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ABSTRACT

The dorsal motor nucleus of the vagus (DMN) is located in the dorsomedial 

medulla oblongata. It mainly contains dorsal vagal preganglionic neurones 

(DVMs) which control many autonomic functions. Immunocytochemical studies 

have shown that 5-hydroxytryptamine (5-HT) is present in nerve fibres and 

nerve terminals innervating the DMN. In addition, ligand-binding studies and 

in situ hybridisation studies have localised a number of 5-HT receptor subtypes 

in the DMN. This suggests that 5-HT may have an important role in 

modulating the activity of DVMs. The aim of my thesis was to examine the 

subthreshold effects of 5-HT on visually-identified DVMs using a thin 

brainstem slice preparation in combination with the whole-cell recording patch- 

clamp configuration in current-clamp and voltage-clamp modes.

In over 95 % of DVMs tested in current-clamp mode, applications of 5-HT 

elicited slow, prolonged excitatory effects which were dose-dependent and did 

not exhibit desensitization or run-down during recordings lasting over two 

hours. The excitatory responses to 5-HT were maintained in a media which 

blocked synaptic transmission indicating that the effects were mediated via 

postsynaptic 5-HT receptors. Furthermore, 5-HT elicited increases in baseline 

noise suggesting that the amine also enhanced the levels of postsynaptic 

potentials (PSPs) by activating presynaptic 5-HT receptors.

The direct, postsynaptic excitatory effects of 5-HT were abolished or attenuated 

significantly (p <0.05) by the superfusion of the 5 -HT2a/2c receptor antagonists 

ketanserin and LY 53,857 and the 5 -HTia/2a receptor antagonist spiperone. The 

5-HTiy^ receptor antagonist pindobind.5-HTiA and the 5 -HT4 receptor antagonist 

GR 113808A had no effects on the excitatory responses of 5-HT. Superfusion 

of the 5 -HT3 receptor antagonists ICS-205-930 and MDL 7222 did not



significantly (p>0.05) attenuate the effects of 5-HT on DVMs. The excitatory 

effects of 5-HT on DVMs were mimicked by the 5-HT2a/2c receptor agonist ol- 

methyl-5-HT, the 5-HTi/2 receptor agonist 5-CT and the non-selective 5-HT 

agonist 5-MEOT. Applications of the 5-HTg receptor agonist 2-methyl-5-HT 

evoked small subthreshold excitatory effects associated with increases in 

baseline noise.

In all DVMs tested in voltage clamp mode, applications of 5-HT, a-methyl-5- 

HT and 5-CT evoked subthreshold inward currents that were associated with 

changes in three different ion currents; reductions of an outward rectifying 

current and an inward rectifying current and the augmentation of a 

hyperpolarization-activated or \  current. Combinations of the changes in the 

outward rectifying and Kir currents were observed in the same DVMs.

The present study concludes that 5-HT elicits direct, postsynaptic subthreshold 

excitatory effects on DVMs via the activation of 5-HTja receptors which are 

coupled to the modulation of at least three different ion channels. The 

mechanisms by which the 5-HT2a receptors are coupled to the ion channels, the 

possible physiological functions of the activation of 5 -HT2A receptors and the 

potential sources of 5-HT inputs onto DVMs are discussed.
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Vagal preganglionic motoneurones form the final pathway in the central 

nervous system (CNS) which control the vagal parasympathetic nervous system. 

The axons of the vagal motoneurones project from the CNS via the vagus nerve 

and innervate parasympathetic ganglia located either in the walls or in close 

proximity to cervical, thoracic and abdominal visceral organs, including the 

gastrointestinal tract (GI), pancreas and the heart. Vagal preganglionic 

motoneurones originate from two nuclei in the medulla oblongata, the dorsal 

motor nucleus (DMN) and the nucleus ambiguus (NA). The DMN is generally 

regarded as being involved in secretomotor functions whereas the NA is 

thought to control visceromotor activities.

This present study investigates the effects of 5-hydroxytryptamine (5-HT) on 

the activity of dorsal vagal preganglionic motoneurones (DVMs) arising from 

the DMN since an extensive literature has been established on the possible roles 

of 5-HT on DVMs and how it may regulate the functions of the DMN. The 

general introduction reviews this literature and combines it with a review of the 

physiology and pharmacology of 5-HT responses in the CNS. In particular, it 

discusses previous studies on the innervation, receptor subtypes and functions 

of this amine in the DMN.

1.1 Location of vagal motoneurones in the DMN

1.1a Early studies

Early studies on the location of cells within the CNS involved either transecting 

nerves and then carefully monitoring retrograde chromatolysis of the cell bodies 

or electrically lesioning areas of the brain or spinal cord and then observing 

axon degeneration. Studies on the DMN using these techniques are reviewed 

by Mitchell and Warwick (1955) and Kerr (1967). The DMN was first 

described (Stilling, 1843) has a column of cells lying in the dorsomedial
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medulla oblongata close to the floor of the fourth ventricle. During the 

following period the DMN was thought to mainly be a sensory relay area 

containing vagal afferent nerve terminals. This idea was questioned by 

Marinesco in 1897 who observed degeneration in the DMN of cats and dogs 

six days after sectioning the vagus nerve. The period of time before 

chromatolysis occurred was suggested to be too short to involve sensory 

neurones therefore he concluded that the DMN contained mainly motoneurones. 

In 1909, Cajal using the Golgi technique demonstrated stained axons exiting the 

CNS in the vagal rootlets which also suggested that the neurones in the DMN 

were motoneurones. These studies were confirmed in monkeys and rabbits by 

sectioning the vagus nerve between the cervical and abdominal levels (Getz and 

Sires, 1949; Mitchell and Warwick, 1955) which caused chromatolytic changes 

throughout the DMN except in small cells located on the outer borders of the 

nucleus. In cats, electrolytic lesions made in the DMN produced conflicting 

results (Szentagothai, 1952; Calaresu and Cottle, 1965). Szentagothai (1952) 

did not observe vagal axon degeneration after the DMN was lesioned and 

therefore suggested that the vagal motoneurones were exclusively located in the 

nucleus ambiguus. Calaresu and Cottle (1965) did detect axonal degeneration 

in the intramedullary rootlets and the cervical vagus nerve after DMN 

lesioning. The differences between these studies emphasize the problems 

associated with techniques involved in monitoring of cell body and nerve fibre 

degeneration, in particular, the problems of quantitatively analysing the 

locations and sizes of the lesions and comparing them with the levels of 

degeneration.

1.1b Recent Studies

Over the past 20 years the rather difficult and often inconclusive degeneration 

and lesion techniques have been replaced by new neuroanatomical methods.
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The introduction of retrograde axoplasmic tracers such as horseradish 

peroxidase (HRP) has allowed the labelling of cell bodies in CNS nuclei 

following the application of tracers into nerves or end organs. Anterograde 

tracing techniques have been developed which either inject tritiated amino acids 

into the efferent projecting nucleus and then monitor their movements with 

autoradiography or, inject the lectin Phaseolus vulgaris leuci-agglutinin (PHA- 

L) into the efferent nucleus and then monitor its transport using 

immunocytochemical procedures with specific antibodies. Using these 

neuroanatomical the majority of cells throughout the DMN (figure 1.1) have 

been determined as motoneurones and that their axons are contained within the 

vagus nerve. These techniques also have the advantage of enabling quantitative 

analysis on the number and distribution of labelled cells to be carried out. 

However, it is often difficult to predict the spread of the tracer from the 

injection site which can lead to problems in selectively labelling populations of 

neurones.

In the rat, cholinesterase-containing neurones in the ipsilateral DMN stained 

using the histochemical thiocholine technique were attenuated from a peak of 

70 cells to 8  cells in the same serial section following both high and low level 

cervical vagotomy (Lewis, Scott and Navartnam, 1970). This quantitative 

approach suggested that the DMN extends rostrol-caudally for approximately 

3 mm on the dorsal side of the hypoglossal nucleus and that most cells in the 

DMN are cholinesterase-containing and project in the cervical vagus nerve. 

Quantitative analysis at the electron microscopy level demonstrated a 70 % 

decrease in the number of nucleolar counts from larger cells in the DMN of the 

rabbit 70 days after cervical vagotomy at the level of the thyroid (Aldskogius,

1978). This study did not observe a loss in the number of nucleolar from 

smaller cells. Injections of HRP into the cervical vagus or the anterior and
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Figure 1.1

A transverse section through the rat brainstem at the level of the obex showing 

the position of the DMN in relation to other. Figure adapted from Kalia and 

Fuxe (1985).

AP; Area postrema, DMN; Dorsal motor nucleus of the vagus, ECu; External 

cuneate nucleus, Giv; Ventral gigantocellular nucleus, 10; Inferior olive, LRt; 

Lateral reticular nucleus, LRtPC; Parvocellular lateral nucleus, LRt(sub V); 

sub-trigeminal lateral reticular nucleus, mIF; Medial longitudinal fasciculus, 

NA; Nucleus ambiguus, NTS; Nucleus tractus solitarius, PMn; Paramedian 

reticular nucleus, PY; Pyramidal tract, XII; Hypoglossal nucleus.
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posterior subdiaphragmatic branches of the vagus nerve of the rat, cat and 

monkey retrogradely labelled cell-bodies in the DMN (Dennison, O’Conner, 

Aprison,Merritt and Felten, 1981; McLean and Hopkins, 1982; McLean and 

Hopkins, 1985). Injections of HRP into the nodose ganglion of the rat followed 

by applications of tetramethylbenzidine (TMB) as the substrate for HRP 

produced reaction products in neurones within the DMN which extended from 

the upper cervical spinal segments to 3 mm rostral to obex (Kalia and Sullivan, 

1982). The fibres of these labelled cells were shown to transverse the medulla 

and course ventrolaterally through the brainstem where they joined axons from 

the NA, the retrofacial nucleus and the retroambigualis nucleus and then 

projected into the periphery via the cervical nerve.

1.2 Morphology of DVMs

The morphology of perikarya in the DMN has been extensively studied in a 

number of different species using Golgi material, Nissl-staining or retrograde 

HRP labelling. The majority of these studies have shown that the DMN 

contains two cell types (cat; McLean and Hopkins, 1981,1982; guinea-pig; 

Laiwand, Weran and Yarom, 1987; Engel and Kreutzberg, 1988; monkey; 

McLean and Hopkins, 1985; rabbit; Aldoskogius, 1978; rat; Fox, Baronowsky 

and Powley, 1986) 80 % of the neurones having a medium-sized fusiform

shaped perikarya (20 x 25 fxm) whilst the remaining cells have a small round

shaped perikarya (10 x 15 jxm). The medium-sized neurones represent DVMs 

(Hopkins, 1987) whereas the smaller-sized neurones are not thought to project 

via the vagus nerve since the number of small neuronal nucleoli were not 

reduced following cervical vagotomy (Aldskogius, 1978). The small-sized 

neurones are suggested to either innervate higher centres of the brainstem or 

are intemeurones which project within the DMN since injections of HRP into 

the pons, hypothalamus and amygdala of the cat only labelled small-sized
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neurones in the DMN (McLean and Hopkins, 1982). Other studies using Nissl 

staining in the monkey and the cat have indicated that the DMN contains three 

distinct cell types; small-sized round-shaped cells, intermediate-sized pyramidal

shaped cells and larger-sized multipolar cells (Mitchell and Warwick, 1955; 

Taber, 1961). It is unclear why there are differences between these studies 

although differences between the species and the neuroanatomical techniques 

used cannot be ruled out. These studies indicate that although there were 

regional differences in the distribution of the different cell types within the 

rostral-caudal and medial-lateral regions of the DMN the cells were also found 

throughout the nucleus (Getz and Simes, 1949; Mitchell and Warwick, 1955; 

Fox et. al., 1986).

To further characterise the potential differences between individual DVMs their 

dendritic trees have been analysed. Golgi staining of the DMN (McLean and 

Hopkins, 1981), HRP-labelling of DVMs (Yarom, Sugimori and Llinas, 1985; 

Champagnat, Denavit-Saubie, Grant and Shen 1986; Nitzan, Segev and Yarom, 

1990) and intracellular injections of lucifer yellow into DVMs (Raggenbass, 

Charpak, Dubois-Dauphin and Dreifuss, 1988) demonstrated DVMs with 

fusiform or multipolar perikarya and long and infrequently branching dendrites 

which extended rostrocaudally (Nitzan et. al., 1990), dorsoventrally (Cottrell 

and Greenhorn, 1987) and mediolaterally (McLean and Hopkins, 1981). The 

differences in the orientation of the dendritic trees probably reflects the 

differences in sectioning of the brain stem since Nitzan et. al. (1990) cut 

horizontal sections (500 fiM  thick) whereas Cottrell and Greenhorn (1987) and 

McLean and Hopkins (1981) cut transverse sections (100 fiM  and 150 juM 

thick).

Several unanswered questions arise from all these studies: (i) do DVMs exist
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as morphologically distinct neurones or is there a prototypical DVM structure, 

(ii) if different cell types do exist are they regionally distributed in the DMN? 

Fox and Powley (1992) attempted to answer some of these points by 

undertaking a detailed quantitative study on the morphology of DVMs. They 

pre-labelled DVMs by injecting the retrograde tracer fast blue into 

subdiaphragmatic vagal nerve branches. The somatic and dendritic morphology 

of DVMs were identified by intracellularly injecting Lucifer yellow into a 

random subset of pre-labelled cells defined by randomly generated X and Y 

coordinates. The structures of the DVMs were mapped out in the transverse, 

horizontal and sagittal planes. The study concluded that the DMN was 

composed of variants of one morphologically distinct type of DVM whose 

dendrites vary considerably in length and aborizations. The perikarya were 

fusiform, round or multipolar in shape and varied between 50 and 950 in 

area. The dendrites varied between 0 and 2,250 /xm in length with up to seven 

orders of branching. The dendritic arborisations had significantly larger areas, 

segments and lengths in the horizontal plane compared to those in the 

transverse and sagittal orientations suggesting that DVMs are planar with 

dendrites predominantly in the horizontal plane. The dendritic trees of DVMs 

were more extensive at rostral levels and could often be traced into the 

contralateral DMN, the nucleus tractus solitarii (NTS) and the ependymal lining 

of the central canal and the fourth ventricle. The variations of a single 

prototypic structure may explain why earlier less detailed studies interpreted the 

differences in morphology as evidence for subtypes of DVMs.

1.3 Outputs from the DMN

From the previous review of the literature, the majority (80 %) of neurones in 

the DMN are DVMs which project from the CNS via the cervical vagus nerve 

(Hopkins, 1987) to innervate a wide range of thoracic and abdominal end
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organs. However, the destination of the remaining 20 % of cells is not yet fully 

understood. The consensus is that these smaller-sized neurones project to higher 

brain areas or are intrinsic intemeurones which do not exit the DMN (Loewy 

and Spyer, 1990). Evidence for this theory comes from studies in the cat which 

have demonstrated neuronal projections from the DMN to the parabrachial 

nucleus (PN) and the cerebellar cortex (King, 1980; Zheng, Dietrichs and 

Walberg, 1982). King (1980) injected pH]-proline and pH]-leucine into the 

NTS and DMN and anterogradely traced them to the PN. This connection was 

then confirmed by injecting HRP into the PN and retrogradely labelling 

perikarya in the DMN (King, 1980). Bilateral cerebellar projections from the 

DMN were shown after HRP was injected into the cerebellar cortex (Zheng et. 

al., 1982). The projections exhibited a topographic organization since the 

neurones in the rostral DMN tended to project to the posterior lobe whereas 

neurones in the caudal DMN mainly innervated the anterior lobe. It is not yet 

known if these centrally-projecting cells are NTS neurones scattered in and 

around the dorsal surface of the DMN or if they are DVMs only found in the 

cat (Loewy and Spyer, 1990).

To investigate whether there are different neurotransmitter-containing neurones 

in the DMN histochemical studies have been carried out. To examine if 

cholinergic-containing neurones were present within the DMN the acetylcholine 

synthesizing enzyme choline acetyltransferase (ChAT) was localised using 

immunocytochemistry combined with a monoclonal antibody (Houser, 

Crawford, Barber, Salvaterra and Vaughn, 1983). This study showed that the 

DMN contained a high level of ChAT-positive neurones which indicates that 

the majority of DVMs are cholinergic. This corresponds to the classical 

conception that parasympathetic preganglionic motoneurones utilise 

acetylcholine (Ach) as their neurotransmitter which acts at nicotinic receptors

23



on the postsynaptic membrane of postganglionic neurones (Rang and Dale, 

1987). There is also evidence that some neurones in the DMN contain 

catecholamines. Sawchenko, Cunninghan and Levin (1987) labelled DVMs by 

immersing the proximal end of the cut cervical vagus nerve in True Blue. The 

fluorescent tracer labelled DVMs were then stained with antibodies against the 

noradrenaline selective enzyme dopamine-B-hydroxylase (DBH) and the 

catecholamine selective enzyme tyrosine hydroxylase (TH) indicating that 

noradrenaline-containing DVMs may be present in the DMN. Furthermore, a 

number of DVMs were DBH-immunonegative but TH-immunopositive 

suggesting that the DMN may also include dopamine-containing DVMs.

