings of other studies these data imply
that in caudomedial regions of the NTS cardiorespiratory afferent information is
transmitted via glutamate and in these anaesthetized rats a proportion of this
glutamate release is mediated via the activation of 5-HT; receptors.
Unfortunately the origin of these serotonergic inputs cannot be determined from
the present experiments.
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General

Chapter 7 _ _
Discussion

7.1 Conclusions

e In cats, stimulation of pulmonary C-fibres does excite cardiac vagal
preganglionic neurones with B-fibre axons located within or ventrolateral to
the nucleus ambiguus, although how the bradycardia of the pulmonary
chemoreflex escapes respiratory modulation remains to be determined. In
rats, activation of cardiopulmonary afferents excite the majority of neurones
located in caudomedial aspects of the NTS and a proportion of this
excitation is likely to result from the activation of afferents in the pulmonary
circulation. In addition, a high proportion of these NTS neurones have

activity related to cardio-respiratory variables.

e 5-HT4g and 5-HTp receptors have opposing actions in caudomedial
aspects of the NTS, with 5-HTg receptors mediating an excitatory action
capable of increasing the response of NTS neurones to vagal and
cardiopulmonary afferent stimulation whilst activation of 5-HTp receptors
deéreases neuronal activity, including activity evoked by vagal and

cardiopulmonary afferent stimulation (see figure 7.1).

e 5-HTj; receptors mediate an excitatory effect in caudomedial regions of the
NTS studies and this excitation is capable of augmenting both vagal and
cardiopulmonary afferent input. In addition, a proportion of the excitation of
neurones evoked by cardiopulmonary afferent stimulation involves the
activation of 5-HT; receptors indicating that these receptors are involved in
the transmission of cardiopulmonary reflex information through the NTS

(see figure 7.1).

e Furthermore, 5-HT3 receptors exert a proportion of this excitatory effect on
these NTS neurones via the activation of NMDA receptors and the present
experiments also demonstrate that the transmission of cardiopulmonary
reflex information through this area of the NTS is mediated in part by the

activation of NMDA receptors (see figure 7.1).
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Figure 71 Summary of 5-HTib, 5-HTid and 5-HT3 receptor
function and location in the NTS from the findings of the present

experiments in the anaesthetized rat

A schematic illustration of the organisation of glutamatergic and
serotonergic inputs to neurones receiving cardiopulmonary afferent input
in caudomedial aspects of the NTS that summarises the pharmacological
findings of this thesis. Question marks are included to indicate the
location and/or function of receptors that are likely but cannot be wholly

determined from the findings of the present experiments.

© -glutamate
® -5-HT
-NMDAR (receptor)

- AMPAR (receptor)
5-HT3 (receptor)

5-HT 1D (receptor)

> > > x

5-HTIB (receptor)

indicates the effect of
activation of this receptor
on cell activity

- indicates that activation
of this receptor increases
(+) or decreases (-)
glutamate release

NB. For the purposes of this figure each proposed 5-HT receptor subtype
location receives an individual serotonergic input, this may or may not be

the case.
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7.2 Limitations

There are a number of factors important in the interpretation of the experimental

results of this study. These are discussed below:-

lonophoresis

lonophoresis is the process of administering a drug by application of an
electrical current to a solution containing the drug, usually via a glass
micropipette. It has been used in different forms for over 30 years particularly in
examinations of the skin, where substances can be ejected to stimulate sweat
glands in the collection of sweat. This technique received widespread use in

the diagnosis of cystic fibrosis.

In respect of this study the advantage of ionophoresis is that you can examine
the effects of very small amounts of drug, with reference to the effects on single
unit activity in the central nervous system. Some of the recordings in this study
were achieved using multibarrel glass microelectrodes which utilised one of the
barrels for the recording of neurones. However, one disadvantage of this
electrode was that in order to ionophorese compounds the tip of the multibarrel
had to be relatively big, otherwise individual barrels could block preventing drug
release, and this larger size made neuronal recording difficult, particularly
neurones of the NTS which are relatively small, due to the low resistance of the
electrode tip. Therefore, the development of the compound or ‘piggyback’ glass
microelectrode (see methods; Wang et al., 1998) made recordings and
ionophoresis a lot easier since a single electrode could be used in the recording
of neurones at a chosen resistance, and the muitibarrel could be made of a size
best suited to ionophoresis. This provided better neuronal recordings via a
much bigger signal to noise ratio, which was vital in experiments examining the

activity of neurones during large blood pressure changes.

lonophoresis requires drugs to be ionised in order for current ejection to occur,
unfortunately this restricted the number of drugs that could be used in the
present studies. In addition, drugs that were unable to be dissolved in saline
were not used since the majority of solvents, e.g. DMSO, were found to have

significant effects on the activity of neurones.
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Another limitation of ionophoresis is that the current administered, in the present
experiment between 0 and 320 nA, does not accurately denote the amount of
drug being ejected. As mentioned, each electrode will have a different
resistance based on the diameter and shape of the tip and this affects the
amount of current required to eject drugs and thus the amount of drug released,
as does the affinity and concentration of the drug being administered. However,
small currents (<40 nA) are likely to reflect the ejection of lower quantities of
drug compared to higher currents (>120 nA) between experiments, although as
mentioned this cannot be correlated to a dose of drug administered i.v. etc.
Local anaesthetic effects induced by the ionophoretic administration of
specifically 5-HT3 receptor ligands at high currents of ionophoretic ejection have
also been reported (>30 nA; Ashby et al., 1991). These suppressive effects on
neuronal activity were characterised by attenuation in the amplitude of the
neuronal spikes. In the majority of the current experiments antagonists were
used to confirm the effects of each agonist as being mediated by the specific
receptor and, although the compound GR55562 did cause a reduction in activity
and amplitude, this was only seen in a small number of cases (see chapter 4),
therefore the presence of these effects cannot be ruled out altogether but
seems unlikely. In addition, in some experiments antagonists were only applied
at low currents (<40 nA) in order to reduce the chance of local anaesthetic
effects occurfing and also to reduce the chance of the antagonist effecting
neuronal activity itself, although in some cases this may have resulted in
insufficient drug delivery and therefore only partial antagonism of the specific

receptor.

Finally, it is not possible to verify that the effects of drug ionophoresis are a
result of the effects of that drug on the specific cell being recorded. Although it
can be assumed that the cell being recorded is in close proximity to the tip of
the recording electrode, the possibility that the drug effects are mediated via the
stimulation of neighbouring cells that are connected to, and subsequently affect
the activity of, the recorded cell cannot be ruled out. In this respect it was noted
that the speed of response to ionophoretic administration of drugs varied, not
only between the drugs used but also between electrodes and/or experiments.
This is most likely due to the variation in the electrode size/shape, and therefore
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resistance, as described above although it is also important to consider which
receptors are being targeted and their individual mechanism of action i.e.
activation of 5-HT3 receptors, which are ligand gated ion channels, is likely to
affect the activity of neurones sooner than 5-HT+g receptor activation, since
these receptors mediate their effects via a 2" messenger system.

Despite these limitations ionophoresis remains a unique tool in examining the
roles of receptors in the central nervous system. It allows examination of the
effects of a number of different drugs on the same neurone and it is also
possible to examine the effects of withdrawal after ionophoretic ejection of each -
drug is terminated. In addition, the excitability of neurones can be varied by
altering the administration of an excitatory ligand, such as the NMDA agonist
DL-homocysteic acid (DLH; used in the present experiments).

Analysis of ionophoretic results

As detailed in the methods, the effects of a drug on the activity of NTS neurones
was described as excitatory or inhibitory if this activity changed by more than
20% durin‘g drug administration, as has been don.e previously (Wang et al.,
1996). The value 20% was chosen due to the general stability in the firing rates
of neurones recorded in the NTS and, although it must be remembered that this
is a descriptive method of analysis, it can be seen from the figures contained
within this thesis that the effects of ionophoretic administration of drugs on the
activity of neurones is clear. Indeed, some neurones may be affected by drug
administration but not included in excitatory/inhibitory groups if this effect is less
than 20%, which is a limitation in choosing this value. However, the use of
20%, as opposed to a lower value, lowers the likelihood of random changes in
neuronal activity during drug administration being included into excitatory or

inhibitory groups.

Areas of the brainstem targeted

In the cat, neurones of the nucleus ambiguus were initially targeted based on
their stereotaxic co-ordinates. Once at the appropriate depth the activation of
an antidromic response to stimulation of the cardiac branch of the vagus, and
their known respiratory modulation (McAllen & Spyer, 1976, 1978a,b; Gilbey et
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al., 1984) confirmed identification. Localisation was demonstrated via the
ionophoretic ejection of Pontamine Sky Blue to recording sites. In contrast,
caudomedial aspects of the NTS were specifically targeted for a number of
reasons. Caudal areas were chosen due to the known high density of vagal
afferent termination there, as opposed to more rostral areas, which the
glossopharyngeal nerve primarily supplies (Cottle, 1964), whilst medial areas
have been described as receiving unmyelinated chemo-, bronchial and
pulmonary receptor afferent termination (see Loewy & Burton, 1979; Kalia &
Mesulam, 1980; Jordan & Spyer, 1986). A more recent study has also
described how pulmonary afferent fibres, from primarily terminal areas of the
lungs such as the alveoli, project to both dorsal and ventral aspects of the
medial NTS at a level around obex (Xie et al., 1998). Furthermore, another
study has described the sensitivity of neurones in caudomedial areas of the
NTS to the activation of afferents in the pulmonary circulation (Wilson et al.,
1996). This study directly compared right atrial injections of PBG with left
ventricular injections of the same substance, and found that the neuronal
response to left ventricular PBG were much smaller, confirming that a large
proportion of the neuronal response was mediated via the activation of
pulmonary afferents. Therefore, in the present experiments, in order to identify
a high proportion of neurones that are likely to modulated by right atrial
injections of PBG and are likely to have vagal afferent input the area targeted
was within 0.5 mm rostral or caudal to the obex and <0.5mm lateral to midline.

Peripheral 5-HT5 receptor activation

As described in the methods section, stimulation of cardiopulmonary afferents in
both rats and cats with the 5-HT; receptor agonist PBG was carried out with an
inter-reflex interval of a minimum of 5 min. There was no observed
tachyphylaxis on any of the peripheral responses to this stimulus, which is in
contrast to the findings of other studies (Pires & Ramage, 1990; Whalen et al.,
2000). Whalen et al (2000) have described how all of the systemic responses
to PBG or 2-methyl-5-HT progressively diminished upon repeated injection in
conscious rats although the dose (100 pg kg™') and method of administration
(i.v.) differ compared to the present experiments. In addition, they propose that
the tachyphylaxis is mediated via the desensitization of 5-HT3 receptors on

cardiopulmonary afferents rather than down-regulation of the central or efferent
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components of the reflex. However, in the present experiments the use of sub-
maximal doses of PBG in both rats and cats (24-32 ug kg'1) via direct right atrial

administration appears to avoid peripheral desensitization of 5-HT3 receptors.

7.3 Clinical aspects

One important observation in the demonstration of a role for 5-HT in
pathological states has been in the description of increased brainstem serotonin
metabolism in the development of hypertension (Koulu et al., 1986). Another
study has also shown that the depressor and bradycardic responses to
microinjection of small amounts of serotonin into the NTS are significantly
bigger in spontaneously hypertensive rats (SHR rats; Tsukamoto et al., 2000).
This study also suggested that 5-HT, receptors may become tonically active in
SHR rats, since the 5-HT, antagonist sarpogrelate produced a pressor
response upon bilateral microinjection into the NTS. However, another study,
although supporting an altered role for 5-HT; receptors in SHR rats, has
demonstrated that the function of 5-HT3; receptors is unchanged since the
response to microinjection of PBG into the NTS was unchanged in the SHR rats
(Merahi & Laguzzi, 1995). However, this study did not examine the effects of a
5-HT3 receptor antagonist in SHR rats and so the possibility remains that the
5-HT3 receptor subtype may also play a role in these hypertensive animals, as
may 5-HT1g/1p receptor subtypes. It would seem likely that this is the case since
activation of these 5-HT receptor subtypes in the NTS evokes such strong
effects on neuronal activity in the present experiments; effects which are likely
to be enhanced in a model of increased serotonin sensitivity, as the
hypertensive model appears to be. Further examination of the roles of 5-HT
receptors in states of hypertension may be crucial in the development of new
treatments for this condition; indeed the 5-HT2a receptor antagonist ketanserin
has already been used to reduce blood pressure in hypertension (Barrett,
1992).

Some of the pharmacological findings of the present studies may also implicate
the serotonergic system in the NTS as being involved in the pathology of certain
disorders, such as migraine in the case of 5-HT4g/1p receptors. These are

briefly discussed below:
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5-HT+g and 5-HTp receptors

Levels of 5-HT have been shown to decrease during migraine along with an
associated carotid vasodilation and the last decade has seen the emergence of
a group of 5-HT4g/1p/1F agonists, known as the ‘triptans’ (e.g. sumatriptan), in the
treatment of this condition. In support of the current vascular and neurogenic
theories of migraine the triptans produce selective vasoconstriction (via 5-HT g
receptors) and presynaptic inhibition of the trigeminovascular inflammatory
responses implicated in migraine (via 5-HTp/5-hts¢ receptors; see Villalon et al.,
2002). In addition, the binding sites of sumatriptan in post-mortem human brain
have revealed extensive levels of binding in the NTS, which may reflect the anti-
emetic and analgesic effects found in the clinical use of sumatriptan (Pascual et
al., 1996), whilst there is also evidence for increased activity in the NTS during
experimental trigeminal pain (Frese et al., 2003). Taken together, these
observations, and the findings of the present experiments describing the strong
and opposing effects of 5-HT4g and 5-HTp activation on the activity of NTS
neurones, may well indicate a role for these NTS located 5-HT receptors in the
pathology of migraine, or certainly in the treatment of this condition with one of
the triptans. Although this cannot be determined from the present study, it may
be of interest to examine if the role of these receptors is also found in NTS

neurones recéiving identified trigeminal afferent input.