DVMs have also been shown to contain more than one neurotransmitter. In the 

rat, approximately 10 % of the DVMs located in the caudal DMN exhibited 

both ChAT and TH immunoreactivity which suggested that these neurones 

contained Ach and noradrenaline (Manier, Mouchet and Feuerstein, 1987). The 

rostral limit for the detection of the double-labelled neurones was approximately 

0.5 mm caudal to the area postrema. This study supports the idea that 

catecholaminergic efferents are present in the vagus nerve suggesting that they 

may play an important role in modulating the vagal parasympathetic nervous 

system.

1.4 Inputs to the DMN

Studies using a number of neuroanatomical and electrophysiological techniques 

have shown that the DMN contains a number of inputs from both peripheral 

and central neurones.

In the rat, vagal sensory neurones arising from the nodose ganglion project to 

the DMN (Kalia and Sullivan, 1982; Sharpiro and Miselis, 1985). The latter

24



study also showed, by injecting cholera toxin-HRP (CT-HRP) and wheat germ 

agglutinin-HRP into the stomach wall, that some of the dendrites of gastric 

DVMs penetrate the nucleus commissuralis and the medial subnuclei of the 

NTS which receive a dense input from vagal afferents. This was confirmed in 

the study by Fox and Powley (1992) which showed that dendrites from DVMs 

positioned throughout the DMN projected into the NTS. Sykes, Spyer and Izzo 

(1994) injected the anterograde tracer cholera toxin subunit B into the nodose 

ganglion of the rat and visualised vagal afferent projections with fluorescent 

immunocytochemistry to all areas of the NTS and the DMN. This evidence 

shows that the neuroanatomical pathways for monosynaptic vago-vagal 

connections are present in the DMN and in areas of the NTS. These 

connections may provide the neuronal networks involved in the control of 

cardiac and gastrointestinal reflexes (Loewy and Spyer, 1990).

Neurones from a number of regions of the CNS have been shown to project to 

the DMN including the NTS, several hypothalamic nuclei, the central nucleus 

of the amygdala, the A5 catecholamine cell group and the reticular formation 

including the raphe obscurus nucleus (Loewy and Spyer, 1990; figure 1.2).

Cottle and Calaresu (1975) made lesions in the NTS of cats and kittens with an 

electrocautery electrode and monitored the termination of degenerating fibres. 

This technique was able to show that the NTS projected to the DMN. To assess 

the selectivity of these lesions this study also compared fibre degeneration after 

lesions were made in the DMN. In rats, small volume injections (25 /d) of 

pH]-proline or pH]-leucine were made into the NTS, followed by monitoring 

of their anterograde transport by autoradiography showed that injections into 

the posterior NTS but not the anterior NTS or at the level of the area postrema 

produced labelling in the DMN (Norgen, 1978). lontophoretic infusion of HR?
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Figure 1.2

A sagittal section through the rat brainstem illustrating sources of central 

projections that may influence the activity of DVMs located in the DMN.

A l; A1 catecholamine group of neurones in the pons, A5; A5 catecholamine 

group of neurones in the pons, BST; Bed nucleus of the stria terminalis, CeA; 

Central nucleus of the amygdala, DMN; Dorsal motor nucleus of the vagus, 

LHA; Lateral hypothalamic area, PB; Parabrachial nucleus, PFC; Prefrontal 

cortex, PVH; Paraventricular nucleus of the hypothalamus.
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into the DMN of rats demonstrated that the primary source of afferents to the 

DMN is in the NTS (Rogers, Kita, Butcher and Novin, 1980). In the rat, a 

number of hypothalamic nuclei have been shown to project to the DMN. 

Injections of the retrograde and anterograde tracers HRP, PHA-L and pH]- 

leucine have shown projections to the DMN from the paraventricular 

hypothalamic nucleus (PVN; Rogers et. al., 1980; Van der Kooy, Koda, 

McGinty, Gerfen and Bloom, 1984; Luiten, Ter Horst, Karst and Steffens, 

1985), the lateral hypothalamic nucleus (LH; Berk and Finkelstein, 1982; Ter 

Horst, Luiten and Kuipers, 1984; Luiten, Ter Horst and Steffens, 1987) and the 

dorsomedial hypothalamic nucleus (DMH; Luiten gr. at., 1987). Stimulation of 

the paraventricular hypothalamic nucleus has also been shown to 

orthodromically excite a small proportion (9 %) of antidromically-identified 

DVMs, providing evidence that projections exist from this area of the 

hypothalamus to the DMN (Lawrence and Pittman, 1985). A noticeable result 

was that there was no HRP reaction products in the ventromedial hypothalamic 

nucleus (VMH) after injection into the DMN (Ter Horst et. al. , 1984). In cats, 

an anterograde study injecting pH]-leucine into the PVN and LHN has also 

demonstrated that these hypothalamic nuclei project to the DMN (Holstege, 

1987). Using stereotaxic coordinates, electrical lesions of the PVN, DMH and 

the VMH in the rat resulted in a significant increase in the level of vagal nerve 

activity suggesting that hypothalamic nuclei may provide an inhibitory pathway 

onto DVMs and that there may be a ftmctional polysynaptic pathway between 

the VMH and the DMN (Yoshimatsu, Niijima, Oomura, Yamabe and 

Katafuchi, 1984) since a direct pathway was not shown between VMH and 

DMN (Ter Horst et. al. , 1984). These studies suggest that there may be direct 

projections from the hypothalamic nuclei to the DMN and that they may 

provide tonic inhibitory inputs which are important in regulating the activity of 

DVMs.
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In the rat, wheat germ agglutinin conjugated with HRP injected into the 

amygdala anterogradely labelled neurones in the midrostral area of the DMN 

(Van der Kooy et. al., 1984). pH]-Leucine injections into the amygdala of the 

cat demonstrated direct projections to the DMN where many nerve terminals 

were located using autoradiography (Hopkins and Holstege, 1978). Anterograde 

tracing using tritiated amino acids has also shown direct projections from the 

amygdala to the DMN in monkeys and to the periphery regions of the DMN 

in rabbits (Price and Amaral, 1981; Schwaber, Kapp, Higgins and Rapp, 

1982).

The A5 noradrenergic cell group which is located in the rostral ventrolateral 

medulla has been shown to project to the DMN (Loewy, McKellar and Saper,

1979). This study injected tritiated amino acids into the A5 region of the rat 

and traced their movements with autoradiography. The projections were 

confirmed to be from a noradrenergic group of neurones by double labelling the 

cells in the A5 region with HRP injected into the spinal cord and a fluorescent 

dye selective for catecholamines.

A HRP study by Rogers et. al. (1980) observed a strong input to the DMN 

from the medullary reticular formation, in particular, the nucleus reticularis 

parvocellularis and gigantocellularius and the nucleus raphe obscurus. These 

nuclei have been suggested to contain mainly 5-HT-containing neurones 

(Steinbusch, 1981) and therefore these nuclei may represent the origin of the 

5-HT-containing input to the DMN.

These inputs from different areas of the brain such as the hypothalamic nuclei 

and the limbic area of the brain reflects the importance of the DMN in 

regulating many physiological functions controlled by the vagal parasympathetic
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nervous system suggesting that the DMN is more than a relay station of 

parasympathetic information.

1.5 Physiological functions of the DMN

Before the late 1960’s the DMN was generally thought to contain the vagal 

motor fibres involved in controlling visceromotor activity of the heart, bronchi 

and the GI tract (see review Kerr, 1967). However, Kerr (1969) showed that 

the effects on the heart, bronchioles, oesophagus and the duodenum following 

the stimulation of the cervical vagus nerve in the cat were not abolished 10  

days after the electrical destruction of the DMN. This study inferred that the 

DMN was involved in the control of secretomotor functions. Over the past 30 

years many studies have been carried out on the functions of the DMN, in 

particular they have concentrated on its role in the control of the GI tract, the 

pancreas and the heart.

1.5a Control of the GI tract by the DMN

A number of neuroanatomical studies using different species have demonstrated 

major pathways from the DMN to subdiaphragmatic organs. Discrete injections 

of HRP into the stomach wall and ileum of the rat labelled neurones in the 

DMN (Leslie, Gwyn and Hopkins, 1982; Sharpiro and Miselis, 1985; Martin, 

Kong, Renehan, Schurr, Dong, Zhang and Fogel, 1989). A detailed study of 

the origin of gastric vagus nerves in the rat injected HRP into different areas 

of the stomach (Takayama, Ishikawa and Miura, 1982). They showed labelled 

cell bodies in the DMN were observed from all areas of the stomach including 

the cardia, lesser curature, pyloric, greater curature, ventral corpus and dorsal 

corpus. Neurones were only labelled in the NA from HRP injections into the 

cardia and the lesser curvature. These results were repeated in the rat by 

injecting pH]-leucine into the DMN and then monitoring its transport using
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autoradiography (Conners, Sullivan and Kubb, 1983). In this study, both the 

ascending and descending portions of the colon were innervated by the DMN 

suggesting that there is no sharp distinction between the cranial and sacral 

parasympathetic projections to the colon. This agrees with an earlier study 

which observed projections from the DMN to the distal colon in the cat 

(Satomi, Yamamoto, Ise and Takatama, 1978). The observations that the DMN 

and the NA project to the forestomach which is a non-glandular region 

composed of smooth muscle indicates that the DMN may also be involved in 

visceromotor functions (Conners et. al. , 1983). In addition, the DMN has been 

shown to project to the stomach and intestine of different species (cat; 

Yamamoto, Satomi, Ise andTakahashi, 1977; Satomi et. a l ,  1978; guinea-pig; 

Elfvin and Lindh, 1982; monkey; Karim, Shaikh, Tan and Ismail, 1984; sheep; 

Cottrell and Greenhorn, 1987).

These studies suggest that the DMN is involved in the control of many 

functions of the GI tract. This possibility has been investigated in a number of 

studies by stimulating the DMN and measuring different physiological 

functions.

Kerr and Preshaw (1969) first demonstrated that the DMN is involved in gastric 

acid secretion. They showed that intravenous (i.v.) injections of insulin induced 

gastric acid secretion in the cat which were abolished by lesioning the DMN. 

However, the visceromotor and cardioinhibitory activity evoked by stimulating 

the distal end of transected cervical vagus nerve was not attenuated following 

the lesions of the DMN. In the rat, electrical stimulation of the DMN increased 

the secretion of gastric acid (Laughton and Powley, 1987). Stimulation of the 

medial DMN evoked a maximal increase in gastric acid secretion. In addition, 

the stimulation of either the left or the right DMN stimulated similar levels of
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gastric acid secretion indicating gastric DVMs are found in both nuclei. 

Chemical stimulation has also been shown to modulate the level of gastric acid 

secretion. Microinjections of oxytocin into the DMN of the rat evoked 

substantial increases in gastric acid secretion which were blocked by 

microinjections of the oxytocin antagonist ETOV into the DMN and 

intraperitoneal (i.p.) injections of atropine (Rogers and Hermann, 1985). This 

is supported by a more recent study in the rat which showed that the activity 

of DVMs, identified either by antidromic activation following stimulation of the 

gastric branch of the vagus nerve or by recording the responses of DVMs to 

gastric inflation using a gastric balloon, were increased by microinjections of 

oxytocin into the DMN (McCann and Rogers, 1990). Microinjection of the 

stable thyrotropin-releasing hormone (TRH) analogue RX 77368 into the DMN 

of the rat also enhanced the secretion of gastric acid (McTigue, Rogers and 

Stephens Jr., 1992; Yoneda and Tache, 1995). The increase in gastric acid 

secretion was enhanced by co-microinjections of RX 77368 and 5-HT although 

microinjections of 5-HT alone did not alter the level of gastric acid secretion 

(Yoneda and Tache, 1995).

A number of studies have investigated the involvement of the DMN in 

controlling gastric motility. Pagani, Norman, Kasbekar and Gillis, (1985) 

demonstrated that electrical stimulation of the DMN in the rat (0.5 to 1.5 mm 

rostral to obex) increased antral and pyloric contractions. The increases in 

gastric motility were abolished with ipsilateral vagotomy and were attenuated 

when more rostral sites of the DMN and the medial NTS were stimulated. This 

indicated that there is a localised area in the rostral DMN which is involved in 

gastric motility. In another study, Spencer and Talman (1986) microinjected L- 

glutamate into the NTS of the rat and observed either a decrease in gastric 

motility or no change. When microinjections were made in the ventral NTS
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close to the DMN, L-glutamate always evoked smaller decreases in gastric 

motility. The differences between these studies may suggest that the activation 

of the DMN increases gastric motility. Microinjections of oxtyocin into the 

DMN have been shown to inhibit gastric motility which was abolished by 

vagotomy but not by atropine (Rogers and Hermann, 1987). This suggested that 

oxytocin was stimulating DVMs which projected to inhibitory circuits in the 

enteric nervous system. In rats, TRH has been shown to be involved in 

increasing gastric motility (Garrick, Prince, Yang, Ohning and Tache, 1994). 

Microinjections of a TRH antibody into the DMN inhibited gastric motility 

induced by injecting glutamate into the raphe pallidus. The TRH antibody is 

thought to either immunoneutralize TRH released from neurones or is taken up 

by TRH neurones innervating the DMN causing interference with the process 

of TRH release. Whatever the mechanisms, these results do indicate that 

endogenously released TRH is involved in controlling gastric motility by 

stimulating DVMs and that the TRH originates from the raphe pallidus. These 

functional studies and the neuroanatomical experiments showing innervation of 

the non-glandular tissue in the stomach by the DMN (Conners et. al. , 1983) do 

suggest that this nucleus is involved in visceromotor activity although it is not 

fully understood if the DMN is involved in increasing or decreasing gastric 

motility.

In the rat, electrical stimulation and microinjections of L-glutamate into the 

DMN elicited reductions in water absorbed by the ileum which were measured 

using the single-pass perfusion technique (Martin et. al. , 1989). The reductions 

in water absorption were abolished by vagotomy. After the selective electrical 

ablation of 50-60 % of the DMN, water absorption was increased which 

suggested that this region may tonically regulate the mucosal absorption of 

water. The decreases in water absorption following stimulation of the ipsilateral
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DMN were not completely reduced following unilateral vagotomy. This may 

suggest that the NTS is also involved since projections from the NTS to the 

contralateral DMN are still intact.

1.5b Control of the pancreas by the DMN

In 1925, Britton electrically stimulated the vagus nerve of the cat and observed 

a hypoglycaemia which was presumed to be due to the release of insulin from 

the pancreas. Electrical stimulation of discrete areas of the DMN increased the 

levels of blood insulin and glucagon levels measured using radioimmunoassays 

(lonescu, Rohner-Jeanrenaud, Berthoud and Jeanrenand, 1983; Laughton and 

Powley, 1987). A number of neuroanatomical studies have shown a direct 

pathway from the DMN to the pancreas. Injections of CT-HRP into the 

pancreas of the rat retrogradely labelled neurones in the medial region of the 

DMN (Rinaman and Miselis, 1987). The dendrites of these labelled neurones 

extended into the contralateral DMN, the NTS and the area postrema. 

Anterograde labelling of the pancreas by injecting the fluorescent tracer Dil into 

the DMN labelled approximately 10 % of the total ganglia surrounding the 

pancreas (Berthoud and Powley, 1991). To prevent leakage of the neurotracer 

another study used cyanoacrylate glue to seal the injection site after fluorogold 

was administered into the pancreatic head (Sugitani, Yoshida, Nyhus and 

Donahue, 1991). This study showed that the flurorescent tracer labelled 

neurones bilaterally in the lateral region of the caudal DMN and the medial 

region of the rostral DMN. Electrical stimulation of the anterior and posterior 

gastric vagal branches and the hepatic vagal branch of the rat have been shown 

to mediate insulin and glucagon secretion (Berthoud, Fox and Powley, 1990). 

In conscious rats, these results were confirmed by measuring the levels of 

insulin release during the cephalic phase after selective abdominal vagotomies 

(Berthoud and Powley, 1990). The insulin level only increased after ingestion
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if the posterior and anterior branches and hepatic branch of the vagus nerve 

were intact. Destruction of the two celiac branches had little effect on the level 

of insulin secretion. A recent study investigated the monoamine cell groups 

projecting to DVMs innervating the pancreas (Loewy, Franklin and Haxhiu, 

1994). This was achieved by injecting the retrograde transneuronal tracer 

Pseudorabies virus (FRY) into the pancreas of Cg spinalised rats and double

labelling DVMs using immunohistochemical procedures. It demonstrated that 

pancreatic DVMs originate exclusively from the DMN and that a proportion of 

the neurones could be dopaminergic since they were TH-immunopositive but 

DBH-immunonegative. Many areas of the medulla oblongata innervated the 

pancreatic DVMs including the adrenergic C l, C2 and C3 cell groups, the 

noradrenergic A5 region and 5-HT-containing neurones in the gigantocellular 

reticular nucleus, raphe obscurus and raphe pallidus. In addition, potential 

dopaminergic inputs to pancreatic DVMs were suggested to originate from 

neurones in the paraventricular hypothalamic nucleus.

1.5c Control of the heart by the DMN

The regulation of the heart by DVMs has been an area of extensive research 

for many years and although there is no conclusive theory to their role it is 

clear that in a number of different species DVMs do project to the heart 

(Loewy and Spyer, 1990). This information has been mainly obtained from 

studies using electrophysiological and neuroanatomical techniques.

In cats, electrical stimulation of the cardiac vagal branch antidromically 

activated neurones with latencies of 3 to 15 m/s which corresponds to the 

conduction velocities of B-fibres (McAllen and Spyer, 1976). These neurones 

were located in the NA. Approximately 10 % of the neurones tested in the 

DMN were also antidromically activated by cardiac vagal nerve stimulation but

35



with conduction velocities in the C-fibre range. In rabbits, neurones within the 

medulla were antidromically activated by stimulation of the cervical vagus 

nerve with conduction velocities in the B-fibre range (Jordon, Khalid, Schneider 

and Spyer, 1982). lontophoretic applications of the excitatory amino acid 

agonist DL-homocysteic acid (DLH) onto these neurones evoked significant 

reductions in heart rate which were abolished with ipsilateral vagotomy. 

Ejections of pontamine sky blue from multibarrelled glass micropipettes 

followed by histological preparation with neutral red located the neurones in 

both the NA and DMN. In the rat, electrical stimulation of the cardiac branch 

of the vagus nerve antidromically activated neurones in the DMN, the NA and 

an intermediate zone between the two groups (Nosaka, Yasunaga and Tamai, 

1982). Conduction velocities indicated that the DMN group was composed of 

neurones with latencies corresponding to C-fibres. Microinjections of glutamate 

into the rat DMN evoked a significant decrease in heart rate without affecting 

arterial blood pressure (Sporton, Shepheard, Jordon and Ramage, 1991).

Injections of HRP into the cardiac branch of the vagus nerve in the rat labelled 

neurones in the lateral region of the DMN (30 %) and the periambigual region 

of the ventrolateral medulla (50 %; Nosaka, Yamamoto and Yasunaga, 1979). 

A number of neurones were also found in an intermediate zone (20 %) between 

these two areas. In another study, injections of HRP into the right myocardium 

or the mid-ventricular location of the rat labelled neurones primarily in and 

around the NA (Stusse, 1982), however sparse labelling was also present in the 

DMN. The presence of cardiac vagal motoneurones in the NA suggests that the 

latter study probably reflects labelling of a greater population of vagal 

projections to the heart than the former which only injected HRP into the 

cardiac branch of the vagus. A similar distribution of neurones in the DMN, 

NA and an intermediate zone were also shown in studies in the rat where PRV
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was injected onto the superior surface of the heart, into the ventricular wall, 

into the sino atrial node and into the fats pads which contain the 

parasympathetic ganglia (Miselis, Rogers, Schwaber and Spyer, 1989; Standish, 

Enquist and Schwaber, 1994). In the cat, injections of HRP into the cardiac 

branch of the vagus labelled cells in the DMN and the NA with the majority 

located in the NA (Jordon, Spyer, Withington-Wray and Wood, 1985). 

Injections of the binding fragment of tetanus toxin, fragment C into the heart 

labelled neurones in the NA and the DMN of the pigeon (Cabot, Carroll and 

Bogan, 1991). Again, as with the other species the majority of the fragment C- 

immunolabelled cells were found in the NA.

These studies indicate that in most species the majority of cardiac inhibitory 

vagal motoneurones are located in the NA although they also demonstrate that 

DVMs do project to the heart. The function of these cardiac-projecting 

neurones from the DMN is unclear. In the rabbit, cardiac DVMs were 

demonstrated to contain axons with conduction velocities in the range of B- 

fibres which are thought to be the most important efferent fibres involved in 

cardiac slowing (Jordon et. a l ,  1982). They were also excited by electrically 

stimulating the aortic nerve and exhibited pulse-related activity (corresponding 

to the baroreceptor input) and activity during the expiratory phase of 

respiration. This indicated that in this species DVMs could be involved in the 

modulation of heart rate. In the rat and cat, a moderate innervation of the heart 

originates fi*om the DMN but the DVMs involved have axons with conduction 

velocities in the C-fibre range. These slow velocity fibres are not thought to be 

important in controlling chronotropic effects on the heart. This is reflected in 

studies which electrically stimulated the DMN of the rat and did not observe 

significant alterations in heart rate or arterial pressure (Spencer and Talman, 

1986; Laughton and Powley, 1987) although the study by Sporton et. a/. (1991)
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suggested that microinjections of glutamate into the DMN elicited a 

bradycardia. In addition, selective stimulation of C-fibres in the cervical vagus 

nerve elicited a bradycardia in cats, rats and rabbits which was between 2 0  % 

to 30 % of that produced with both B- and C-fîbre stimulation (Jones and 

Jordan, 1993). This study indicated that the DMN may contribute vagal fibres 

involved in the chronotropic regulation of the heart since the NA does not 

contain vagal motoneurones with axons in the C-fibre range (McAllen and 

Spyer, 1976). In the cat, stimulation of the DMN has been reported to decrease 

ventricular contractility without affecting heart rate (Geis, Kozelka and 

Wurster, 1981). This indicated that cardiac-projecting DVMs with C-fibre 

axons may be involved in negative inotropic effects although these results could 

have been due to stimulus spread into the NTS.

1.5d Is there a topographic organization of physiological functions in the 

DMN?

The question of whether specific organ functions are represented in different 

subnuclei in the DMN has been investigated in a number of studies. Norgren 

and Smith (1988) selectively injected HRP into the five different major 

branches of the subdiaphragmatic vagus nerve of the rat. They showed that the 

left and right gastric vagus branches and the hepatic branch of the vagus nerve 

originated mainly from DVMs in the medial DMN whereas the celiac and 

accessory vagal branches were represented in the lateral left and right tip of the 

DMN respectively. This was confirmed in a study which injected CT-HRP into 

the stomach wall and pancreatic duct and labelled neurones in the medial 

aspects of the DMN (Shapiro and Miselis, 1985). The non-glandular area of the 

forestomach was shown to be innervated by DVMs in the lateral regions of the 

DMN (Conners et. a l ,  1983). In addition, injections of fluoro-gold into the 

celiac plexus and the pancreatic head labelled DVMs in the lateral and medial
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segments of the DMN respectively (Sugitani, Yoshida, Nyhus and Donahue, 

1991). In the cat, the transverse colon is represented in the lateral aspect of the 

DMN (Satomi et. a l ,  1978).

These studies indicating that a complex topographic organization does exist in 

the DMN are supported by investigations on the ftmctional properties of the 

DMN. Electrical stimulation of the medial DMN elicited a significantly greater 

secretion of gastric acid compared to the stimulation of the lateral DMN 

(Laughton and Powley, 1987). The secretion of insulin and glucagon was only 

abolished when transections of the left and right gastric vagal branches and 

hepatic branch were carried out (Berthoud et. al. , 1990; Berthoud and Powley, 

1990). Electrical and L-glutamate stimulation of the DMN caused a reduction 

in water absorption which was shown to be due to the activation of DVMs in 

the lateral aspects of the DMN (Martin et. at., 1989).

The cardiac DVMs have also been shown to be located in selective areas of the 

DMN. In the rat, HRP studies have demonstrated DVMs which project to the 

cardiac branch of the vagus and the surface of the heart are located in the 

lateral portion of the DMN (Nosaka et. at., 1979; Miselis et. at., 1989). These 

results were also confirmed in the cat (Todo, Yamamoto, Satomi, Ise, Hidehiko 

and Takahashi, 1977; Sugimoto, Itoh, Mizuno, Nomura and Konishi, 1979).

In summary, DVMs are topographically organised into longitudinal columnar 

subnuclei containing neurones which mediate different ftmctions of the DMN 

(Fox and Powley, 1992). One pair of bilateral columns are located in the 

medial aspects of the DMN and are involved in the regulation of gastric acid, 

insulin and glucagon secretion. Another pair of columns are found at the lateral 

edges of the DMN which are suggested to be involved in the control of gastric
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motility, ileal water absorption and the heart. However, as these subnuclei do 

overlap and the DMN contains DVMs with a prototypical morphology the 

DMN can not as yet be considered has a nucleus composed of separate 

viscerotopic or functional ‘centres’.

1.6 Biophysical properties of DVMs

The regulation of physiological functions by the DMN is dependent on the 

firing rate of DVMs. The magnitudes and patterns of the firing rates of DVMs 

are determined by the modulation of intrinsic biophysical properties by 

neurotransmitters and neuromodulators. The importance of ion conductances 

underlying changes in excitability has led to numerous investigations on the 

biophysical properties of DVMs. These studies are mainly carried out, due to 

the difficulties of in vivo experiments, in vitro using either a thick 400-500 /xm 

brainstem slice preparation combined with antidromic activation of vagal 

efferent fibres to identify DVMs or a thin 175-250 fim  brainstem slice allowing 

the DVMs to be visualised using water-immersion microscopy. The studies 

have been carried out in guinea-pig and rat. This present study investigates the 

effects of 5-HT on DVMs in rats therefore it is appropriate to review the 

biophysical properties of DVMs in the rat. The underlying properties of guinea- 

pig DVMs have been investigated in previous studies (Yarom et. al., 1985; 

Nitzan et. at., 1990; Sah and McLachlan, 1991; Hocherman, Werman and 

Yarom, 1992; Sah, 1993).

In the thick brainstem slice preparation, intracellular recording established the 

resting membrane potential of DVMs as approximately -60 mV (Sah and 

McLachlan, 1992a). Experiments using the thin brainstem slice preparation in 

combination with the whole-cell recording patch-clamp technique found the 

resting membrane potential difficult to determine since the majority (60 %) of
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DVMs exhibited on-going activity (Travagli, Gillis, Rossiter and Vicini, 1991). 

The firing frequencies of these neurones ranged between 0.5 and 5 Hz. The on

going activity or the activity evoked by depolarizing current-pulses was 

composed of over-shooting action potentials that had thresholds close to -50 mV 

and mean amplitudes of 85 mV (Travagli et. a l ,  1991; Sah and McLachlan, 

1992a; Sah and McLachlan, 1993). Superfusion of tetrodotoxin (TTX) 

abolished the action potentials and the application of the tetraethylammonium 

(TEA) broadened the width of the action potentials (Travagli et. al., 1991; Sah 

and McLachlan, 1992a). This indicates that the rising phase of the action 

potential is determined by the activation of a Na"  ̂current and the repolarization 

is due in part to the activation of a delayed rectifier current. The application 

of TTX unmasked smaller amplitude action potentials with slower durations 

which were blocked in the presence of Co^^ ions. Injections of larger 

depolarizing current pulses elicited higher threshold slow action potentials 

which had a distinct plateau phase. These results indicate that two different 

types of TTX-insensitive action potentials can be evoked in DVMs which are 

both probably due to the influx of Ca^ ions (Travagli et. at., 1991; Sah and 

McLachlan, 1992a).

The application of Cd^^ or Co^^ ions which block Ca^^ channels slowed the 

rate of action potential repolarization indicating that this process is dependent 

on the influx of Ca^^ ions (Sah and McLachlan, 1992a). Superfusion of the 

selective large conductance Ca^^-activated channel (BKca) blocker 

charybdotoxin (CTX) also slowed action potential repolarization. This suggests 

that the BK^a channel is involved in repolarizing phase of the action potential.

The action potentials in DVMs are followed by a large (approximately 16 mV) 

and prolonged (often lasting over a second) after-hyperpolarization (AHP). The
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AHP was also attenuated by the perfusion of ions but was not blocked by 

applications of CTX (Sah and McLachlan, 1992a). Supervision of the selective 

small Ca^^-activated channel (SK^J blocker apamin substantially reduced 

the AHP whereas it had no effect on the repolarization phase of the action 

potential. This indicates that SK^a channels are involved in the ionic basis of the 

AHP and not in the repolarization phase of the action potential.

In voltage-clamp mode, depolarizing command potentials from hyperpolarized 

holding potentials activated a transient outward current (Sah and McLachlan, 

1992a). The current activated at around -80 mV, had a time constant of decay 

of approximately 420 ms and had a time constant from inactivation of 26 ms. 

The reversal potential (Ê ev) of the transient current reflected the extracellular 

K'*' ion concentration ([K^]o). Furthermore, the current was blocked by the 

application of 1 mM 4-aminopyridine (4-AP) and 5 mM catechol but not by 

apamin, TEA or Co^^ ions. This biophysical and pharmacological profile is 

similar to that observed for the transient current (KyJ which is present in 

many other neurones (Ruby, 1988). The transient current is also involved 

in the ionic basis of the AHP since its time constant from inactivation was 

shown to be less than the time constant for decay of the SK^a current (Sah and 

McLachlan, 1992a). Hence, the initial hyperpolarization of the membrane 

potential during the repolarization phase allows the current to be removed 

from inactivation and contribute to the AHP. This corresponds to results 

demonstrating that superfusion of apamin does not completely abolish the 

prolonged phase of the AHP (Sah and McLachlan, 1992a).

The attenuation of the repolarization phase of the action potential and the AHP 

by Cd^^ and Co^^ ions has led to the question of what types of Ca^^ channels 

are expressed in DVMs? A recent voltage-clamp study using intracellular
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recording and the whole-cell recording techniques examined the Ca^^ currents 

present in DVMs (Sah, 1995). In particular, it focused on the Ca^^-channel 

subtypes that are coupled to the BK^a and SK^a channels. To isolate the Ca^^ 

currents the slices were superfused with TTX and the cells were perfiised with 

Cs^ as the main cationic charge carrier to block Na"  ̂ and currents 

respectively. Applications of positive command potentials from a holding 

potential of -60 mV revealed inward currents which activated at -50 mV, 

peaked at around 0 mV and were blocked by Cd^^ ions. This indicated that 

DVMs do not contain low-threshold T-type Ca^^ channels. The inward currents 

could be separated into three groups. 40 % of the total Ca^^ current was 

blocked by the selective N-type channel toxin w-conotoxin (w-CgTx), 20 

% was nifedipine-sensitive and the rest was blocked by Cd^^ and NP"’’ ions. 

The inward currents were not blocked by high concentrations of w-agatoxin- 

IVA suggesting that P or Q-type Ca^^ channels are not expressed in DVMs. In 

addition, the currents were not potentiated with applications of the 

dihydropyridine Bay K 8644 which selectively acts at L-type Ca^^ channels 

indicating that L-type channels may not expressed in DVMs. The N-type 

channel was suggested to be linked to the SK^a channels which underlie the 

AHP whereas the w-CgTx-insensitive and nifedipine-insensitive Ca^^ currents 

were shown to be coupled to the CTX-sensitive BK^a channels which are 

involved in the repolarization phase of the action potential. The N-type channels 

are thought to be localized close to the SK^a channels since the K'*' current is 

activated rapidly after the influx of Ca^^ ions and the inclusion of the low- 

affinity Ca^^ chelator EGTA accelerated the decay rate of the AHP current but 

did not reduce the peak amplitude (Sah, 1992).

Applications of hyperpolarizing command potentials from a holding potential 

of -47 mV demonstrated the expression of two mutually exclusive
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hyperpolarization-activated currents in DVMs (Travagli and Gillis, 1994). The 

majority (64 %) o f  DVMs expressed a slowly activating current which was 

more prominant at hyperpolarized potentials. The current activated at 

approximately at -55 mV and was fully saturated at -127 mV. Ion substitution 

experiments showed that the current was sensitive to changes in both 

extracellular concentrations of Na^ ions ([N a^jJ and ions ([K ^]J 

suggesting that the current exhibits cationic selectivity. The current was also 

attenuated by perfusion of Cs^ but not Ba^^ ions. This evidence indicated that 

these DVMs expressed the non-selective cationic hyperpolarization-activated 

current (IJ . In 28 % of DVMs, the application of the hyperpolarizing command 

potentials evoked fast inward rectifying currents which activated at 

approximately -90 mV and were sensitive to [K^]o but not [Na^j^. The current 

was also reduced by Cs^ and Ba^^ ions. These currents therefore have similar 

characteristics to those of the inward rectifying current (Kir).

A novel voltage-activated current has been shown in DVMs (Sah and 

McLachlan, 1992b). The current was activated at approximately -95 mV by 

applying depolarizing command potentials from a hyperpolarized holding 

potential. The current inactivated with a time constant of 3 s. The application 

of Co^^, 4-AP and catechol did not attenuate the current suggesting that it is 

not Ca^^-dependent and not similar to the transient current. The kinetics of 

this current suggest that it is inactivated at the resting membrane potential 

therefore it is probably involved in reducing repetitive firing during the phase 

between the AHP and the subthreshold depolarization initiating the next action 

potential.

In 20 % of DVMs tested, tolbutamide-sensitive outward currents were activated 

approximately ten minutes after the whole-cell recording configerations were
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established (Trapp, Ballanyi and Richter, 1994). Applications of the ATP- 

dependent (K̂ t̂p) channel agonist diazodide activated tolbutamide-sensitive 

slowly-developing outward currents in a proportion (33 %) of DVMs which did 

not exhibit these spontaneously occurring outward currents. These results 

indicate that DVMs express K̂ t̂p channels which are probably activated by 

changes in the intracellular milieu. In this study, the changes were probably 

induced by the dialysis of the intracellular contents via the patch pipette.

1.7 Synaptic inputs onto DVMs

Focal electrical stimulation of the areas surrounding recorded DVMs evoked 

excitatory (EPSCs) and inhibitory postsynaptic currents (IPSCs; Travagli et. 

al., 1991). The EPSCs exhibited synaptic decays consisting of fast and slow 

components. The slow components were more evident at more depolarized 

potentials and were blocked by the NMDA receptor antagonist CCP. The fast 

components were blocked by the non-NMDA receptor antagonist NBQX. The 

IPSCs were abolished by applications of the GABA^ receptor antagonist SR 

95531 and potentiated by the neurosteriod THDOC. The glycine receptor 

antagonist strychnine had no effect on the IPSCs. These results suggest that 

DVMs receive glutaminergic and GABAergic inputs. This study also indicated 

that DVMs receive spontaneous TTX-resistant EPSCs and IPSCs since 

superfusion with TTX did not block all of the spontaneous EPSCs and IPSCs 

recorded from DVMs. These were only blocked when NBQX, CCP and 

bicuculline were included in the perfusate.