5-HT3 receptors

The 5-HT3 receptor antagonist granisetron was first described as having anti-
emetic properties 15 years ago (Carmichael et al., 1988), leading to the
widespread use of this, and other 5-HT3 receptor antagonists, in the treatment
of nausea and vomiting. 5-HT3 receptors residing in the NTS and the adjacent
brainstem structure the area postrema have been described as one site
mediating at least a proportion of these anti-emetic actions (Higgins et al.,
1989). In addition, the caudomedial areas of the NTS examined in the present
experiments are known to have a high degree of gastrointestinal (Gl) vagal
afferent termination (Kalia & Mesulam, 1980), thus, the findings of the present
experiments support these data in the demonstration of a strong action for
5-HT3; receptors in this region. However, the role of these neurones in emesis

or Gl function cannot be determined although neurones were identified by their
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receiving at least cervical vagal afferent input. In addition, right atrial injection of
PBG activated the majority of neurones and 5-HT; receptors have been
demonstrated to mediate a component of this excitation (see chapter 5). This
PBG-evoked response has been demonstrated to be mediated via the vagus
nerve (see chapter 3), and a proportion of this excitation may be mediated via
the activation of 5-HT3 receptors in the Gl tract since left ventricular PBG
injection has been shown to evoke a smaller, but significant excitation in
caudomedially located NTS neurones (Wilson et al., 1996). Therefore, the
present experiments may provide further in vivo support that blockade of 5-HT3
receptors in the NTS may play a role in the anti-emetic effects of 5-HT3 receptor

antagonists.

7.4 Future studies

There are a number of experiments which would be useful in further
interpretation of the findings of the present experiments. Initially, regarding the
role of 5-HT in the NTS some of the groups of data would benefit from higher
numbers as this would increase the statistical significance, allowing clearer
statements to be made about the findings. In addition, since the NTS is so
diverse in terms of the numbers of functionally and pharmacologically different
populations of neurones, increased numbers in every group would still provide a
clearer picture of the roles of 5-HT receptor subtypes in the NTS. In this regard
the observation that small numbers of neurones in certain groups caused
opposing effects to the majority, e.g. sumatriptan, although causing inhibition in
the majority of neurones, also caused excitation in a small number of cells, may
hold some significance in a larger population of neurones. Further support for
this theory comes from the observation that all neurones were excited by both
NMDA and AMPA i.e. there was only a single effect caused by these receptor
ligands in population numbers of a similar size. However, the fact that certain
5-HT receptor ligands did not have exclusive effects may also be explained by
their lower affinity for their respective binding sites and also by the ability of
some compounds to have affinities at more than one receptor known to be
present in the NTS e.g. ketanserin has high affinity for both 5-HT1p and 5-HTa
receptors. It would also be beneficial to examine the effects of an AMPA
antagonist on the excitation evoked by 5-HT; receptor activation in the NTS to
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confirm if this excitation involves the stimulation of AMPA, as well as NMDA,

receptors.

Further functional characterisation of individual NTS neurones would also
create a clearer understanding of the interaction between receptor subtypes
and identified inputs, i.e. animals could be further instrumented, e.g. a cannula
placed in the lingual artery for the activation of chemoreceptor afferents in the
carotid sinus, to identify if neurones received, in this case, chemoreceptor input.
It would also be beneficial to examine a more substantial area of the NTS to
confirm if the roles of 5-HT receptor subtypes seen in the areas examined so far
are consistent throughout the nucleus. In addition, this may help to explain
some of the inconsistencies in the understanding of 5-HT3 receptors in this
nucleus. Another potentially beneficial experiment would be to carry out the
present experiments in a working heart-brainstem preparation of the rat (WHBP;
Paton, 1996) in order to demonstrate whether these pharmacological results are
mirrored, or different, in an unanaesthetized animal. Indeed, the physiological
observation that the majority of neurones are excited by pulmonary C-fibre
stimulation evoked by right atrial PBG administration has previously been
demonstrated in a WHBP of the mouse (Paton, 1998).

Electrical and/or chemical stimulation of other central serotonergic sites, such
as the raphe nuclei, may also help to identify the origin of the serotonergic input
to these NTS neurones, or at least confirm that it comes from a peripheral
afferent source such as the nodose ganglion or from within the NTS itself.

The continued development of new, more selective, receptor ligands will also
aid the characterisation of 5-HT receptor function in the NTS, although as
mentioned there are the limitations regarding the solubility of recently developed
compounds as regards ionophoretic ejection. For example, a novel 5-HT4g
receptor antagonist may confirm the actions of GR55562B, and therefore further
confirm that this ligand is able to bind to, and antagonise, r5-HT g receptors;
unfortunately the relatively new 5-HT1g receptor antagonist SB224289
(Davidson & Stamford, 1995) does not readily dissolve in saline adjusted to

pH 4 and so cannot be ejected via ionophoresis.
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The use of other recording techniques may help provide support for the findings
of the present experiments, and may also reveal more accurately the specific
actions of 5-HT4g/1ps3 receptor ligands on the excitability of neurones with
particular reference to intracellular recordings confirming the location of 5-HT;
receptors on glutamatergic terminals, as has been done before in the dorsal
vagal motor nucleus (see Wang et al., 1998a). Patch clamp recording from
brain slices could also help to characterise some of these effects since receptor
ligands could be diffused across the whole preparation allowing the use of some
of more selective, recently developed, drugs.
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APPENDIX




Spike 2 script program for online heart rate derivation

File name: HeartBeatBoutique

'‘Author: Alan Donohoe

‘Email: alandonohoe@rfc.ucl.ac.uk

'Description: Program detects blood pressure waveform peaks on-line to place
events in a memory buffer as beats/min, as a measurement of heart rate.
'Last changed: 13/7/00

'Basic Online Skeleton (‘onSkel.s2s'), which enabled this script -

‘written by Diarmid Campbell for CED September 1997.

var data%; 'Handle of new data file

var sTime; "The last time we looked at the idle routine
rrmpieeeee*VARIABLES THAT CAN BE SET TO INITIALISE DEFAULT
VALUES IN DIALOGUE BOX kkdkkhkkkhkkkkkhkkkkkhkkkkk

var readChan:=4; 'chan to get data from (eg: ECG trace)

var HCurs%:=0; 'use HCursor(1) (1 = TRUE, 0 = FALSE)

var userval%:=1; 'use user's value (1 = TRUE, 0 = FALSE)

var membuf%:=1; 'make new mem buffer (1 = TRUE, 0 =

FALSE)

var levelCross:=0.8; 'if own value of crossing is used this is the default
value of that level(eg: 1V)

var interval:=0.15; 'minimum interval b4 next peak

var dotz% := 2; 'size of dots drawn

var lowY := 100; 'low range of Y axis of new mem buffer

var highY := 405; 'high range of Y axis of new mem buffer

kkhkkkkkkkkkkkkkkkhkhkhkkkkhkkhkhkhhkhkkhkhkkkhkhkhhkkkkhkhkhhhhkhkhkbdhkhhhkhhhhkhkhkhhhkhkhkhkhhkhkhhkkhkhhkhkkkkkkhkkdkk

var h% := 0; 'controls the choice whether to use HCursor(1) or own value. Used
in loop in 'idle()' func.
var newChan%; 'Memory Buffer that events are written to
var ChanGot;'chan to read from (either readChan (user def'd) or chan assoc'd
with HCursor(1)
var level:=0; 'level at which events are detected (set as either HCursor(1) or
levelCross)
var i%; 'type of window active
i% := ViewKind();
if i%>0 then Message (" HeartBeatBoutique|] Not a Time View! "); halt;
‘checks that correct window (ie: time view) is active
UserValue(); '‘prompts user for....(see below)...Proc UserValue()
var cancel%; 'exit control (ie: CANCEL BUTTON) of dialogue box
var label%); 'needed for label "If Not Using... " of dialogue box
DigCreate ("HeartBeatBoutique");
DIgCheck(1,"Use Your Value (and Not Use HCursor)");
'choose either user defined level (entered above), or ...
DlgCheck(2,"Make New Memory Buffer");
DlgReaI (3,"Min Interval btwn Peaks (Secs)",-100.0,300.0);

'..min interval btwn peaks
DigLabel(4,"----------------- If Not Using HCursor Level-----------=------ ");
DIgReal(5,"Channel to Read", 0, 100); 'chan to get data from (eg: ECG trace)
DigReal (6,"Level Crossing (Y Axis Units)",-100.0,300.0); 'level to be crossed b4
peak is recorded range -100 to 300
cancel%:=DlgShow (userval%, membuf%, interval, label%, readChan,
levelCross); 'show dialog
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if cancel% <1 then halt; 'if CANCEL pressed - QUIT - controls

dialogue box

endif;

if userval% >0 then 'if ' USE YOUR VALUE' box checked...
level := levelCross; '...use that value as the level --

sets up program to use user's value

ChanGot := readChan; 'chan to read from =

else

level := (HCursor(1)); 'use HCursor(1) as the level - sets up

program to use HCursor(1) h% :=1;

endif;

if membuf% >0 then 'if membuf% box checked - then ...

newChan% := MemChan(3,0,0,0); 'make new mem buffer the chan written

to - sets up prog to make new buffer

ChanShow (newChan%); 'make it visible

and have data written to it
var chan2%, cancel2%; ' user defined mem buffer, cancel of dialogue box.
DigCreate ("HeartBeatBoutique"); 'start new dialog
- dialogue box to enter mem
Dlginteger(1, "Mem Buffer To Write To", 0, 200);'chan to write data to buffer to
be written to cancel%:=DIlgShow (chan2%); 'show dialog

newChan% := chan2%;

‘- makes chan being written to

endif;

' chan that user defined

end; 'End of 'UserValue()' proc.

ToolbarVisible(1); 'Make toolbar visible always

DoToolbar(); 'Do the toolbar

proc DoToolbar()

ToolbarSet(0,",|dle%); 'Call Idle%() whenever there is free time
ToolbarSet(1,"Quit",Quit%); ‘Set up toolbar buttons
ToolbarEnable(3,0); 'Disable "Sample stop" button
Toolbar(" HeartBeatBoutique", 1023); '‘Wait here until quit is pressed
func Quit%() "If "Quit" is pressed

func Idle%() 'The Idle routine is called when PC has time

eTime:=Maxtime();

if h% > 0 then 'if "Use HCursor Level" box checked, then...

ChanGot := HCursorChan(1); 'makes sure that data is read from the chan with
the HCursor assc'd with it
Memlmport(NewChan%,ChanGot,0.0,(MaxTime()),0,interval,level); 'see
'MemImport' function

DrawMode(NewChan%,12,dotz%); ‘events drawn as inst. freq. beats/mi
YRange(newChan%,lowY, highY); 'sets the range of the Y axis of new
mem buffer

ToolBarVisible(1); 'make toolbar visible

sTime:=eTime;

return 1; 'Stay in toolbar
end;

333
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Tt has been demonstrated previously that the vagal bradycardia evoked by activation of
pulmonary C-fibres is not respiratory modulated. Experiments were carried out in
a-chloralose anaesthetized cats to determine if these cardiac vagal preganglionic neurones
(CVPNs) in the nucleus ambiguus (NA), which have respiratory modulated activity, can be
activated when pulmonary C-fibre afferents are stimulated by right atrial injections of
phenylbiguanide (PBG).

Eleven CVPNs with B-fibre axons in the right cardiac vagal branches were identified and
found to be localized within or ventrolateral to the nucleus ambiguus. Ionophoretic
application of a high current of pL-homocysteic acid (DLH) induced a vagally mediated
bradycardia and hypotension in six of eight sites from which CVPNs were recorded.

The activity of B-fibre CVPNs, whether spontaneous (n = 4) or induced by ionophoresis of
DLH (n="7) was respiratory modulated, firing perferentially during post-inspiration and
stage 2 expiration. This activity also correlated with the rising phase of the arterial blood
pressure wave consistent with these CVPNs receiving an arterial baroreceptor input.

Right atrial injections of PBG excited nine of eleven CVPNs tested. In eight of these
activated neurones the onset latency of the excitation was within the pulmonary circulation
time, consistent with being activated only by pulmonary C-fibre afferents. In two neurones
the PBG-evoked excitation still occurred when central inspiratory drive was inhibited, as
indicated by the disappearance of phrenic nerve activity.

In conclusion, B-fibre respiratory modulated CVPNs can be activated following stimulation
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of pulmonary C-fibre afferents.

Most vagal cardiac reflexes are modulated by central
respiratory drive such that cardiac slowing is greater during
expiration than during inspiration. This is believed to be
due to neural coupling between the brainstem respiratory
system and the cardiovascular control system (see Taylor e
al. 1999). This respiratory modulation has been considered
to be due to inhibition of cardiac vagal preganglionic
neurones in the nucleus ambiguus by central respiratory
neurones (Gilbey et al. 1984) and disfacilitation of baro-
receptor and chemoreceptor inputs by lung stretch afferents
(Potter, 1981). These cardiac vagal preganglionic neurones
have B-fibre axons which run in the cardiac branches of the
vagus and receive an input from arterial baroreceptors
(McAllen & Spyer, 1976, 1978a,b; Gilbey et al. 1984).
However, the bradycardia evoked by injection of phenyl-
biguanide (PBG) into the right atrium, to activate
pulmonary C-fibre afferents (Coleridge & Coleridge, 1984), is