1.8 S-Hvdroxvtrvptaniine is a neurotransmitter in the CNS

An endogenous substance which increased vascular tone during blood clotting 

was acknowledged over 100 years ago (Brodie, 1900). In 1948, Rapport, Green 

and Page identified this substance which was released from platelets during
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blood clotting as 5-hydroxytryptamine (5-HT). Since 5-HT was found in blood 

serum and caused vasoconstriction the amine was renamed as ‘serotonin’. 5-HT 

was then shown to be distributed heterogenously in the dog brain (Amin, 

Crawford and Gaddum, 1954) which led to the proposal that 5-HT acts as a 

neurotransmitter in the CNS (Brodie and Shore, 1957). During the past 40 

years the synthesis, storage, release, selective binding sites and inactivation of 

5-HT in the CNS have been discovered. These parameters comply with the 

criteria for 5-HT to qualify as a neurotransmitter.

5-HT is synthesised by the hydroxylation of L-tryptophan to 5- 

hydroxytryptophan by the enzyme trytophan hydroxylase which is exclusively 

found in 5-HT neurones (Wurtman and Femstrom, 1975). This is the rate- 

limiting step in the synthesis of 5-HT which depends on the level of free L- 

tryptophan in the presynaptic terminal and hence the dietary intake of L- 

tryptophan. In addition, the reaction requires molecular oxygen and 

tetrahydropteridine as cofactors (Kruk and Pycock, 1983). The 5- 

hydroxytryptophan is then carboxylated in the cytoplasm of the neurone to 5- 

HT by the enzyme L-aromatic amino acid decarboxylase which requires vitamin 

Bg as a cofactor (Kruk and Pycock, 1983). To prevent intracellular catabolism 

by the enzyme monoamine oxidase 5-HT is taken up and stored in 5-HT-storing 

secretory vesicles (Tamir and Gershon, 1990). This process is thought to 

involve 5-HT binding to a specific 5-HT-binding protein. The uptake of 5-HT 

into the vesicles from the cytoplasm of the synapse is probably due to the 

exchange of protons for 5-HT. The proton gradient driving this process is 

thought to be established by a H^-translocating ATPase which actively 

transports H^ ions into the vesicles (Tamir and Gershon, 1990). An 

autoradiographic study using rat brain membranes demonstrated differential 

binding of nanomolar and micromolar concentrations of pH]-5-HT indicating
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that not only do specific 5-HT binding sites exist in the brain but that 5-HT 

receptors can be divided into multiple receptor subtypes (Peroutka and Snyder, 

1979). Recent studies using molecular biological techniques have isolated many 

more 5-HT receptors subtypes in the mammalian CNS (Boess and Martin, 

1994). Inactivation of the response to 5-HT is caused by a high-affinity, 

energy-dependent uptake transporter which has been shown by 

immunocytochemistry to be distributed throughout the rat brain, in particular, 

in areas of concentrated varicosities and nerve terminals (Sur, Betz and Schloss, 

1996).

5-HT within the CNS has been shown to involved in number of physiological 

functions including the cardiovascular system, sleep, feeding and motor 

activity. Consequently, 5-HT has been implicated in a number of pathological 

conditions such as hypertension, anxiety, depression, schizophrenia, emesis and 

migraine (Zifa and Pillion, 1992). The involvement of 5-HT in so many 

physiological and pathological conditions suggests that it plays a major role in 

regulating neuronal activity therefore investigations into the locations and 

projections of 5-HT-containing neurones and the diversity of 5-HT receptor 

subtypes are very important.

1.9 Location of 5-HT-containing neurones

The development of selective 5-HT histofluorescent and immunohistochemical 

techniques has allowed the localisation of 5-HT-containing cell bodies and nerve 

terminals in the CNS. In 1964, Dahlstrom and Fuxe used a technique of 

treating brain slices with formaldehyde to induce fluorescence specifically in 

monoamines to label 5-HT-containing neurones and nerve terminals in the rat 

brain. They described nine different groups of 5-HT-containing neurones which 

were located within the brainstem near to the midline (figure 1.3). The clusters
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Figure 1.3

A sagittal section through the rat brainstem illustrating the position of the 

different groups of 5-HT-containing neurones according to the work of 

Dahlstrom and Fuxe (1964) except that in this diagram the group of 5-HT 

neurones in the area postrema are labelled B4.

B l; Raphe pallidus nucleus, B2; Raphe obscurus nucleus, B3; Raphe magnus 

nucleus, B4; area postrema, B5; Median raphe nucleus, B6  and B7; Dorsal 

raphe nucleus, B8 ; Caudal linear nucleus, B9; Supralemniscal region.
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of neurones were labelled B1 to B9 in a caudalrostral direction. Furthermore, 

the groups of 5-HT-containing neurones could be divided into caudal and rostral 

subdivisions. The caudal division was comprised of 5-HT-containing neurones 

in the raphe pallidus nucleus (Bl), the raphe obscurus nucleus (B2 and B4), the 

raphe magus nucleus (B3) and the ventrolateral medulla (B4) whereas the 

rostral division was composed of neurones in the median raphe nucleus (B5 and 

B8 ), the dorsal raphe nucleus (B6  and B8 ), caudal linear nucleus (B8 ) and the 

supralemniscal regions (B9). The development of more sensitive 

immunocytochemical techniques has led to the discovery of other 5-HT- 

containing neurones, in particular, clusters of small-sized cells located in the 

medial NTS and area postrema (Steinbusch, 1981).

1.9a Ascending projections of 5-HT-containing neurones 

The ascending axons of rat 5-HT-containing neurones have been shown by HRP 

retrograde tracing to project to the forebrain via the medial forebrain bundle 

(Takagi, Shiosaka, Toyyama, Senba and Sakanaka, 1980). An 

immunocytochemical study using antiserum raised against 5-HT was shown to 

bind to fibres in the thalamus, in particular, the periventricular nucleus of the 

thalamus (Cropper, Eisenman and Azitia, 1984). A study mapping nerve 

degeneration following lesions in the median and dorsal raphe showed 

projections from these nuclei to the hypothalamus, the thalamus, the amygdala 

and olfactory tubercle (Conrad, Leonard and Pfaff, 1974). These projections 

were confirmed using anterograde tracing by injecting pH]-proline into the 

raphe nuclei. Kohler and Steinbusch (1981) injected the retrograde Buoresence 

tracers Granular blue or Propidium into the the entorhinal cortex or the 

hippocampus and then double-labelled neurones using an antisera for 5-HT. 5- 

HT-containing neurones projecting to the entorhinal cortex and the 

hippocampus were found in medial and dorsal raphe nuclei. An
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iimnimohistochemical study which traced the projections of 5-HT-containing 

neurones in the medial, dorsal and B9 regions showed that these areas terminate 

in the neocortical and cingulate cortical regions and layers I and IV of the 

cerebral cortex (Lidov, Grzanna and Molliver, 1980).

1.9b Descending projections of 5-HT-containing neurones 

The descending projections from 5-HT-containing neurones innervate the spinal 

cord in a highly organised manner. Lamina I of the dorsal horn receives a 

dense innervation from neurones in the raphe magnus nucleus which project to 

the spinal cord through the dorsolateral fasiciculus (Steinbusch, 1981). HRP 

injections into the T1 and T2 levels of the spinal cord combined with 5-HT- 

immunohistochemistry showed 5-HT-containing neurones in the raphe pallidus 

and raphe obscurus (Loewy and McKellar, 1981). Injections of pH]-leucine, 

pH]-lysine and pH]-proline iuto both these raphe nuclei demonstrated 

anterograde projections to the intermediolateral cell column of the spinal cord 

which contains sympathetic preganglionic neurones and the ventral horn of the 

spinal cord. Microinjections of the retrograde tracer fast blue into the 

diaphragm of cats showed labelling in the phrenic motor nucleus which was 

also shown to contain dense levels of 5-HT-immunoreactive fibres and 

varicosities in close proximity to phrenic motor neurones (Holtman, Norman, 

Skirboll, Dretchen, Cuello, Visser, Hokfelt and Gillis, 1984). This suggests 

that 5-HT-containing neurones are involved in the central control of respiration.

Even though there are certain "hot-spots" of innervation from 5-HT-containing 

neurones as described above, lower but significant levels of 5-HT- 

immunoreactive fibres were observed in almost every area of the brain except 

the major fibre tracts such as the corpus callosum and optic tract (Jacobs and 

Azmitia, 1992).
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1.9c Co-localisation of neurochemicals with 5-HT-containing neurones 

A number of neurochemicals have been suggested to be colocalised in 5-HT- 

containing cell bodies. An immunocytochemical study in the rat using 

antibodies to 5-HT, substance P (SP) and TRH showed the presence of all three 

neurochemicals within neurones in the regions of the raphe pallidus and raphe 

obscurus (Johasson, Hokfelt, Pemow, Jeffcoate, White, Steinbusch, 

Verhofstad, Emson and Spindel, 1981). In the rat dorsal raphe, an 

immunohistochemical study has shown that the number of neurones expressing 

the G ABA synthesising enzyme glutamate decarboxylase is reduced with prior 

treatment of the selective 5-HT neurotoxin 5,7-dihydroxytryptamine 

(Nanopoulos, Belin, Maitre and Pujol, 1982). This indicates that 5-HT and 

G ABA are co-localised in neurones in the dorsal raphe. In the rat, injections 

of true blue into the parabrachial nucleus retrogradely labelled neurones in the 

area postrema which were immunoreactive for 5-HT and tyrosine hydroxylase 

suggesting that 5-HT and noradrenaline can be co-localised within neurones of 

the area postrema (Miceli, Post and Van de Kooy, 1987).

1.10 5-HT innervation of the DMN

Immunocytochemical studies in the rat have shown a high density of 5-HT- 

containing nerve fibres and nerve terminals in the DMN (Steinbusch, 1981). 

The origin of this 5-HT innervation is unclear although retrograde tracer studies 

using HRP and rhodamine beads to map afferent inputs to the DMN showed 

projections from neurones in the caudal raphe nuclei, in particular, the nucleus 

raphe obscurus and the nucleus raphe pallidus (Rogers et. al., 1980; Thor and 

Helke, 1987). These nuclei, located in the midline area of the brainstem, are 

regarded as being predominantly composed of 5-HT-containing neurones and 

have been demonstrated to contain neurones with 5-HT immunoreactivity which 

project to the DMN (Thor and Helke, 1987). Vagal afferents innervating the
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DMN also express 5-HT imimmoreactivity providing evidence that 5-HT may 

be involved in controlling vago-vagal interactions (Sykes et. al., 1994). 

Injections of PRV into the pancreas of the rat retrogradely labelled DVMs in 

the DMN and transneuronally labelled neurones throughout the medulla 

oblongata (Loewy et. at., 1994). The nucleus raphe magnus, obscurus and 

pallidus all contained neurones with 5-HT immunoreactivity indicating that 

these areas provide a 5-HT innervation to the DMN. In the cat, electrical 

stimulation of the nucleus raphe obscurus induced the release of 5-HT in the 

NTS and DMN which was measured using micro-dialysis techniques (Brodin, 

Linderoth, Goiny, Yamamoto, Gazelius, Millhom, Hokfelt and Ungerstedt, 

1990). These results suggest that the 5-HT innervation of the DMN may be 

from 5-HT-containing neurones located in midline raphe nuclei possibly the 

nucleus raphe obscurus and nucleus raphe pallidus.

1.11 Serotonin receptors in the CNS

In 1957, Gaddum and Picarelli demonstrated two 5-HT receptors subtypes in 

the isolated guinea-pig ileum. They classified the two groups as the M and D 

receptors since one subtype was blocked by morphine and the other by 

dibenzyline. The introduction of radioligand binding techniques in the 1970’s 

led to a rapid discovery and reclassification of 5-HT receptors. Peroutka and 

Snyder (1979) used pH]-5-HT to differentiate between two 5-HT receptors on 

brain membranes. They classified one group of 5-HT binding sites which 

displayed nanomolar affinity for 5-HT as 5-HTi receptors (formerly the M 

type). The other binding sites were designated 5 -HT2 receptors (formerly the 

D type) since they displayed micromolar affinity for 5-HT and were also 

labelled with pH]-spiperone. The discovery that cocaine and cocaine derivatives 

such as ICS-205-930 and MDL 72222 blocked peripheral 5-HT effects led to 

the classification of another group of 5-HT receptors, the 5 -HT3 receptor
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(Fozard, Alimobarok and Newgrosh, 1979; Bradley, Engel, Feniuk, Fozard, 

Humphrey, Middlemiss, Mylecharane, Richardson and Saxena, 1986). The 5- 

HT3 receptor binding site was identified in the brain with pH]-GR65630 

(Kilpatrick, Jones and Tyers, 1987).

The development of selective 5-HT receptor agonists and antagonists, 

bichemical assays to identify and measure second messenger systems and the 

recent explosion in molecular biological techniques has led to the rapid 

discovery of many different 5-HT receptor subtypes. These have been grouped 

together according to their pharmacological profiles, intracellular transduction 

mechanisms and relative gene homology (Hoyer, Clarke, Fozard, Hartig, 

Marin, Mylecharane, Saxena and Humphrey, 1994). These techniques have 

identified seven possibly different families of 5-HT receptors in the CNS. 

These are the 5-HTi, 5 -HT2, 5 -HT3, 5-HT^, 5-htg, 5-htg and S-ht^ receptors. 

The receptor families represented by lower case letters have yet to be fully 

characterised physiologically and pharmacologically therefore their inclusion in 

the list must be considered provisional (Martin and Humphrey, 1994).

The present study is involved in understanding the effects of 5-HT on neurones 

in a rat cranial nerve nuclei hence the following review of the literature on 

5-HT receptors will concentrate on studies investigating the cellular effects of 

5-HT in the CNS. Tables I, II and III describe the potencies of a number of 

agonists and antagonists for the 5-HT receptor subtypes reviewed in the 

following sections.

1.12 5-HTi receptors

The 5-HTi group of receptors contains the 5-HTia, 5-HTiB, 5-HTid, 5-htiE and 

5-htiF subtypes. These receptors have been cloned and their structure shows that
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Table 1.1

A table showing the potencies of a number of agonists and antagonists often 

used to characterise 5-HT receptors from the 5-HTi receptor family.

The potencies of the agonists are given as pEC^o valves. The potencies of the 

antagonists are pAj valves. Both sets of data are determined from second- 

messenger tests referenced in Boess and Martin (1994) and Hoyer et. al. 

(1994).
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5-HT lA 5-HT,, 5-HT„ 5-HT,, 5-HT,,

A gonists 5-CT (8.6)
8-O H -D PA T (8.2)

R U 24969  (8.4)  
5-CT (7.9)  
TFMPP (6.9)

5-CT (8.1)  
Sumatriptan (8.0)

5-HT (7.9) 
5-CT (5.1)

5-HT (8.0) 
5-CT (5.0)

A ntagonists Pindolol (7.9)
W A Y 100135  (7.7)  
Spiperone (7.2)

Cyanopindolol (8.2) 
SDZ 21009  (8.0)

G R 127935 (9.9)



Table 1.2

A table fihowing the potencies .of a.number of .agonists aufi antagonists .often 

used to characterise 5-HT receptors from the 5 -HT2 receptor family.
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5-HT2A 5-HT21* 5-HT2c;

Agonists DOI (7.6)
a -m ethyl-5 -H T  (7.3) 
5-CT(3.5)

a-m ethyl-5-I IT (7.8) 
DOI (7.6)
5-CT(6.8)

a -m cthyl-5 -H T  (7.3)  
DOI (7.0)
5-CT(5.7)

A ntagonists Ketanserin (9.3)  
Spiperone (9.1)

Ketanserin (5.5) 
Spiperone (5.5)

LY 53 ,857  (8 .5)  
Ketanserin (6.5)  
Spiperone(6.0)



Table 1.3

A table showing the potencies of a number of agonists and antagonists often 

used to Gharacterifie-5-HT receptors from the 5.-ht5,.5%ht  ̂and 5-

ht7 receptor subtypes.
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5-HT. 5-HT 5-HT 5-HT 5-HT

A gonists 2-nielhyl-5-HT (7.7)  
Phenylbiguanide (6.8) 
5-CT (inactive) 
5-M EOT (inactive)

5-M EOT (7.0) 5-CT (9.5) 
a-m ethy l-5 -H T  (5.8)
5-CT (5.5)

5-M EOT (7.4) 
5-CT (<6.0)

5-CT (9.5)  
5-M EOT (8.8)  
8-OM -DPAT(7.5)

A ntagonists IC S-205-930 (10.6)  
M;DL 72222  (8.9)

GR 113808 (9.6) 
IC S-205-930  (6.2)

Methysergide (7.2)  
Spiperone (5.6)  
Ketanserin (4.8)

Ketanserin (<5) Ritanserin (7.7)  
Spiperone (7.7)  
Ketanserin (6.6)



they all contain seven transmembrane domains with over 60 % homology (see 

review Boess and Martin, 1994). Since all the 5-HTi receptor express seven 

transmembrane domains it is suggested that they belong to the G-protein 

coupled receptor family (Boess and Martin, 1994). They also have a high 

affinity for 5-HT (low nanomolar range) and have all been shown to be 

negatively coupled to the adenylate cyclase (AC) system indicating that they 

may be linked to a common G-protein (Boess and Martin, 1994).