not influenced by either central respiratory drive or lung
inflation (Daly & Kirkman, 1988, 1989; Daly, 1991; Daly et
al. 1992). This led Daly (1991) to postulate that the
pulmonary C-fibre-evoked bradycardia was mediated by a
different group of cardiac vagal preganglionic neurones,
possibly those with non-myelinated axons and located in the
dorsal vagal nucleus (Donoghue e al. 1981; Jordan et al.
1986; Ford et al. 1990). Those neurones have been shown to
be cardio-inhibitory in function (Jones et al. 1995) and to be
activated synaptically by electrical stimulation of non-
myelinated pulmonary vagal afferents (Bennett et al. 1985),
but probably not by lung inflation (Jones et al. 1998). More
recently, Jones e al. (1998) demonstrated in both cats and
rats that these C-fibre cardiac vagal preganglionic neurones
in the dorsal vagal nucleus lack respiratory modulation and
are indeed excited by right atrial injection of PBG. However,
such stimuli evoked only a short burst of excitation, which
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was of a much shorter duration than that of the evoked
bradycardia. Further, selective electrical stimulation of non-
myelinated vagal efferents evoked a bradycardia in the cat
of 11 beats min™" (Jones et al. 1995) which is much smaller
than that evoked by stimulating pulmonary C-fibre afferents,
for instance activation of these afferents with PBG
(6—15 pg kg ™) injected in right atrium evoked a bradycardia
of around 55 beats min ™ (Daly & Kirkman, 1988). Thus, it
is difficult to explain how non-respiratory modulated C-fibre
cardiac vagal preganglionic neurones in the dorsal vagal
nucleus could be solely responsible for the vagal bradycardia
evoked by pulmonary C-fibre afferent activation. Therefore
the present study has been designed to determine whether
respiratory modulated B-fibre cardiac vagal preganglionic
neurones in the nucleus ambiguus are also activated by
stimulation of pulmonary C-fiore nerve endings. A
preliminary report of some of these observations has been
published (Wang & Ramage, 1999).

- METHODS

The experiments were carried out under the Animals (Scientific
Procedures) Act, 1986 and at the end of the experiment the animals
were killed by an overdose of anaesthetic and exsanguination.

General preparation

Experiments were carried out on seven adult cats (2:5-4-5 kg) of
either sex, anaesthetized with a mixture of a-chloralose (70 mg kg ™)
and pentobarbitone sodium (6 mgkg™) injected 1.v. Before and
after neuromuscular blockade (see below), the level of anaesthesia
was assessed by the absence of a Wwithdrawal reflex and/or the
cardiovascular response to paw-pinch and the stability of resting
cardiovascular and respiratory variables and pupil size; if and
when required, additional anaesthetic (¢-chloralose, 10—15 mg kg™,
1.v) was administered.

Rectal temperature was monitored and maintained between
38-39 °C with a Harvard homeothermic blanket. When surgical
anaesthesia was established, the brachial veins and arteries on both
sides and one femoral vein were cannulated for administration or
withdrawal of drugs/fluids and for recording blood pressure using a
pressure transducer (Gould) connected to a Grass Model 7D
Polygraph (Grass Medical Instruments, Quincy, MA, USA). The
bladder was cannulated to prevent undue filling during the period
of the experiment, avoiding reflex effects associated with bladder
distension. A cervical tracheotomy was performed and the trachea
cannulated just below the larynx. Tracheal pressure was monitored
by a pressure transducer (Gould) connected to a side arm of the
tracheal cannula. A silicone cannula, pre-filled with PBG
(400 g m1™), was advanced into the right atrium via the right
external jugular vein. An ECG was recorded by leads attached to
each of the forepaws of the animal from which heart rate was
derived. The animals were placed in a stereotaxic frame and
ventilated artificially (Harvard Ventilator model 551) with
O,-enriched air, maintaining a small positive end-expiratory
pressure (1-2 cmH,0). As soon as the ventilation had started, the
animals were neuromuscularly blocked using vecuronium bromide
(200 ug kg™ 1.v) and supplemented with an 1.v. infusion of 480 ug
kg™ h™ This infusion (6 mlkg™h™) comprised 500 ml plasma
substitute Gelofusine, 500 ml H,O, 8-4 g NaHCO,, 2 g glucose and
80 mg vecuronium bromide and was given to maintain blood
volume, counteract the devclopment of non-respiratory acidosis
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and maintain neuromuscular blockade. Arterial blood gas variables
were measured using a Corning Blood Gas Analyser (Model 238).
The blood gases and pH were regularly monitored and maintained
at 100-180 mmHg P, , 35-45 mmHg P, and pH 7-3-7-4 by 1.v.
injection of sodium bicarbonate (1 M) and/or adjusting the volume
and frequency of ventilation. In all experiments, animals were
pretreated with the ,-adrenoceptor antagonist atenolol (1 mg kg™,
1.v) to block sympathetic drive to the heart. Thus changes in heart
rate could be presumed to be due to changes in activity in cardiac
vagal efferents.

The right phrenic nerve was dissected from a dorsolateral approach,
cut peripherally and desheathed. The cut central end of the nerve
was placed on bipolar silver wire recording electrodes. Clamps
applied to the vertebral spines at C7 and L2 or L3 were used to
elevate and stabilize the animal. To expose the brainstem the nuchal
muscles were removed, the occipital bone opened and the dura
overlying the brainstem and cerebellum cut and reflected laterally.
In some experiments the cerebellum was displaced rostrally with a
small retractor to allow access to the region of the nucleus ambiguus.

Preparation of cardiac and pulmonary vagal branches

A thoracotomy was performed between the fourth and sixth ribs to
gain access to the right cranial, caudal cardiac and pulmonary
branches, as previously described (McAllen & Spyer, 1976). The
intact cardiac and pulmonary branches and the vagus nerve
between the cranio- and caudal cardiac branches were placed on fine
silver wire (0-125 mm in diameter) bipolar electrodes with a 2 mm
gap. The wires were insulated from one another with wax and
sealed round the nerves with President light body dental polyvinyl-
siloxane (Coltene UK Ltd, West Sussex, UK). These silver wires
had been soldered onto insulated copper wires, which were secured
to the thorax. The electrodes were connected to an isolated
stimulator (DS24A, Digitimer Ltd, Welwyn Garden City) triggered
by Digitimer D4030 Programmer. The vagal branches were left
intact and typically, stimulation of the main cardiac branch (1 ms
pulses at 100 zA, 50 Hz) evoked ‘cardiac arrest’ without change in
tracheal pressure, whilst stimulation of the pulmonary branches
evoked changes in tracheal pressure but not heart rate.

Single unit recording and identification of cardiac vagal
preganglionic neurones

Extracellular recordings were made from neurones in the region of
the nucleus ambiguus using ‘piggy-back’ electrodes which were
assembled from a single glass recording electrode and a multi-
barrelled glass electrode (Wang et al. 1998). The recording barrel
contained 4M sodium chloride. One of the barrels contained
Pontamine Sky Blue dye (2% dissolved in 0-5 M sodium acetate) for
automatic current balancing and marking the recording sites and
the other barrel was filled with the glutamate receptor agonist
pL-homocysteic acid (DLH, 100 mm, pH 8-5). Cardiac vagal pre-
ganglionic neurones were identified by their antidromic activation
following electrical stimulation of the thoracic cardiac branches of
the vagus (100-500 #A, 1 ms pulses, 0-2—1-0 Hz) as previously
described (McAllen & Spyer, 1976, 1978a). The criteria used to
determine antidromic activation were the constant latency of the
evoked response and its collision with appropriately timed ongoing
activity (Fig.14). The possibility of current spread from the
cardiac branch to the whole vagus nerve was checked periodically
during the experiment by the absence of antidromic activation to
stimuli applied to the vagus nerve below the pulmonary nerve
branching point. Pulmonary C-fibre afferents were stimulated by
injection of a bolus of phenylbiguanide (PBG; 14-32 pg kg™ in
100-200 ) into the right atrium. The minimum interval between
two PBG injections was 5 min and the volume for a single injection
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was restricted to less than 200 /ti to avoid stimulation of receptors
in the atrial wall by volume expansion.

Data capture and analysis

Neuronal activity, phrenic nerve activity and ECG were amplified
(x 2000, X 20000 and x 5000, respectively) and filtered (0 5-5 kHz;
Neurolopf, AC preamplifier NL104 and filter NL125; Neurolog
System, Digitimer Ltd, Welwyn Garden City, UK). Phrenic nerve
activity was then integrated using an EMG integrator (NL 703,
Neurolog System). Arterial blood piressure (BP), heart rate (HR),
tracheal pressure (TP), ECG, raw and integrated phrenic nerve
activity and neuronal activity were displayed on a computer using a
1401 interface (1401 Plus, Cambridge Electronic Design (CED),
Cambridge, UK) and S{>ke2 software (CED) and stored on
videotapie using a digital data recorder (VRIOOB, Instrutech Corp.,
Great Neck, NY, USA). Offline analysis of the recorded data
(phrenic-, tracheal pressure-, and ECG-triggered correlations) was
made using Sp>ike2 software. Baseline values for mean arterial
jiressure (MAP) and HR were taken as the mean over 40 s before
the administration of PBG. d’hc maximal overall changes evoked by
PBG were compared with baseline. The mean baseline neuronal
firing rate was measured over 40 s. In addition, the mean number
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of spikes per burst and mean burst duration of the four respiratory
cycles before PBG injection were taken as the control. The number
of sj)ikes and duration of the first burst after the PBG injection
were compared with the control and if the changes in either burst
number and/or duration were greater than 20%, this was
considered to be excitation. This excitation was then re-analysed to
determine if it occurred within 5s; neuronal responses to PBG
occurring within this latency can be taken as resulting from
pulmonary C-fibre stimulation (5s window, see Daly & Kirkman,
1988; Jones et al. 1998). Beyond this duration changes in activity
could be attributed to activation by PBG of other afferents that are
downstream of the p>ulmonary circulation (Daly & Kirkman, 1988).
However, since the B-fibre cardiac vagal preganglionic neurones
were firing in the post-inspfiratory and stage 2 expiratory (PI-E2)
phases of the resp>iratory cycle (Gilbey et al. 1984), it was difficult to
analyse the mean change in firing rate after PBG injection, as in
most cases the burst of firing after PBG injection overlapped the 5 s
window. Therefore the 1st second of the PBG-evoked resjionse,
which fell within the 5 s window, was analysed and comp)ared with
the mean of the 1st second of the previous four bursts. All ilata are
presented as means + s.E.M. except where indicated, and all

330 sweeps
Int-phre
4724 sweeps
130
(mmHg)
0.2s
1536 sweeps
TP
(mmHg)

05s

Figure 1. Identification of a B-fibre cardiac vagal preganglionic neurone in the nucleus ambiguus

A, traces showing a cardiac vagal pireganglionic neurone antidromically activated (latency, 15 ms) by
stimulating the right cardiac bianch (200/iA, 1 ms, 0 5 Hz), da, five consecutive sweepus sup%rimpx)sed to
sluw the constant latency of the evoked spike; Ab, three consecutive sweeps showing that the evoked spiike
(set top) and bottom trace) was cancelled by the spontaneous spike (see middle trace). The # indicates the
stimulus artefacts. B, histograms of the activity (with DLH at 20 nA) of the same CVPN as in A triggered
by integrated p)hrenie nerve activity (Int-p)hre; 50 ms bin width; top panel), the /2-wave of the ECG (10 ms
bir width; middle p)anel) and by tracheal pircssure (10 ms bin width; lower panel). Above the histograms is
an average of integrated pihrenie activity, ECG triggered arterial blood p)ressure (BP) and the tracheal
p>r(ssure (TP) wave, respectively. The numljer of sweeps on top of each panel refers to both the average and

to "he histogram.
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comparisons of lhe means were made using Student’s paired / test.
Differences between means were taken as significant when P < 0 05.

Localization of recording sites

Rt'cording sites were marked by ionophoretic ejection of Pontamine
Sky Blue. Following the experiments, brainstems were removed
and fixed in 10% formal saline, and serial frozen sections (80/im)
were cut and stained with Neutral Red. The marked recording sites
were visualized and displayed on standard sections of brainstem
taken from the stereotaxic atlas of the cat (Berman, 1968, Fig. 2).

Drugs

Drugs were obtained from the following sources: a-chloralose,
DL-homocysteic acid and atenolol from Sigma Aldrich Chemical Co.,
Poole, Dorset, UK; jxintobarbitone sodium from Rhone ilerieux
Ltd, Harlow, Essex, UK; Pontamine Sky Blue dye from BDH,
Poole, Dorset, UK; Gelofusine from Braun Medical Ltd, Aylesbury,
Bucks, UK; phenylbiguanide from Research Biochemieals, Semat
Technical Ltd, St Albans, Herts, UK, and vecuronium bromide
from Organon Technika Ltd, Cambridge, UK.

RESULTS

A total of 11 antidromically identified vagal preganglionic
neurones with axons in the cardiac branches of the vagus
nerve were recorded in this study. They had calculated axon
conduction velocities within the B-fibre range (5 9-18-0 m s~,
a mean of 11-4 + 0-9 m s“‘). The reeording sites of six of
these were localized by pontamine injection and another two
were leeorded in very close proximity to a previously
marked site. These sites were located within or ventrolateral
to tlie nucleus ambiguus (Fig. 2). Based on the depth and
rostro-caudal position of the recording electrode the other
three B-fibre cardiac projecting neurones were considered
also to be in this same region. Baseline values (means * s.p.)
were; mean arterial blood pressure 101 + 5§ mmHg, heart

AP

obex
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rate 160 £23 beats min"'; tracheal pressure, inflation and
deflation, 5-4 + 2-5 and 2-1 £+ 0-7 mmHg, respectively;
141 * 27 mmHg; 38 + 10 mmHg and pH 7-32 + 0-05.

B-fibre cardiac vagal preganglionic neurones

Ten of the B-fibre cardiac vagal preganglionic neurones had
little or no ongoing spontaneous activity, whereas one
neurone had an average firing rate of 6-3 spikes s“‘. The
profile of the activity was analysed in detail in neurones
either with (n=7) or without (= 4) DLH (10-120 nA)
ionophorctically applied to induce or increase firing rate.
This combined group had a mean firing rate of 20 +
0-7 spikes s"\ The activity in all 11 neurones showed a
(Fig. IP). In
component of this activity was correlated with central

strong pulse-related rhythm addition, a
respiratory drive, being maximal during post-inspiration
and stage 2 expiration (E2; Fig. 1B). Even during high
discharge rates (up to 20 spikes s~*) evoked by DLH
application at high currents (60-120 nA) the activity in
neurones remained respiratory modulated (Fig. 3C). This
respiratory modulation of the activity was abolished in two
neurones tested when inhibition of central inspiratory
activity caused ongoing activity to become continuous
(Fig. 4P). The ongoing activity of the majority of these
neurones (8 out of 11) showed no obvious relationship to
tracheal pressure (Fig. 1P), but in the other three neurones
there was a correlation between neuronal activity and
tracheal pressure, the maximal discharge occurring during
the phase of lung deflation. In all the experiments phrenic
nerve activity was locked to lung inflation.