1.12a 5-HT ia receptors

The 5-HTiA receptor has been labelled in the CNS using the radioligand pH]-8- 

OH-DPAT (Gozlan, Mestikawy, Emerit, Pichat, Glowinski and Hamon, 1983). 

This selective ligand has shown a dense level of S-HTj^ binding sites in the 

CAl region and dentate gyrus of the hippocampus and in the raphe nuclei of 

the rat brain (Paxo and Palacios, 1985). In situ hydridization studies have 

shown a high level of 5-HTi^ receptor mRNA in the raphe, hippocampal and 

the dorsal horn of the spinal cord (Pompeiano, Palacios and Mengod, 1992).

The activation of 5-HTiy^ receptors in the CNS by 5-HT has been shown to 

inhibit neuronal excitability. In the rat, microiontophoretic applications of 8- 

OH-DPAT (2-10 nA) into the dorsal raphe nucleus reduced the spontaneous 

firing of these neurones (Sprouse and Aghajanian, 1986). In addition, 

experiments using the in vivo microdialysis technique have shown that i.v. 

injections of 8-OH-DPAT decreased the tonic release of 5-HT in the 

hippocampus by 20 % (Routledge, Gurling, Wright and Dourish, 1993). Since 

we know that 5-HT-containing neurones project from the dorsal and medial 

raphe to the hippocampus (see section 1.9a), these studies suggest that there are 

somatodendritic 5-HTi^ receptors present on 5-HT-containing neurones in the 

dorsal raphe nucleus and that their activation leads to a decrease in the activity
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of these neurones and consequently a reduction in the release of 5-HT in the 

hippocampus.

In the rat hippocampus, applications of 5-HT have been shown to elicit direct 

postsynaptic hyperpolarizations associated with increases in a conductance 

(Andrade and Nicoll, 1987; Colino and Halliwell, 1987). Applications of 8-OH- 

DPAT evoked smaller hyperpolarizations than 5-HT when applied alone and 

also when it was applied in the presence of 5-HT (30 /xM; Andrade and Nicoll, 

1987). In addition, 8-OH-DPAT has been shown to antagonise the effects of 5- 

HT (100-200 nM; Colino and Halliwell, 1987).

5-HT also acts at presynaptic 5-HTi^ receptors to inhibit synaptic transmission. 

Focal stimulation close to the locus coeruleus evoked depolarizing PSPs which 

were reduced in amplitude by 5-HT and 8-OH-DPAT (Bobker and Williams, 

1989a). The 8-OH-DPAT elicited reductions in the PSPs amplitude were 

maintained in the presence of picrotoxin, to block the GABA-mediated 

component of the PSPs, but were blocked after preincubation with CNQX and 

APV to antagonise non-NMDA and NMD A receptors respectively. This 

indicates that 5-HTia receptors in the locus ceruleus are present exclusively on 

presynaptic terminals containing excitatory amino acids.

1.12b 5-HTig receptors

The development of the 5-HT ib receptor ligand [^^I]-cyanopindolol, applied in 

the presence of high concentrations of isoprenaline to block fi-adrenoceptors, 

has been used to directly label 5-HTib binding sites in the rat brain (Hoyer, 

Engel and Kalkman, 1985). High levels of 5-HTib receptor binding sites have 

been observed in the globus pallidus, dorsal subiculum and substantia nigra 

(Pazos and Palacios, 1985). The absence of 5-HTib receptor mRNA in the
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globus pallidus and the substantia nigra of the rat indicates that the binding sites 

in these regions are located presynaptically (Voigt, Laurie, Seeburg and Bach, 

1991). Transcripts were detected in CA3 intemeurones of the hippocampus, in 

the dorsal raphe and in the purkinje cells of the cerebellum.

The rat 5-HTib receptor has been shown (Voigt et. al. 1991) to be 96 % 

transmembrane domain homology with the human 5-HTid receptor. The 

similarity of the human 5-HTjd receptor and rat 5-HTig receptor imply that they 

are species homologies from a single gene product (Hoyer and Middlemiss,

1989) although a binding study in the rat using (±)-pindolol and mesulergine 

to block 5-HT ia receptors, S-HTjb receptors and S-HTjc receptors has shown 

a low level of high affinity pH]-5-HT binding (Kp of 32 nM), providing 

evidence that there are low levels of both 5-HTjb and 5-HTid receptor subtypes 

in the rat brain (Herrick-Davis and Titeler, 1988).

5-HT ib receptors have been shown to be involved in modulating synaptic 

transmission. In the rat locus ceruleus, the relatively selective 5-HT ib receptor 

agonist TFMPP (65 fold selectivity for 5-HTib >  5-HTi^) reduced both 

glutamate and GABA-mediated PSPs (Bobker and Williams, 1989a).

1.12c 5-HTip receptors

The 5-HTid receptor subtype has been found to exist in the brain of many non

rodent species including humans, guinea-pig, rabbit, dog and pig (Hoyer et. 

al., 1994). 5-HTib receptors appear to be absent from these species again 

indicating that there is a species homology between the non-rodent 5-HTid 

receptor and rodent 5-HTjb receptor. This confusion was unravelled by the 

discovery that the human 5-HTid receptor is present in two forms classified as 

the 5-HTid„ and 5-HTidb receptors (Weinshank, Zgombick, Macchi, Branchek

63



and Hartig, 1992). The sequence of the human 5-HTidb receptor was found to 

be 93 % homologous to the rat 5-HTib receptor although they differed in their 

pharmacological profiles. The human 5-HTid^ receptor was shown to be 90 % 

identical to the rat 5-HTid receptor but only 61 % homologous to the rat 5- 

HTjb receptor (Bach, Unger, Sprengel, Mengod, Palacios, Seeburg and Voigt, 

1993). These findings have altered the nomenclature of the 5-HTib and 5-HTjd 

receptors. 5-HTib receptors are also described as 5-HTidb receptors whereas the 

5-HTid subtype are often named 5-HTid„ receptors (Boess and Martin, 1994). 

These changes in receptor classification are reflected in the similarities between 

the regional distribution of 5-HTidb receptors binding sites in non-rodents 

compared to 5-HTib receptors in rodents with the highest densities in the 

substantia nigra and globus pallidus (Waebber, Scheffter, Hoyer and Palacios,

1990).

Similar to the 5-HTjb receptor the activation of the 5-HTid receptor has been 

demonstrated to elicit presynaptic effects in the CNS. In the guinea-pig 

prepositus hypoglossal, applications of the 5-HTid receptor agonist sumatriptan 

reduced both excitatory and inhibitory PSPs evoked by focal stimulation 

(Bobker, 1994). The excitatory and inhibitory PSPs were pharmacologically 

characterised and were shown to be mediated by 5-HT2a receptors and S-HT^^ 

receptors respectively indicating that 5-HTiD receptors can modulate the release 

of 5-HT.

1.12d 5-htip receptors

The rat 5-htiE receptors were first identified in binding studies using 

homogenates of human cortex which had a high affinity for pH]-5-HT (Kj value 

of 3.5 nM) but a low affinity for 5-CT (Kj value of 910 nM) indicating that the 

sites were not due to binding to 5-HTiy^ or 5-HTid receptors (Leonhardt,
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Herrick-Davis and Teitler, 1989). In the presence of a high concentration of 5- 

CT (0.1 juM) to block other 5-HTj receptors, high affinity 5-HT binding sites 

were found in the rat cortex, hippocampus and substantia nigra although they 

could have been due to binding to both 5-htiE and 5-htip receptors (Barone, 

Millet, Moret, Prudhomme and Pillion, 1993).

This receptor subtype does not have as yet a defined pharmacological profile 

or recognised functions in the CNS therefore it is tentatively proposed to be a 

new receptor subtype.

1 .1  le  5-htip receptors

The rat 5-htip receptor has been shown to bind 5-HT with an IC50 of 70 nM and 

does not have any affinity for 5-CT (Peroutka, 1994). In situ hybridisation 

studies in guinea-pig brain identified 5-htip transcripts in the frontal cortex, the 

piriform cortex and large neurones of the raphe nuclei (Adham, Kao, 

Schechter, Bard, Olsen, Urquhart, Durkin, Hartig, Weinshank and Branchek,

1993).

The functions of the 5-HTip receptor have also yet to be established although 

the discovery of transcripts in the raphe nuclei suggests that it may act as a 

somatodendritic autoreceptor.

1.13 5 -HT2 receptors

Recent reclassification of the 5-HTj receptors from sequence identity (% 

homology between subtypes), pharmacological similarities and intracellular 

transduction mechanisms (coupled to phosphoinositol hydrolysis, PI) has 

suggested that there are three 5 -HT2 receptors; the 5-HTja (formerly 5 -HT2), 

5 -HT2B and 5 -HT2C (formerly 5-HTic) receptor subtypes (Hoyer et. al, 1994).
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1.13a 5-HTo^ receptors

The distribution of S-HTja receptors in the rat brain has been investigated using 

autoradiographic, immunocytochemical and in situ hybridisation techniques 

(Paxos, Cortes and Palacios, 1985; Morilak, Garlow and Ciaranello, 1993; 

Pompeiano, Palacios and Mengod, 1994; Wright, Seroogy, Lundgren, Davis 

and Jennes, 1995). All of these studies have demonstrated dense 5-HT2a 

receptor binding sites, immunoreactivity and mRNA in the frontal cortex, 

hippocampus, piriform cortex, cranial nerve motor nuclei and the spinal cord 

with lower densities located throughout the CNS.

The activation of 5-HT2a receptors in the CNS mainly functions to increase 

neuronal excitability. The major problem with pharmacologically isolating 5- 

HT2A receptor-mediated responses is the lack of 5 -HT2A receptor agonists and 

antagonists with low affinities for 5 -HT2C receptors. However, the antagonists 

ketanserin and spiperone do show a marked higher affinity for 5 -HT2A receptors 

than 5 -HT2C receptors (Table II) and are therefore useful pharmacological tools 

for differentiating between the two 5 -HT2 receptor subtypes. In rat nucleus 

accumbens, applications of 5-HT elicited postsynaptic depolarizations which 

were accompanied by increases in input resistance and Ê ev equilvant to the 

calculated for ions from the Nemst equation (North and Uchimura, 1989). 

The responses were blocked by both ketanserin and spiperone with dissociation 

constants of 3 nM and 10 nM respectively indicating that 5 -HT2A receptors 

were mediating the excitatory responses by the reduction of a ion 

conductance. A number of studies have also shown that the activation of 5- 

HT2A receptors elicits increases in the activity of rat vestibular nucleus neurones 

(Johnston, Mumion, McQueen and Dutia, 1993), inward currents in rat ventral 

tegmental area neurones (Pessia, Jiang, North and Johnson, 1994) and 

depolarizations and inward currents rat in sympathetic preganglionic neurones
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(Pickering, Spanswick and Logan, 1994).

1.13b 5-HTop receptors

The distribution of the 5 -HT2B receptor has been analysed using a quantitative 

polymerase chain reaction to amplify the genetic signals (Foguet, Hoyer, 

Parekh, Kluxen, Kalkman, Stuhmer and Lubbert, 1992). They found S-HTjb 

receptors in the stomach fundus, lung, gut, heart and kidney although there was 

an absence of material in the brain. A recent in situ hybridisation study also 

observed an absence of S-HTjb receptor expression in the rat brain (Pompeiano 

et. al., 1994) suggesting it may not have a functional role in the CNS.

1.12c S-HT^r, receptors

Autoradiographic studies using pH]-mesulergine have shown that there is a 

high density of S-HTjc receptors in the rat choroid plexus and cortex (Paxo and 

Palacios, 1985). In situ hybridisation studies have shown a high level of S-HTjc 

receptor mRNA in the epithelial cells of the choroid plexus, the amygdala, 

hippocampus, hypothalamus, raphe nuclei, in many brainstem nuclei and the 

spinal cord (Molineaux, Jessell, Axel and Julius, 1989; Mengod, Nguyen, 

Waeber, Lubbert and Palacios, 1990). These results indicate that S-HTjc 

receptors exhibit a more widespread distribution in the CNS than S-HTja 

receptors (Molineaux et. al., 1989) .

Activation of 5 -HT2C receptors by 5-HT has been shown to elicit excitatory 

responses on neurones in the CNS. In the rat piriform cortex, applications of 

5-HT increased the firing rates of pyramidal cells evoked by depolarizing 

current-pulses (Sheldon and Aghajanian, 1991). The 5-HT-evoked increases in 

firing rate were blocked by LY 53,857 (IC50 value of 26 nM) which has a 

higher affinity for the 5 -HT2C receptor than the 5 -HT2A receptor (Zifa and
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Pillion, 1992). Spiperone also blocked this response but with a much lower 

potency (IC50 value of 2.1 fiM) which indicated the excitatory effects were 

mediated by 5 -HT2C receptors.

1.14 S-HT  ̂receptors

The 5 -HT3 receptor is different from any other 5-HT receptor family in that it 

is a ligand-gated ion channel similar to the nicotinic Ach receptor, the 

excitatory amino acid receptors, the GABA^ receptor and the glycine receptor 

(Derkach, Surprenant and North, 1989). In addition, activation of 5-HTg 

receptor by 5-HT has been shown to be G-protein independent (Derkach et. al. , 

1989).

5 -HT3 receptor binding sites in the brain have been demonstrated using a 

number of different radioligands. pH]-GR65630, pH]-mCPBG, pH]-zacopride 

and pH]-BRL 43694 have been used to show specific 5-HT binding in the rat 

brain (Kilpatrick et. al., 1987; Steward, West, Kilpatrick and Bames, 1993; 

Pratt and Bowery, 1989). These studies all demonstrated dense 5 -HT3 receptor 

binding sites in the brainstem, in particular, the area postrema, the NTS and the 

DMN. In addition, binding sites were detected in the entorhinal cortex, cerebral 

cortex and the amygdala. In one study, unilateral nodose ganglionectomy 

reduced the binding of pH]-BRL 43694 by 55 % on the ipsilateral side of the 

dorsal vagal complex (Pratt and Bowery, 1989). This result suggests that in the 

rat, 5 -HT3 receptors are present on presynaptic terminals in the NTS and 

DMN. An in situ hybridisation study in the mouse demonstrated 5 -HT3 receptor 

mRNA in the nodose ganglion (Tescott, Maricq and Julius, 1993). However, 

5 -HT3 receptor mRNA was absent from the NTS and DMN indicating that the 

5 -HT3 receptors are found on presynaptic terminals from peripheral inputs.
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The activation of 5 -HT3 receptor has been shown to mediate a number of pre- 

and postsynaptic effects in the CNS. In rat entorhinal slices, applications of 5- 

HT or the selective 5 -HT3 receptor agonist 2-methyl-5-HT attenuated K^- 

stimulated pH]-Ach release by 50 % (Bames, Bames, Costall, Naylor and 

Tyers, 1998). In the rat NTS, activation of 5 -HT3 receptors mediated pre- and 

postsynaptic effects (Glaum, Brooks, Spyer and Miller, 1992). Applications of 

2-methyl-5-HT (500 nM to 100 /-iM) increased the amplitude and frequency of 

spontaneous excitatory and inhibitory PSPs but decreased the amplitude of 

evoked excitatory and inhibitory PSPs. This indicates that 5 -HT3 receptors can 

modulate synaptic transmission at the presynaptic level in the region of the 

NTS. In the presence of CNQX, bicuculline and Co^^ ions to block synaptic 

transmission, applications of 2-methyl-5-HT (100 /zM) elicited small long- 

lasting depolarizations which were different from the fast onset and offset 

responses expected by the activation of ligand-gated channels. Therefore more 

than one 5 -HT3 receptor subtype could be expressed in the CNS. Sugita, Shen 

and North (1992) electrically stimulated rat lateral amygdala neurones and 

recorded brief (lasting 10 ms) synaptic potentials which were blocked by ICS- 

205-930 indicating that 5 -HT3 receptor can mediate fast excitatory synaptic 

transmission in the CNS.

1.15 5-HT  ̂receptors

The 5 -HT4 receptor was initially characterised in guinea-pig hippocampal 

membranes where it was shown to be coupled to an increase in cAMP levels 

and selectively activated by benzamide derivatives (Bockaert, Sebben and 

Dumuis, 1990). The development of selective radioligands such as pH]-GR 

113808 has enabled the distribution of 5 -HT4 receptor binding sites in the brain 

to be determined (Grossman, Kilpatrick and Bunce, 1993; Waeber, Sebben, 

Nieoullon, Bockaert and Dumuis, 1994). In the rat brain, the highest densities
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of specific 5 -HT4 receptor binding sites were found in the olfactory system, 

basel ganglia, hippocampus, dorsal raphe nucleus and hypoglossal nucleus. 

Lower densities were found in cortical areas, thalamus and other brainstem 

cranial nuclei.

In the CNS, activation of the 5 -HT4 receptor has been shown to mediate 

postsynaptic excitatory effects. In the rat hippocampus, applications of 5-HT 

in the presence of the selective S-HTi^ receptor antagonist BMY 7378 resulted 

in subthreshold slow depolarizations and reductions in the AHP following an 

action potentials (Andrade and Chaput, 1991). The effects of 5-HT on the AHP 

have been shown to be abolished by a number of selective 5 -HT4 receptor 

antagonists including GR 113808A which was the most potent blocker (pAj 8.5) 

and did not block the 5-HT elicited hyperpolarizations which are mediated by 

5-HTia receptors (Torres, Holt and Andrade, 1994).