At six out of the eight sites from which B-fibre cardiac vagal

preganglionic neurones recorded,

application of DLH at a high current (3U-160 nA) induced a

were ionophoretic

Figure 2. Pontamine Sky Blue marked locations of recordings from the medulla

The position of six B-fibre (#) cardiac vagal preganglionic neurones from which recordings were made are
shown on five standard sections of the medulla taken from —1 to 4-2-5 mm caudal to rostral at the level of
the olx'x. Abbreviations: NA, nucleus ambiguus; NTS, nucleus tractus solitarius; X, dorsal vagal nucleus;

X 11, hyiKJglossal nucleus; AP, aica postrema.
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signilk-ant bradycardia and hypotension. During ionophoresis
of DLH, the heart rate decreased from 153 + 6 to 139 &
6 beats min"* (P < 0-01, h= 6) and the mean arterial blood
pressure fell from 106 + 4 to 90 * 3 mmHg (H < 0 05,
n= 6). At three sites neuronal activity was monitored
during and following these DLH applications. In all these
cases the increase in firing rate was associated with a
bradycardia and hypotension (Fig. 3).

No DLH
Int-phre
150 1
BP (mmHg) 100 #
50 J
HR (beats min"')
1
10
CVPN (spikes bin™’)
0
CVPN 200 fiv
B DLH = 20 nA
Int-phre
150

BP (mmHg) 100

160
HR (beats min ')

o

CVPN (spikes bin ')

CVPN 200 /IV

DLH = 60 nA
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150-,
BP (mmHg) 100-

160’
HR (beals min™)
130-

CVPN (spikes bin™')

CVPN 200 /fV
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Effect of right atrial injection of PBG on B-fibre
cardiac vagal preganglionic neurones

Overall effect of PBG. PBG injections excited nine of the
eleven B-fibre cardiac vagal preganglionic neurones. In these
nine responding neurones the combined mean ongoing
activity was 1-9 + O'7 spikes which comprised means of
2-0 * 14 spikes s"‘ (n= 4) for spontaneously firing neurones

and 19 £ 0-8 spikes {n = 5) for those activated by DLH.

Figure 3. Traces showing the effects of ionophoretic application of DLH onto a CVPN with a

B-fibre axon

Anaesthetized cat pretreated with atenolol (1 ing kg~‘, i.v). Records from top downwards: Int-phre,
integrated phrenic nerve activity; BP, arterial blood pressure (nmHg); HR, heart rate (beats min"') and
rate iiistogram (() 5 s bin) and recording of the activity of a B-fibre CVPN. .4, ongoing activity, no DLH;
Rand G activity in the presence of 20 nA DLH and 60 nA DLH, res;%ctively Note the heart rate fell as
CVPN (Jischarge increased (the dotted lines on the heart rate traces represent the mean heart rate in
control without DLH, 150 beats min™) and even at a high level of excitation the activity was still

res{)iratory modulated (C).
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Riglit atrial injection of PBG (14-32 /fg kg"' in 100-200 fi\)
increased both the number of spikes per burst from 11+4
to 27+ 6 (P<0°01, »= 9) and the burst duration from
19% 0-5to 36+ 0-8ms {P< 001, n= 9),
(Fig. 4.1). In increased
activity, PBG also evoked a vagally mediated bradycardia
of 69 + 6 beats min"' (heart rate fell 159 + 7 to
90 + 6 beats min"', P< 0-001, n= 9) and a reduction in

arterial blood pressure of 22+ 1 mmHg (mean arterial

respectively

association with the neuronal

from

blood pressure decreased from 96 + 5 to 74 + 4 mmHg,
P < 0-001, n= 9). The latency for the evoked excitation in
the cardiac vagal preganglionic neurones was 3-4 +0-3 s

DLH - 20 nA

150
BP (mmHg)

HR (beats min™)

CVPN (spikes bIn™)
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(range 1-8-4-5 s) which was significantly (P < 0-01, «= 9)
shorter than that of the latency for the evoked bradycardia
(3-7 £ 0-3 s; range 2 5-4-55s). Of the nine neurones, six
were excited before the appearance of the bradycardia.

Effect of PBG within pulmonary circulation time. In
order to establish that pulmonary C-fibre affcrent-evoked
responses in the cardiac vagal preganglionic neurones
occurred within the pulmonary circulation time, the
number of spikes in the 1st second of the evoked excitation
within the 5 s window were analysed (see Methods). In eight
out of nine neurones, PBG increased the number of spikes

PBG | PBG

Pulmonary vagal branch stimuli (5 Hz. 10 uA. | ms)

CVPN 200 /fV
B
DLH - 20 nA
Int-ph,*e ILAJ I
150
BP (mmHg)

HR (beats min™)

CVPN (spikes bin ‘)

CVPN 200 iim

mm

10s

Figure 4. Traces comparing the effect of right atrial injections (at the point marked by arrow) of
PBG (20 /4g kg“Yon a CVPN with a B-fibre axon in the presence (/I) and absence {B) of central

respiratory drive

Anaesthetized cat pretreated with atenolol (1 mg kg"\ i.v.). Records from top downwards: Int-phre,
integrated phrenic nerve activity; BP, arterial blood pressure (nmHg); HR, heart rate (beats min ') and
CVPN rate histogram (0-5 s bin) and on-going activity. The 5 s window following the PBG injection (see
Methods) is shown by the two vertical dotted lines. .46 and Bb are expanded traces after the PBG injections
shown in Aa and Ba. Note in B (1) low intensity electrical stimulation of the pulmonary vagal branch
inhibits central respiratory drive, as indicated by the lack of phrenic nerve activity, and (2) the increase in
neuronal activity during this stimulation is due to the inhibition of central respii-atory drive.
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within the 1st second of the burst from 4+1 to 10+1
[P < 0-01, n= 8; Fig. 4d). The firing frequency in the 1st
second in the one remaining neurone was not affected by
PB(i,
prolonged (data not illustrated). In all nine neurones the

although the burst discharge was increased and

phrenic nerve activity was attenuated (Fig. 4d).

In one neurone, low intensity electrical stimulation of a
branch (10/iA),
phrenic nerve activity. The firing pattern of this neurone

pulmonary vagal was used to inhibit
changed from respiratory related bursts to a continuous
firing pattern (Fig. 4/?). Under these conditions PBG still
caused excitation (Fig. 4.%). Similarly, in a second neurone,
PBG still evoked excitation of the cardiac vagal preganglionic
neurone when phrenic nerve activity was inhibited by
hyperventilation (data not shown).

Effect of electrical stimulation of cardiac and
pulmonary vagal afferents on B-fibre cardiac vagal
preganglionic neurones

Electrical stimulation of either thoracic cardiac or pulmonary
vagal branches evoked an excitatory synaptic input m six
out of the eight cardiac vagal
activated by phenylbiguanide (Fig.5d and B). Among these

preganglionic neurones

six neurones, three received inputs from both cardiac and
pulmonary branches, one received an input from only the
pulmonary branch and the other two received an input only
from the cardiac vagal branch. These orthodromic vagal
afferent synaptic inputs had longer onset latencies than the
antidromic responses, i.e. onset latencies were between 125
and 230 ms for orthodromic excitation versus between 11
and 21 ms for the antidromic responses. There was only one
exception, where activation of pulmonary vagal afferents
evoked both a short (18 ms) and a long (180 ms) latency
excitatory input (Fig. 5A).

Figure 5. Synaptic input from vagal
branches to two different CVPNs with
B-fihre axons

Two sets of traces containing ten consecutive
sweeps eah showing the elTect of stimulation
(*) of the pulmonary branch (200 /*A, 1Hz,

1 ms) (A), which evoked both a short and a long
latency excitatory input (Note; in the 6th trace
(*) the spontaneous spike did not cancel the
short latency input from the pulmonary nerve),
and the cardiac branch (150 fiA, 0 5 Hz, 1 ms)
{B), which evoked a short latency antidromic
spike (O) and a long latency synaptic input.

Pulmonary branch
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DISCUSSION

Characteristics of cardiac vagal preganglionic
neurones

In the present experiments recordings have been made from
neurones located in or ventrolateral to the nucleus ambiguus
that were antidromically activated following stimulation of
one of the vagal cardiac branches. Their activity, either
spontaneous or DLH evoked was primarily in the post-
inspiratory and/or stage 2 expiratory phases of the
respiratory cycle and was positively correlated to the
arterial blood pressure wave. Thus these neurones have the
same characteristics as those that have been recorded in this
area previously (McAllen & Spyer, 1976, 1978a,6; Gilbey e/
at. 1984) and can be classified as cardiac vagal preganglionic
neurones. However, the precise cardiac function of these
neurones has not been determined directly. Although
ionophoretic application of high currents of DLH at six of
an atrial

these recording sites caused a bradycardia,

inotropic, dromotropic or coronary vasomotor function
cannot be ruled out. As these animals were pretreated with
the /*-adrenoceptor antagonist atenolol this bradycardia can
be attributed to an increase in vagal tone. Interestingly, in
two neurones the changes in activity caused by DLH
paralleled the accompanying changes in heart rate
confirming a similar observation made by McAllen & Spyer

(1978a).

Responses to stimulation of pulmonary C-fibre
afferents

Nine of these eleven B-fibre cardiac vagal preganglionic
neurones were activated by PBG injected into the right
atrium indicating that they receive a synaptic input from
cardiopulmonary G-fibres. It should be emphasized that

right atrial injections of PBG, as well as activating
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pulmonary C-fibres, may also activate afferents in the
systemic circulation (see Coleridge & Coleridge, 1979). In the
cat it has been demonstrated (Daly & Kirkman, 1988) that
the onset latency, depending on the level of the cardiac
output, for right atrial injections of PBG to evoke a brady-
cardia due to pulmonary C-fibre afferent stimulation alone
ranges between 2 and 5s. Thus, using a 5s window for
analysis in order to exclude any systemic effects of the PBG
(see Methods), right atrial injection of this agent evoked an
increase in activity in eight of these neurones, which could
be considered to be due to pulmonary C-fibre activation
alone. In addition, activity in six of these eight neurones
was also elicited by orthodromic electrical stimulation of the
cardiac and pulmonary vagal branches of the vagus, which
would also indicate that they received an input from C-fibre
afferents running in these branches. The failure to see
excitation evoked by electrical stimulation in the other two
neurones may be due to sampling, that is the afferents
innervating these neurones may be running in cardiac and
pulmonary branches other than those being stimulated.

As right atrial injections of PBG inhibited inspiration, the
excitation of cardiac vagal preganglionic neurones by PBG
could, at least in part, be an indirect disinhibition resulting
from inhibition of central respiratory drive. However, in the
present experiments activation of pulmonary C-fibre
afferents still excited cardiac vagal preganglionic neurones
during periods of central apnoea, as indicated by the
disappearance of phrenic nerve activity, suggesting that the
excitation is independent of the inhibition of central
respiratory drive. In view of the finding that background
activity of these neurones is respiratory modulated, i.e. the
activity is reduced during the phase of inspiration, it might
be anticipated that the PBG evoked activity in these
neurones would also be respiratory modulated. However, in
the present experiments this could not be established due to
the variability in the size and occurrence of phrenic nerve
activity during PBG-evoked excitation of the neurone
within the 5 s window, and the short duration of the evoked
excitation.

Pulmonary C-fibre activation and cardio-respiratory
integration

The present results demonstrate that stimulation of
pulmonary C-fibre afferents activates respiratory modulated
cardiac vagal preganglionic neurones with B-fibre axons and
that, at least part of this excitation, was not due to
inhibition of central respiratory drive by these afferents.
Thus this study, taken together with that of Jones et al.
(1998) indicates that stimulation of pulmonary C-fibre
endings with PBG activates simultaneously two groups of
cardiac vagal preganglionic neurones: those with B-fibre
axons located within or in the vicinity of the nucleus
ambiguus and those with C-fibre axons located in the dorsal
vagal nucleus. The question arises: how is it that the reflex
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vagal bradycardia resulting from stimulation of
pulmonary C-fibres is not respiratory modulated {Daly &
Kirkman, 1988, 1989; Daly 1991)? Since activity in cardiac
vagal preganglionic neurones with B-fibre axons is known to
be respiratory modulated (see Introduetion; present
experiments), it would be expected that pulmonary C-fibre
evoked increases in activity would also be respiratory
modulated, as are those evoked by baroreceptor and chemo-
receptor inputs. However, since this was not tested in the
present experiments, the excitation of the cardiac vagal
preganglionic neurones may or may not be respiratory
modulated. It is possible that respiratory modulation might
be prevented if, in addition to exciting cardiac vagal
preganglionic neurones, the pulmonary C-fibre afferents also
prevented their respiratory modulation by inhibiting
synaptic transmission of the inspiratory input to these
neurones. However, it is unlikely that the high firing rate
evoked in cardiac vagal preganglionic neurones by
pulmonary C-fibre stimulation are overriding the respiratory
modulation, since neurones activated with DLH to a similar
level of activity as that caused by pulmonary C-fibre
stimulation still showed respiratory modulation (compare
Fig.3C with Fig.44b). A final possibility is that an
interaction between activity in non-respiratory modulated
cardiac vagal preganglionic neurones with C-fibre axons and
that in respiratory modulated cardiac vagal preganglionic
neurones with B-fibre axons occurs at the level of the cardiac
ganglia and/or postganglionic nerve endings in the sino-
atrial node (Jones, 1993; Jones et al. 1998). Clearly, this
study demonstrates that respiratory modulated cardiac
vagal preganglionic neurones with B-fibre projecting axons
are excited by the activation of pulmonary C-fibre afferents.
However, the precise mechanism by which the evoked
bradycardia escapes respiratory modulation remains to be
determined.
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