1.16 5-hty receptors

The rat 5-htg receptors was transfected into HeLa and C0S-M6 cells and then 

saturable binding was obtained with [^^I]-LSD (Erlander, Lovenberg, Baron, 

Lecea, Danielson, Racke, Slone, Siegel, Foye, Cannon, Bums and Sutcliffe,

1993). Applications of various 5-HT agonists and antagonists showed that 5-CT 

and methysergide both displaced [^^^I]-LSD at the 5-hts receptors with high 

affinity whereas 8 -OH-DPAT, sumatriptan and DOI had no effect. In addition, 

the activation of the 5-htg receptor neither inhibited or augmented cAMP levels. 

The pharmacological data suggests that the 5-hts receptor subtype could belong 

to the 5-HTi receptor family although the lack of an effect on cAMP levels and 

the low sequence homology (37 %) with 5-HTi receptor family means that this 

is unlikely (Hoyer et. al., 1994).
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The rat 5-htg receptor mRNA was found in the cortex, hippocampus and the 

hypothalamus (Martin and Humphrey, 1994). The lack of any functional 

properties of these receptors means that, at present their recognition as a 

separate class of 5-HT receptor subtypes is provisional.

1.17 5-htg receptors

Transfection of COS-7 cells with the rat 5-htg receptor enabled pharmacological 

and biochemical analysis and showed that 5-HT and 5-CT both increased basal 

cAMP levels in these cells (Ruat, Traiffort, Arrang, Tarivel-Lacombe, Diaz, 

Leurs and Schwartz, 1993a). Furthermore, the antipsychotic drugs clozapine 

and loxapine both have high affinities for the 5-htg receptor (Monsma, Shen, 

Ward, Hamblin and Sibley, 1993). The S-htg receptor mRNA was found to be 

distributed in the striatum, cerebral cortex, hippocampus and hypothalamus 

(Ruat et. a l ,  1993a).

1.18 5-hty receptors

Transfection of CHO cells with the rat S-hty receptor demonstrated that the 

receptor bound 5-HT and 5-CT with high affinity and interestingly the selective 

5-HT^^ receptor agonist 8-OH-DPAT also had a strong affinity for the 5-ht? 

receptor (IQ value of 52 nM; Ruat, Traiffort, Leurs, Tardivel-Lacombe, Diaz, 

Arrang, Schwartz, 1993b). In this study, applications of 5-HT enhanced 

forskolin-induced cAMP levels and also stimulated the basal activity of AC by 

1.5- to 2-fold. The rat 5-ht? receptor mRNA was shown to be distributed in the 

hypothalamus, substantia nigra, hippocampus and brainstem (Ruat et. al., 

1993b).

In cultured rat suprachiasmatic neurones of the hypothalamus, applications of 

5-HT inhibited GABA-mediated currents recorded using the whole-cell
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recording technique in voltage-damp mode (Kawahara, Saito and Katsuki,

1994). The 5-HT-evoked reductions were mimicked by 5-CT and 8 -OH-DPAT. 

In addition, the effects of 8 -OH-DPAT were blocked by ritanserin (a 5 -HT2a/2c 

receptor antagonist) but not by the 5-HTi^^ receptor antagonist pindolol. The 

GABA-mediated currents were also suppressed by forskolin and the stable 

cAMP analog 8 -bromo-cAMP. This suggests that, in the suprachiasmatic 

nucleus, 5-HT reduces the effects of G ABA via a 5 -ht7 receptor coupled to the 

augmentation of the AC system. This functional implication provides evidence 

for the existence of a separate 5-ht? receptor family.

1.19 5-HT receptors in the DMN

The rat DMN has been shown to contain a high density of pH]-5-HT binding 

sites (Thor, Blitz-Siebert and Helke, 1992) which reflects the presence of a 

number of different 5-HT receptor subtypes. In the rat, autoradiographic studies 

have demonstrated low levels of pH]-8 -OH-DPAT binding sites and high levels 

of [^^^I]-cyanopindolol binding sites in the DMN (Thor et. al., 1992) which 

were unaffected by cervical vagotomy, nodose ganglionectomy and by the 

injection of the 5-HT neurotoxin 5,7 dihydroxy tryptamine (Thor et. al., 1992; 

Manaker and Zucchi, 1993). This indicates that 5-HTiy^ and 5-HTib receptor 

binding sites were not located on DVMs, primary afferents or on 5-HT- 

containing terminals but perhaps on non-5-HT-containing intemeurones intrinsic 

and/or extrinsic to the DMN. The 5 -HT2a/2c ligand pH]-mesulergine was also 

found to specifically bind to sites in the rat NTS and DMN (Paxos and 

Palacios, 1985). A number of studies, using different tritiated ligands, have 

shown very high levels of 5 -HT3 receptor binding sites in the rat DMN (Pratt 

and Bowery, 1989; Steward et. al., 1993; Leslie et. al., 1994). The levels of 

binding sites of the 5-HTg receptor ligand pH]-BRL 43694 in the rat DMN 

were shown to be reduced by 55 % after a nodose ganglionectomy (Pratt and
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Bowery, 1989) which suggests that 5-HTg receptors are located presynaptically 

in the DMN. In the cat, both pH]-8 -OH-DPAT and pH]-ketanserin binding 

sites were observed within the DMN indicating that 5-HTiy^ receptor and S-HTj 

receptor binding sites are located in the cat DMN (Dashwood, Gilbey, Jordan 

and Ramage, 1989). In the rat, intermediate binding levels of the selective 5- 

HT4 receptor ligand pH]-GR 113808 were found in the DMN (Waeber et. al. ,

1994). In situ hybridisation studies, utilising selective receptor probes 

developed from cloned DNA sequences, have enabled the localisation of several 

5-HT receptor subtypes in the DMN. In the rat, there is an abundant level of 

5 -HT2A receptor mRNA (Pompeiano et. at., 1994; Wright et. al., 1995) and 

relatively lower levels of 5-HTiA and 5 -HT2C receptor mRNA distributed within 

the DMN (Pompeiano et. al. , 1994; Wright et. al. , 1995). In the mouse, 5 -HT3 

receptor mRNA was located in nodose ganglion neurones but was absent from 

the NTS and the DMN which again suggested that 5-HTg receptors are found 

on presynaptic terminals (Tescott et. al. , 1993). The binding levels and mRNA 

distributions of the recently characterised 5-HT receptor subtypes 5-hL; and 5- 

htg have not been described in the DMN although a recent in situ hybridisation 

study revealed the presence of 5-ht7 receptor mRNA in the dorsal vagal 

complex which includes the NTS and DMN (Raurich, Mengod, Hurt, Palacios 

and Cortes, 1995).

1.20 Physiological functions of 5-HT in the DMN

The action of 5-HT within the DMN has been implicated in the control of the 

cardiovascular system, the GI tract and the pancreas. In the rat, microinjections 

of 5-HT into the DMN produced a significant (p<0.05) bradycardia without 

affecting arterial blood pressure, an effect which was mimicked by the selective 

5-HTi^ receptor agonist 8-OH-DPAT (Sporton et. al., 1991). A recent 

microinjection study using smaller volumes of 5-HT (50 fi\ instead of 200 fiV)
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produced conflicting data, with 5-HT producing insignificant (p>0.05) 

reductions in heart rate (Feldman and Galiano, 1995). The reasons for these 

opposing results are not yet fully known however in the study using the larger 

volumes, the 5-HT and 5-HT receptor agonists may have also interacted with 

the NTS. Electrical stimulation of the rat nucleus raphe obscurus and the 

nucleus raphe pallidus, which include 5-HT-containing neurones, produced an 

increase in gastric acid secretion and gastric motility through a vagally- 

mediated pathway (Tache, Yang and Kaneko, 1995). Furthermore, 

microinjections of 5-HT into the DMN of the rat have been shown to enhance 

the TRH-evoked increases in gastric motility and gastric acid secretion 

(McCann, Hermann and Rogers, 1988; McTigue et. a l ,  1992). The 

augmentations were mimicked by applications of the selective 5-HT2a/2c 

receptor agonists (±)-D O I and a-methyl-5-HT and antagonised by the selective 

5 -HT2A/2C receptor ketanserin suggesting that they were mediated by 5-HT 

receptors from the 5 -HT2 receptor family (Yoneda and Tache, 1995) which are 

known to be present in the DMN of the rat (Paxos and Palacios, 1985; 

Pompeiano et. al., 1994; Wright et. al., 1995). In the rat, DVMs that 

exclusively project to the pancreas have been shown to be innervated by 5-HT 

immunoreactive neurones in the caudal raphe nuclei (Loewy et. al., 1994). 

Chemical stimulation of these areas with kainic acid increased the levels of 

insulin and glucagon and also decreased plasma glucose levels implying that the 

release of 5-HT in the DMN maybe involved in the regulation of pancreatic 

secretions (Krowicki and Hornby, 1995). These studies suggest that 5-HT plays 

an important role in modulating the activity of DVMs which project to a 

number of different end organs.

1.21 The present study

The present investigations examine the effects of 5-HT on rat DVMs. This
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general introduction has reviewed previous literature on the levels of 5-HT- 

immunoreactivity and 5-HT receptor subtypes in the DMN, the proposed origin 

of the 5-HT innervation to the DMN and the involvement of 5-HT at the level 

of the DMN in control of many physiological functions. All these studies have 

indicated that 5-HT plays an important role in modulating the excitability of 

DVMs thus, providing evidence for the validity of the present study. Previous 

studies to investigate the effects of 5-HT on DVMs have used mainly in vivo 

microinjection and iontophoretic techniques combined with the measurement of 

either end organ responses (heart rate, gastric acid secretion) or changes in the 

firing rates of DVMs. In addition, a few studies have used in vitro brainstem 

slice preparations to examine the effects of 5-HT on the activity of DVMs 

(Brooks, 1991; Sah and McLachlan, 1993; Travagli and Gillis, 1995). The in 

vivo preparations have the advantages of enabling the effects of 5-HT on DVMs 

to be studied with intact synaptic inputs although such preparations may be 

unstable and are difficult to exclusively study postsynaptic responses. This 

poses problems for the present study since its aims are to primarily examine the 

direct, postsynaptic subthreshold effects of 5-HT on DVMs. The present study 

investigates the subthreshold effects of 5-HT on DVMs because in vivo studies 

using an anaesthetized rat preparations have shown that DVMs are silent. To 

study the postsynaptic effects of 5-HT on DVMs the DMN needs to be 

superfused with a media which blocks synaptic transmission. An in vitro 

preparation was therefore used since this would provide stability and good 

access to the neurones to allow the responses of 5-HT, 5-HT receptor agonists 

and antagonists on individual DVMs to be recorded.
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CHAPTER 2 

METHODS AND MATERTAT.S
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2.1 General Preparation

Before each experiment artificial cerebrospinal fluid (aCSF) and intracellular 

patch pipette solutions were prepared. The composition of the aCSF was (in 

mM): NaCl 115, NaHCOg 26, MgSO^.VH^O 1.2, KH^PO^ 2.2, KCl 2, 

CaCli.ôHjO 2.5 and glucose 10. The compounds were weighed out and 

dissolved in purified water (Elgastat). The solution was then aerated in 95% 

02:5% CO2 for at least 15 minutes to prevent CaCl2 precipitation and to 

equilibrate the pH to 7.4. The osmolarity was then adjusted to 325 mOsm, 

using a micro-osmometer (Model 3M 0, Advanced Instruments), by adding 

NaCl powder. The aCSF was stored at 4°C for a maximum of 3 days.

The composition of the intracellular patch pipette solution was (mM): 

Kgluconate 145, HEPES 5, EGTA 1.1, MgCl2.6H20 2, CaCl2.H20 0.1, K2ATP 

5. The solution was made from stock solutions of Kgluconate, HEPES, EGTA, 

MgCl2 and CaCl2 dissolved in purified water. Drops of IM KOH were added 

to the EGTA stock solution to increase solubility. K2ATP powder was then 

added to the intracellular solution and the pH corrected to a value of 7.2 with 

IM KOH. The osmolarity of the solution was then adjusted to 310 mOsm by 

adding IM Kgluconate solution. Finally, the intracellular medium was filtered 

through a 0.22 fiM  syringe filter (Mülex-GS, Millipore) and stored in 1 ml 

aliquots at -20°C for up to 2 weeks.

2.2 Surgical Procedures

All experiments were carried out on Sprague-Dawley rats of either sex (age 17- 

21 days). The rats were caged with constant food and water in 12 hour light: 

12 hour dark cycles.

Rats were placed in a desiccator which contained cotton wool soaked in
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isoflurane. Anaesthesia was induced in approximately 10-30 seconds by the 

isoflurane vapour. An i.p. injection of sagatal (pentobarbitone sodium, 600 

mg/Kg) was then administered. The depth of anaesthesia was monitored by the 

paw-pinch reflex. Surgical procedures were only initiated when this reflex was 

abolished.

The scalp of the rat was removed, exposing the muscles of the neck. The 

m.levator auris longus, m. platysma and the m. interscutalaris were cut 

providing access to the vertebrae. The animal was decapitated at the level of 

the upper cervical spinal cord and the head placed in gassed ice-cold aCSF. An 

incision was made through the lateral vertebral column and continued up 

through the cranium to the front of the head. Using a small spatula, the 

cranium was levered open, exposing the brain and the upper spinal cord. To aid 

slicing the dura was removed from the spinal cord, with fine watchmakers. The 

brain and spinal cord were placed into fresh ice-cold gassed aCSF and the 

cortex was excised using a single edged razor blade. The rostral end of the 

remaining brainstem, cerebellum and spinal cord was dried with filter paper 

and then glued (cyanoacrylate, RS components) to the tissue block of the 

specimen holder. The holder was placed into the specimen bath and the 

brainstem was submerged in continuously gassed ice-cold aCSF. Transverse 

brainstem slices (175-200 fxm thick) containing the dorsal vagal complex were 

cut using a vibroslice 752/M (Campden Instruments Ltd.) starting caudal and 

finishing rostral to the obex. To create evenly cut slices the vibroslice 752/M 

blade frequency was set at maximum and the blade advanced slowly through 

the brainstem. On average 6 slices were obtained from each animal. The slices 

were placed into a slice storage chamber based on the design used by Gibb 

(Edwards and Konnerth, 1992). The storage chamber was kept in a waterbath 

(Grant Instruments Ltd) set at 25°C and the slices left to equilibrate in gassed
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aCSF for at least 30 minutes.

2.3 The Recording Set-Up

A single slice was placed into a bath which was held in a modified stage of the 

microscope (Opitiphot-2, Nikon). The bath was designed with three separate 

chambers (figure 2.1); a slice holding chamber (volume 0.5 ml); a chamber 

connected to the peristaltic perfusion system and a chamber containing 3M KCl 

for the positioning of the ground electrode. The first two chambers are linked 

together by an overflow tunnel and the third is linked to the chamber connected 

to the pump by an agar bridge. The slice was held submerged under a grid net 

and continuously superfused with gassed aCSF at room temperature (24-25°C). 

The perfusion system was controlled by a 6-way rotary value connected to a 

dial-a-flo (Venisystems™). The perfusion of the bath was determined by gravity 

but the rate was set at 3-6 ml/min by the dial-a-flo. The removal of the 

perfusate from the bath chamber was controlled by a peristaltic pump (HR 

Flow-inducer, Watson-Merlow Ltd.).

To minimize vibration during slice visualisation and whole-cell recording the 

microscope and manipulators were placed on a vibration isolation system 

(Ealing Electro-Optics Inc., figure 2.2). This was supported by Nj from a 

cylinder at a continuous pressure of 50 Ib/in^.

The brainstem slice was first visualised under low magnification (XI GO) to 

check that; (i) the slice was secure under the grid net, (ii) the position of the 

net allowed sufficient room for the manipulation of the patch pipette and (iii) 

that the DMN was central in the field of view.

The DMN was then visualised under water-immersion high magnification
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Figure 2.1

Aerial view of the recording bath showing the positioning of the three separate 

chambers containing the slice and agar bridge and the flow of .the perfu5 ate..
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Figure 2.2

Apparatus for visualising DVMs in the thin brainstem slice preparation. 1, 

Video tape recorder; 2, Video-monitor; 3,,Video camera; 4, Nikon Optiphpt-2 

microscope; 5, Axoclamp 2A headstage; 6, micromanipulators; 7, Reserviors 

containing aCSF; 8, perfusion of aCSF controlled by Dial-a-flow; 9, Removal 

of perfusate by peristaltic pump; 10, Vibration isolation table.
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(X400). The DMN was distinguished as a separate anatomical nucleus located 

at the edge of the ventral NTS and the dorsal surface of the hypoglossal 

nucleus. The DVMs were easily identified as clusters of fusiform shaped 

neurones between 20-30 fim  in diameter. This compared with the smaller 

scattered neurones of the NTS and the darker illuminated, heavily myelinated 

hypoglossal nucleus (Travagli et al., 1991). The microscope was fitted with a 

optizoom™ (Nikon) which provided the option of further magnification of the 

DVMs.

To provide an external visual source, a video camera (TK-1280E, JVC) was 

attached to the microscope via a phototube (figure 2.2). This allowed the image 

viewed down the microscope to be observed on a monitor screen (TM-1500PS, 

JVC) and recorded onto video tape (VC-A30HM, Sharp). Therefore, the 

DVMs could be visualised and recorded during all procedures.

2.4 Data Collection

Patch pipettes were constructed from thin-walled borosilicate glass (GC 150TF- 

10, Clark Electromedical Instruments) using a Flame-Browning micropipette 

puller (Model P-87). The horizontal puller was programmed for a one loop pull 

consisting of three separate pull stages. This created a pipette with a tip size of 

2-3 fim  and an pipette resistance of 2-5 MO which was suitable for recording 

from DVMs. The pipettes were stored in a covered petri dish to prevent dust 

contamination. Pipettes were always used on the day of manufacture. A 1 ml 

syringe filled with cold intracellular solution and connected to a 0.4 /im filter 

(HV, Millipore) and a microfilament was used to fill the tip of the patch 

pipette. Air bubbles were eliminated by carefully shaking the pipette. In 

voltage-clamp experiments, the pipette tip was dipped in a lipophilic liquid 

(sigmacote. Sigma) to reduce stray capacitance.
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A patch pipette was inserted into a pipette holder with a side arm (E.M. 

Wright) which was connected to a headstage (HS-2A, gain O.IL, Axon 

Instruments, Inc., figure 2.2). The silver wire of the holder was immersed in 

the intracellular solution. The wire was coated in chloride ions, to prevent 

voltage drift, by regularly leaving it overnight in undiluted household bleach. 

The ground electrode was connected to the headstage and placed into the 3M 

KCl holding chamber of the bath. To minimize junction potentials an agar 

bridge was used to connect the 3M KCl holding chamber to the aCSF perfused 

through the main bath. The headstage was mounted on a side-arm hydraulic 

manipulator (WR-60, Narishige Scientific Instruments Lab.) which permitted 

both coarse and fine three dimensional movements from coarse handles and 

vernier controls respectively. The patch pipette, under low magnification, was 

then lowered into the perfusate and placed over the DMN.

A pulse generator (Master-8, A .M .P.I., Israel, figure 2.3) was used to trigger 

a microelectrode amplifier (AXOclamp 2A, Axon Instruments, Inc.) to generate 

current pulses (50 ms duration, 4 Hz). The bridge mode of the amplifier was 

selected and current pulses of 520 pA passed through the pipette. The current 

pulses and the resultant voltage deflections were monitored on an oscilloscope 

(VC,6023, Hitachi). The voltage drop across the pipette, due to the product of 

the current pulse and the pipette resistance, was balanced using the bridge 

balance, the value of the bridge balance being a measurement of pipette 

resistance. This method of eliminating pipette resistance was adequate, as series 

resistance was stable during all experiments.

The microscope was then switched to the water-immersion objective. As this 

objective had a short working distance (1 mm) the peristaltic pump was often 

switched off to allow a meniscus to form above the slice and pipette. The DMN
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Figure 2.3

Block diagram showing the arrangements of the experimental equitment used 

to produce and analysis whole-cell patch-clamp recordings.
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was then brought into focus by adjusting the fine objective control and scanned 

for DVMs using the two dimensional controls on the microscope stage. 

Neurones suitable for patch recording were located in clusters near the surface 

of the slice, were free from cell debris and had a proportion of their membrane 

surface exposed. Positive pressure was applied to the pipette through a syringe 

which was attached by tubing to the side-arm of the pipette holder. This je t of 

air prevented the pipette tip being blocked and removed any cell debris 

surrounding the neurone. This is a modified technique from earlier thin brain 

slice studies which used separate cleaning pipettes to remove cell debris from 

the surface of the slice (Edwards, Konnerth, Sakmann and Takahashi, 1989; 

Sakmann, Edwards, Konnerth and Takahashi, 1989; Konnerth, 1990).

The pipette was advanced onto the membrane until an indentation was seen. 

The syringe was then exchanged for a mouthpiece and gentle suction was 

applied to the pipette. The resistance of the seal formed between the neurone 

and the pipette was monitored by the amplitude of voltage deflections in 

response to steadily reduced current pulses. After the cell-attached patch-clamp 

configuration was reached, affirmed by the seal resistance reaching > 1-2  GQ, 

the gentle suction was replaced by short, sharp bursts of suction. This had the 

effect of rupturing the membrane between the rim of the pipette creating the 

whole-cell recording configuration (Hamill, Marty, Neher, Sakmann and 

Sigworth, 1981). This was confirmed by the rapid change in shape of the 

voltage deflections, representing the inclusion of membrane capacitance, and 

the hyperpolarization of the membrane potential. This represented the resting 

membrane potential of the neurone.

To stabilise the neurone being recorded negative DC current was applied from 

the microelectrode amplifier to produce a more negative membrane potential.

88



In addition, the search current pulses were terminated and replaced by 

recording current pulses (0.5-1.5 s, 0.25 Hz, -20 pA). Before the experimental 

protocol began the electrophysiological characteristics of the neurone was used 

to determine whether it was suitable for obtaining data. The parameters 

observed were membrane resistance, action potential amplitude and the 

amplitude and duration of the after-hyperpolarization.

The procedures to record in voltage-clamp mode were slightly different than 

those for current-clamp. The pipette resistance was compensated by the bridge 

balance as above. The amplifier was then changed to the discontinuous current- 

clamp mode and the switching voltage monitored on a separate oscilloscope 

(5110, Tektronix) connected to the sample clock output of the amplifier. The 

capacitance neutralization control and the sample rate frequency were then 

altered until the switching voltage waveform decayed to baseline without any 

over- or undershoot. This reduced the noise of voltage responses to the current 

search pulses. The resting membrane potential monitor on the amplifier was 

then adjusted to give equal light in both lamps. The amplifier was then returned 

to bridge mode and a whole-cell recording obtained as described above. After 

the viability of the neurone was determined and the holding potential set, the 

amplifier was switched to voltage-clamp mode and the switching voltage 

monitored. The gain was then increased to a level that did not cause any 

instability in the switching response. The anti-alias filter was also increased to 

reduce noise, but to a level that did not compromise stability or decay 

characteristics of the switching voltage waveform.

2.5 Data Analysis

2.5a On-line analvsis

The initial data, concerned with the viability of the neurone, was analyzed
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during the experiment on the oscilloscope. The X and Y axis cursors were 

often used to measure the action potential and after-hyperpolarization 

amplitudes and durations to determine if they corresponded to earlier studies 

on the biophysical properties of rat DVMs (see general introduction). In 

addition, the input resistances of the DVMs could be calculated from the 

amplitudes of voltage deflections recorded in response to current pulses of 

known magnitudes. The oscilloscope was also used to look at 

electrophysiological properties of the DVMs, for example, hyperpolarizing 

pulses were used to confirm whether currents such as and Kir were present. 

This preliminary data was important for directing analysis after the experiment. 

Finally, the oscilloscope provided initial evidence for the effect of drugs. For 

instance, during the application of synaptic block medium, the effectiveness of 

the block was confirmed by the fact that action potentials could no longer be 

evoked and spontaneous PSPs were abolished.

2.5b Off-line analvsis

The membrane voltage and current outputs from the amplifier were connected 

to a pre-amplifier (figure 2.3). The pre-amplifier was then attached to a 8 

channel tape recorder (store 7 DS, Racal) which was triggered by the pulse 

generator. The tape recorder also had amplification controls. The amplification 

values of the pre-amplifier and tape recorder were adjusted so that the recorded 

data did not overshoot the recording window of the tape recorder. This 

calibration was carried out before a series of experiments by attaching a model 

cell (clamp-1, Axon Instruments, Inc.) to the headstage. Various current pulses 

and voltage commands of known magnitude were applied to elicit responses of 

similar amplitude to the estimated maximum value of the following 

experiments.
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The voltage and current outputs of the tape recorder were connected to a chart 

recorder (PAR 1000, TDM Tape services Ltd., figure 2.3) which was run at 

a slow paper speed (1 0  mm/min) and used to observe the effects of drugs on 

DVMs. In current-clamp mode, changes in the membrane potential, baseline 

noise and input resistance were observed, whereas in voltage-clamp changes in 

holding current were observed. From the calibrations made using the model cell 

the amplitude and duration of drug effects could be analyzed.

Whole-cell recording data was stored on the tape recorder to enable more 

detailed analysis to be carried out after the experiment. The data stored were 

mainly current-voltage relationships produced in both current- and voltage- 

clamp modes. The tape recorder’s voltage, current and trigger channel outputs 

were connected to an analogue-digital interface (CED 1401, Cambridge 

Electronic Design Ltd., figure 2.3) which was attached to a computer (Dell 

486P/33). This set-up enabled recorded electrical signals to be converted into 

a digital format for analysis using computer software. The program used was 

issued by Strathclyde Electrophysiology Software (Whole Cell Program, WCP 

V I .1, Dr. J. Dempster). It was especially designed for the acquisition of data, 

both on-line or from a storage facility and for the subsequent analysis of 

electrophysiological signals produced using the whole-cell recording 

configuration. The program was used to average and then calculate the 

amplitude of the voltage deflections and macroscopic current responses in 

response to current pulses and command potentials respectively. The data from 

this analysis was plotted as current-voltage relationships using a graphics 

program (Microcal Origin v.3.5, Microcal Software, Inc.). The slopes and 

crossover positions of these relationships were then calculated to determine 

input resistances and Ê ev respectively.
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The results obtained were expressed as mean ±  S.E.M . Statistical analysis 

using the Student’s non-paired and paired t-tests were performed between 

groups of data. This was carried out on raw, untransformed data using the 

Instat software (Instant Biostatistics, Graph Pad™ software). The level of 

statistical significance used during the experiments was P < 0 .0 5 .

2.6 Drug storage and application

Drugs used during the experiments were applied to the perfusate at known 

concentrations. The drugs were made up in purified water except TTX and 

DNQX which were dissolved in ethanol and DMSO respectively. All drugs, 

apart from TTX which was stored at 4°C, were stored in 1 ml aliquots at 

-20°C. Serotonin HCl, a-methyl-5-HT, 5-methyoxytryptamineHCl, 2-methyl-5- 

HT, 5-carboxamidotryptamine maleate, R(+)-hydroxy-DPAT HBr, ketanserin 

tartrate, LY 53,857, spiperone HCl, MDL 72222, pindobind.5-HT^^, 6 -nitro- 

quipazine, CNQX, DNQX, bicuculline methochloride and AP-5 were obtained 

from RBI (Semat Technical Ltd., UK). (±)-D OI HCl was a kind gift from Dr. 

A.G. Ramage, ICS-205-930 from Sandox (Basle, Switzerland), GR 113808A 

from Glaxo (Stevenage, UK) and fluoxetine from Eli Lilly (Indianapolis, USA). 

All other compounds were obtained from Sigma and BDH.

2.7 Histological Procedures

In experiments where the position of the DVMs were verified and their 

morphology studied 0.5% biocytin was included in the intracellular medium. 

After the completion of a recording either through the cell being lost or by 

electrode withdrawal, the slice was transferred into 1.25% glutaraldehyde 3% 

paraformaldehyde and 15% picric acid in 0.1 M phosphate buffer.

The slice was removed into a glass vial containing phosphate buffer saline
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(PBS). The Avidin-HRP reagent was then prepared from an ABC kit 

(V ectastatf, Vector Laboratories). The reagent was composed of 2 drops of 

A and B in 5 ml of PBS. This solution was left to equilibrate for 30 minutes, 

meanwhile, the slice was washed in PBS (3 X 10 min). The PBS was then 

replaced with 1 ml of the ABC reagent plus 0.1 % triton and the slice left to 

incubate overnight on a shaker.

The next day the slice was washed in PBS (3 X 10 min) and then transferred 

to TRIS buffer (0.05M, 2 X 10 min). A TRIS/DAB tablet was dissolved in 6  

ml of purified water and the vial covered in foil to avoid illumination of the 

solution. The TRIS buffer incubating the slice was then replaced with 1 ml 

TRIS/DAB solution and 10 /xM of a fresh 1 % hydrogen peroxide solution. The 

vial was covered in foil and placed on a shaker. The reaction was stopped after 

10 minutes by washing in TRIS buffer (2 X 10 min). The slice was then 

carefully placed on a chrome allum gelatin coated slide with a fine artist’s 

brush.

The slice was then dehydrated in 50 %, 70 % and 100 % ethanol respectively for 

1 -2  minutes each and then placed in three histoclear solutions, each for 3-5 

minutes. A cover slip, smeared with a drop of Xam, was lowered onto the slice 

and placed in a fumehood to dry. The sections were viewed using an Olympus 

Vanox-T microscope to verify the position of the reaction product within the 

DMN and to observe its basic morphology.
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CHAPTER 3 

THE EFFECTS OF 5-HT ON DVMs in vitro
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INTRODUCTION

In the general introduction, the effects of 5-HT on neurones within the CNS 

were reviewed. The effects were found to be diverse, with 5-HT evoking 

excitatory and inhibitory responses. In reference to these previous studies this 

chapter investigates the subthreshold effects of 5-HT on DVMs using a thin 

brainstem slice preparation.

3.1a Electrophysiological effects of 5-HT in the DMN

At the cellular level, in vivo and in vitro studies in the rat have shown that 5- 

HT increases the firing rate of DVMs. Iontophoretic applications of 5-HT at 

low currents (<  10 nA) onto antidromically-identified DVMs using

extracellular recording produced increases in activity (Wang, Jones, Ramage 

and Jordan, 1995a) whereas high injection currents (10-60 nA) elicited 

decreases in activity. Intracellular recordings from the DMN in a brainstem 

slice preparation also showed that 5-HT (25-100 /xM) increased the excitability 

of antidromically-identified DVMs, either by increasing the frequency of 

ongoing discharge or current-pulse evoked action potentials (Brooks, 1991). In 

addition, another intracellular study suggested that 5-HT (20 fiM) evoked small 

depolarizations (5-10 mV) which were accompanied by increases in input 

resistance (Sah and McLachlan, 1993). Cell-attached recordings from visually- 

identified DVMs showed that 5-HT (0.1-3 /xM) produced concentration- 

dependent increases in spontaneous activity (Travagli and Gillis, 1995). In the 

guinea-pig, 5-HT excited DVMs by eliciting depolarizations and reducing spike 

frequency adaption (McNair and Dekin, 1993; Sah and McLachlan, 1993).

3.1b The present study

This study investigates the subthreshold effects of 5-HT on DVMs. Recent 

investigations using in vivo anaesthetized rat preparations in combination with
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extracellular and intracellular recording techniques have demonstrated that 

DVMs are silent and have a resting membrane potential between -60 and -70 

mV (Wang et. al., 1995a; Wang and Jordan, personal communication) 

therefore in an attempt to produce data which may be correlated with data 

produced in the synaptically intact animal the subthreshold effects of 5-HT are 

examined.

In a number of in vitro studies using rat brain slice preparations the 

concentration of 5-HT used ranges between 1-100 fxM (Andrade and Nicoll, 

1987; Colino and Halliwell, 1987; Bobker and Williams, 1989b; North and 

Uchimura, 1989; Wang and Dun, 1990; Araneda and Andrade, 1991; Brooks, 

1991; Tanaka and North, 1993; Pickering et. at., 1994; Travagli and Gillis, 

1995). From the information provided by this extensive literature, 20 /xM 5-HT 

was initially used to investigate the 5-HT sensitivity of all the DVMs tested. 

This concentration which is smaller than many of the studies quoted above 

reflects the thin brainstem slice preparation and the high perfusion rates used 

in this study. A range of 5-HT concentrations (0.5-20 /xM) were also applied 

to the DVMs in an attempt to construct a dose-response curve to obtain a EC50 

value of 5-HT on DVMs using the thin brainstem slice preparation.

To examine the possibility that the thin brainstem slice preparation retained a 

5-HT uptake system, 5-HT was applied to the perfusate before and in the 

presence of the 5-HT uptake inhibitors fluoxetine and 6 -nitroquipazine (6 -NQ). 

Preincubation with 0.3-100 ^M fluoxetine for 15-30 minutes has been shown 

to block 5-HT uptake in several in vitro studies (Pan, Wessendorf and 

Williams, 1989; Holohean, Hackman and Davidoff, 1990; Wang and Dun, 

1990; Lewis, Sermasi and Coote, 1993) hence in this present study, fluoxetine 

(20 /xM) was preincubated for at least 10 minutes. Applications of 10 juM 6 -NQ
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irreversibly increased the depolarizing responses of 5-HT on rat sympathetic 

preganglionic neurones when preincubated between 15 and 30 minutes 

(Pickering et. al., 1994). A similar protocol was used in this study.

To investigate the direct, postsynaptic effects of 5-HT on DVMs the slices were 

preincubated with a media which attenuated synaptic transmission. The medium 

contained the Na"  ̂ channel toxin TTX, the non-NMDA antagonists CNQX or 

DNQX, the NMDA antagonist AP-5 and the GABA^ receptor antagonist 

bicuculline. This combination of drugs has previously been shown to block 

TTX-resistant spontaneous PSPs (Travagli et. at., 1991).
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METHODS
3.2a Experimental procedures

The procedures and techniques used for general preparation, surgery, recording 

set-up, data collection in current-clamp mode, data analysis, drug preparation 

and histology were the same as described in the general methods (Chapter 2). 

In experiments where the \K^]o was increased from 4.2 to 9.2 mM the aCSF 

was altered by replacing NaCl with an equimolar amount of KCl.

3.2b Experimental protocol

To prevent ongoing action potentials and to observe the subthreshold effects of 

5-HT, DVMs were held at a membrane potential of -60 mV. This was carried 

out by injecting negative DC current from the microelectrode amplifier through 

the recording electrode.

The input resistances of DVMs were monitored by the magnitude of voltage 

deflections to small hyperpolarizing current pulses (0.2 Hz, -20 pA) of 

sufficient duration (0.5-1 s) to reach the steady-state level which was measured 

after at least 75 % of the current pulse duration was completed. Changes in 

apparent input resistance were defined as the percentage differences between 

the input resistances at the holding potential and at the 5-HT-evoked levels.

The time delay for the drugs to reach the bath chamber, due to perfusion dead 

space, was investigated by switching the perfusate to aCSF containing 30 mM 

KCl. KCl evoked a fast depolarization after approximately 1 minute, which 

reached a steady-state level of 20 mV within 10-20 seconds. All figures 

showing drug applications have been corrected for the 1 minute delay.

To study the effects of selective uptake inhibitors, a brief application of 5-20
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fxM 5-HT (5-30 s) was first applied to the cell. After the response had 

recovered the uptake inhibitor was applied to the perfusate for a preincubation 

period of at least 10 minutes. The same concentration of 5-HT was then 

reapplied in the presence of the uptake inhibitor.

The direct, postsynaptic effects of 5-HT on DVMs were investigated in a media 

containing 1 f jM TTX, 10 fjM CNQX/DNQX, 50 /xM AP-5 and 10 fiM 

bicuculline. Applications of 5-HT were only made when depolarizing current- 

pulses could no longer evoke action potentials and spontaneous PSPs were 

abolished. This normally occurred after a preincubation period of 5-10 minutes.

In experiments investigating 5-HT-evoked alterations in input resistance, test 

current pulses (-1-60 to -100 pA) were applied to the DVMs in control synaptic 

block medium and in the presence of 5-HT, after the membrane potential had 

been returned to -60 mV with DC current. The membrane potential was then 

returned to the 5-HT-evoked level so wash-out could be observed. The voltage 

deflections were measured at the steady-state level and at least two voltage 

deflections were averaged for each point on the current-voltage relationships. 

The control and 5-HT elicited current-voltage relationships were then plotted 

and the changes in input resistance and Ê ev calculated. The changes in input 

resistance were determined, using linear regression analysis, from the 

differences between the slope values of the two plots. The theoretical 

values for ions were determined from the Nemst equation, Eg= 58 log 

[K+],/[K+],.

The results are expressed as mean ±  S.E M. Statistical analysis was carried out 

using student’s non-paired and paired t-tests. The level of significance was set 

at P < 0 .0 5 .
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RESULTS

3.3a General properties

Whole-cell recordings were made from eighty-nine visually-identified DVMs. 

The DVMs had ongoing action potentials which fired at frequencies between 

0.2-5 Hz. This ongoing activity made it impossible to measure the resting 

membrane potentials of the neurones. Single action potentials were followed by 

an AHP which often lasted over 500 ms. The mean input resistance of the 

DVMs was 624 ± 1 9  MO (n=65). The application of hyperpolarizing current 

pulses (-20 to -120 pA) evoked membrane potential deflections which 

demonstrated the activation of different ion conductances. Figure 3.1 illustrates 

two typical voltage responses. Figure 3.1a shows the activation of a 

depolarizing sag which becomes increasedly prominent at more hyperpolarized 

potentials. This sag in membrane potential has been characterised previously 

to be due to the activation of an current (Travagli and Gillis, 1994). Figure 

3.1b illustrates a neurone that does not exhibit a hyperpolarization-activated 

depolarizing sag but demonstrates the activation of an ion conductance upon the 

termination of the current pulse. The activation of this ion conductance 

increases the time taken for the membrane potential to return to the holding 

potential and has been shown to be caused by the activation of the current 

(Sah and McLachlan, 1992a). In both neurones, the injection of positive current 

pulses evoked fast overshooting action potentials (Figure 3.1). These general 

properties reflect earlier studies (reviewed in section 1 .6 ) which have 

documented extensively the biophysical properties of rat DVMs (Sah and 

McLachlan, 1992a, 1993; Travagli and Gillis, 1994, 1995). In the present 

study, neurones were analysed only if they had similar characteristics to these 

studies, together with overshooting action potentials.

The position of the neurones within the DMN were verified (figure 3.2) by
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Figure 3.1

Electrophysiological properties of two DVMs held at -60 mV in response to 

depolarizing and hyperpolarizing current pulses.

a) Applications of hyperpolarizing current pulses evoked a slowly activating 

depolarizing sag.which,increased at more negative.memhrane^potentials.,The. 

application of depolarizing current pulses elicited action potentials.

b) Applications of hyperpolarizing current pulses evoked voltage deflections 

which exhibited, upon the termination of the current pulses, a slower time 

course back to the holding membrane potential. Applications of depolarizing 

current pulses also evoked action potentials.
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Figure 3.2

Photograph of a labelled DVM filled with 0.5 % biocytin. The closed black 

arrow indicates the soma of the DVM and the open black arrows point to a 

dendrite which ascends to the contralateral NTS. CC; Central canal, NTS; 

Nucleus tractus solitarius, X; Dorsal motor nucleus of the vagus, XII; 

Hypoglossal nucleus.
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intracellularly labelling the DVMs with biocytin ( n = l l ) .  In all neurones, the 

reaction products were found within the DMN, mainly on the surface of the 

slices. The reaction products were not clustered in any area because recordings 

were not selectively made from any particular region of the DMN. The DVMs 

had fusiform shaped soma and a number of primary dendrites could be 

visualised. These dendrites could occasionally be traced into the NTS.

3.3b Effects of 5-HT on DVMs

Applications of 5-HT (20 fxM) for 2 minutes elicited reversible depolarizations 

in 62 out of 65 neurones tested, with a mean amplitude of 7.7 ±  0.3 mV 

(n=62, Figure 3.3a). In one of the three remaining neurones, 5-HT (20 fiM) 

elicited a biphasic response composed of an initial hyperpolarization followed 

by a depolarization (Figure 3.3b). The other two neurones did not respond to 

5-HT (20 The depolarizations were slow and prolonged, taking nearly 1 

minute from onset to peak amplitude (48 ±  2  s, n= 62) and lasting on average 

for over 4 minutes (277 ±  7 s, n=62). The excitatory responses to 20 fxM 5- 

HT were often large enough to reach the threshold for action potential 

generation (Figure 3.3c). To examine if the 5-HT-evoked depolarizations were 

reproducible or if they desensitized, applications of 5-HT were made within 3 

minutes of obtaining the whole-cell recording and the amplitude of the 

depolarizing responses to subsequent applications of 5-HT were monitored, h i 

all experiments reported in this thesis, the 5-HT-evoked depolarizations were 

reproducible to repeated applications of 5-HT and did not desensitize or run

down during recordings lasting over 2 hours. Figure 3.4 shows that the 

amplitude and duration of the depolarizing response to 20 /aM 5-HT was not 

altered during a recording period of 1 hour.

In the majority of DVMs (73%), the 5-HT elicited depolarizations were
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Figure 3.3

The effects of 5-HT (20 /xM, 2 min) on four different DVMs.

a) 5-HT elicited a slow, prolonged depolarization with a peak amplitude of 4 

mV, an onset to peak amplitude time of 80 s and a duration of 240 s. In this 

figure and the rest of the figures shown in this thesis the downward deflections 

represent voltage responses to 1 s duration current pulses (-20 pA) applied 

every 4 s.

b) In one cell, 5-HT evoked a biphasic response composed of an initial 

hyperpolarization followed by a depolarization.

c) In this neurone, 5-HT evoked a depolarization that was of sufficient 

amplitude to reach threshold for action potential generation. The amplitudes of 

the action potentials were truncated by the chart recorder.

d) Application of 5-HT evoked a depolarization which was accompanied by an 

increase in PSPs, the majority being depolarizing in nature.
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Figure 3.4

Applications of 5-HT elicited dose-dependent slow depolarizations which did 

not exhibit any desensitization or run-down. The initial 2 min application of 20 

jitM 5-HT was carried out less than 1 min after the whole-cell configeration was 

obtained. The final dose of 20 /xM 5-HT was applied after over 1 hr of 

recording. The amplitudes of the action potentials were truncated by the chart 

recorder.
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accompanied by increases in apparent input resistance (23.5 ±  2.3 %). The 

remaining neurones either responded to 5-HT with no change (13%) or 

decreases (14%) in apparent input resistance (10.9 ±  1.4 %). The biphasic 

response was associated with a 36 % decrease in apparent input resistance 

during the hyperpolarization phase and a 14 % increase in apparent input 

resistance during the depolarization phase.

Applications of 5-HT also elicited increases in the baseline noise which were 

observed on the chart recorder. Previous studies have shown that 5-HT-evoked 

increases in baseline noise are associated with increases in excitatory and 

inhibitory synaptic activity (North and Uchimura, 1989; Wang and Dun, 1990; 

Lewis et. al., 1993). Figure 3.3d shows 5-HT eliciting an increase in baseline 

noise which is associated with an increase in postsynaptic potentials (PSPs), 

with most being depolarizing in nature. The 5-HT-evoked increases in baseline 

noise were confirmed to be due to increases in PSPs by observing the increase 

in baseline noise on a faster time scale (Figure 3.9a).

3.3c Dose-dependent effects of 5-HT

Applications of 5-HT at varying concentrations (0.5-20 /xM) for 2 minutes 

produced dose-dependent depolarizations of DVMs (2.2 ±  0.7 mV, 0.5 ftM, 

n = 5 ; 2.9 ±  0.4 mV, 1 /xM, n = l l ;  6.9 ±  0.7 mV, 5 juM, n= 7 .  Figure 3.4). 

As the dose-dependent responses of different DVMs were consistent, shown by 

the small S.E M values, the dose-response curve was plotted from pooled data. 

The effective-dose producing 50% of the maximal response (EC50) was 

calculated to be 1.6 fiM  (Figure 3.5).

3.3d Effects of uptake inhihitors

Selective 5-HT uptake inhibitors were applied to the perfusate to determine if
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Figure 3.5

A log-dose response curve of the excitatory effects of 5-HT on DVMs. Each 

point was created from at least 5 DVMs. The effective dose producing 50 % 

of the maximal response (EC50) was calculated to be 1 .6  fxM.
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Figure 3.6

The effects of two selective 5-HT uptake inhibitors on the depolarizing effects 

of 5-HT on two DVMs.

a) Superfiision of fluoxetine (20 jxM) for 20 min increased the peak amplitude 

and duration of the response to 5-HT (20 /aM, 5 s) by 50 % (8  mV to 12 mV) 

and 60 % (150 s to 235 s) respectively.

b) Superfiision of 6 -NQ (10 /xM) for 15 min increased the peak amplitude and 

duration of the response to 5-HT (20 /xM, 5 s) by 150 % (2 mV to 5 mV) and 

79 % (140 s to 250 s) respectively.
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Figure 3.7

Applications of fluoxetine and 6-NQ evoked an increase in spontaneous PSPs 

and attenuated the responses of 5-HT on two DVMs.

a) In one cell, superfiision of fluoxetine (20 /xM) elicited an increase in 

spontaneous PSPs, shown by the increase in baseline noise, and attenuated the 

depolarizing response of 5-HT (5 juM, 5 s) from 6 mV to 2 mV.

b) In another DVM, superfiision of 6-NQ (10 /xM) elicited increases in 

spontaneous PSPs and a slowly developing depolarization (2-3 mV). The 

subsequent response to an application of 5-HT (20 /xM) was attenuated from 11 

mV to 8 mV. The arrow deplicts the application of negative DC holding 

current to return the membrane potential to -60 mV.
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avid 5-HT uptake systems were present in the thin brainstem slice preparations. 

Preincubation of either fluoxetine (20 fiM, n= 3 ) or 6-NQ (10 fiM , n = 3 ) 

produced increases in the amplitude of the 5-HT induced depolarizations and/or 

the duration of these responses (Figure 3.6). The excitatory responses to 5-HT 

(20 /xM, 5 s) were significantly (p<0.05) increased in amplitude (78 ±  3.6 %, 

n = 3 ) and duration (62.3 ± 7 . 9  %, n= 3 ) by fluoxetine.

In two different neurones tested, one preincubated with fluoxetine, the other 

with 6-NQ, applications of the uptake inhibitors alone evoked increases in PSPs 

which gradually developed over 10 minutes into small depolarizations (2-3 mV, 

Figure 3.7). Subsequent applications of 5-HT elicited smaller depolarizations 

(11 to 8 mV, 6-NQ; 6 to 2 mV, fluoxetine). Unfortunately, both these neurones 

were lost before recovery was obtained.

3.3e Postsynaptic effects of 5-HT

The slow depolarizations were maintained in a media which blocked synaptic 

transmission (Figure 3.9). When applied alone, TTX (1 jxM) reduced the level 

of synaptic activity (Figure 3.8b) but spontaneous PSPs were only abolished 

when CNQX or DNQX (10 /xM), AP-5 (50 /xM) and bicuculline (10 /xM) were 

also applied to the perfusate (Figure 3.8c, Travagli et .a / . ,1991). There were 

no significant (p>0.05) differences in input resistances of the DVMs (611 ±  

80 MQ , n = l l ) ,  amplitude of the 5-HT elicited depolarizations (9.7 ± 1 . 4  

mV, n = l l ) ,  onset to peak amplitude (51 ±  6 s, n = l l )  and duration of the 

responses (291 ±  20 s, n = l l )  between control aCSF and synaptic block 

media.

In synaptic block medium, the 5-HT-evoked depolarizations were accompanied 

in the majority of DVMs (64 %) by increases in apparent input resistance (15.6
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Figure 3.8

TTX-resistant spontaneous PSPs are blocked by excitatory and inhibitory amino 

acid antagonists.

a) In this neurone, the spontaneous PSPs events were mainly depolarizing in 

nature in control aCSF.

b) The frequency of these PSPs in the same cell were reduced but not 

completely blocked in aCSF containing 1 juM TTX.

c) The spontaneous PSPs were attenuated in a medium containing 1 /xM TTX, 

10 fiM  CNQX, 50 /xM AP-5, 10 /xM bicuculline.
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Figure 3.9

The depolarizing responses of 5-HT were maintained and the 5-HT-evoked 

increases in PSPs were attenuated in a media which blocked synaptic 

transmission.

a) Application of 5-HT (20 fxM, 2 min) elicited a 9 mV depolarization which 

reached the threshold for action potential generation. On a faster time scale 5- 

HT was shown to evoke an increase in PSPs. 1, control spontaneous PSPs 

mainly depolarizing in nature; 2, 5-HT-elicited increase in the amplitude and 

frequency of PSPs which were both depolarizing and inhibitory in nature.

b) In the same DVM, the depolarizing response to 5-HT (20 fxM, 2 min) was 

maintained in a media containing 1 fjM  TTX, 10 CNQX, 50 fxM AP-5 and 

10 bicuculline. Superfiision of 1 ftM TTX abolished the generation of 5- 

HT-evoked action potentials. On a faster time scale the control spontaneous 

PSPs and 5-HT-evoked increase in PSPs were attenuated (1,2). The scale bars 

for a) are the same for b).
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±  2.7 %) with the remaining either having decreases (27 %) in apparent 

resistance (7.3 ±  1.2 %) or no change (9 %).

3 .3 f Ionic mechanisms involved in the effects of 5-HT 

Current-voltage relationships before, and after, applications of 5-HT (20 |iM , 

2 min), in synaptic block medium, were plotted to ascertain the ion selectivity 

and gating properties of the ion channels involved in the depolarizing 

responses. In these experiments, to calculate the true changes in input resistance 

the membrane potentials were returned from their depolarized level to -60 mV. 

From the slopes of the relationships 5-HT was calculated to increase input 

resistance by 14.3 ±  2.6 % (n=8). However, Ê ev could only be determined 

from a proportion of the current-voltage relationships (-91 ±  1 mV, n= 4 .  

Figure 3.10). The remaining current-voltage relationships either exhibited, in 

the presence of 5-HT, increases in input resistance accompanied with parallel 

shifts to the left of the relationships and/or increases exclusively in input 

resistance at more depolarized potentials (more positive than -90 mV, Figure 

3.11).

Using the experimental intracellular and extracellular ion concentrations the 

theoretical Eg was calculated from the Nemst equation to be -89 mV (4.2 mM 

[K'^lo). As this Ek value was close to the determined from the crossover of 

the control and 5-HT-evoked current-voltage relationships, the effects of 

increasing the were studied. The concentration was increased from 4.2 

mM to 9.2 mM which shifted the theoretical E^ to -69 mV. In all neurones 

tested, current-voltage relationships carried out in 9.2 mM exhibited an 

experimental E.^  ̂of -71 ± 2  mV (n=4), again closely reflecting the theoretical 

Ek predicted from the Nemst equation (figure 3.12).
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Figure 3.10

The excitatory effects of 5-HT on DVMs were associated with increases in 

input resistance.

a) Hyperpolarizing current pulses of increasing amplitude were applied to a 

DVM before and during an application of 20 pM  5-HT in synaptic block 

medium. A holding current of -9 pA was applied during the response to return 

the membrane potential to its control level of -60 mV.

b) On a faster time scale, single sweep voltage deflections from the above data 

are shown to increase in the presence of 5-HT demonstrating that the effects of 

5-HT are associated with an increase in input resistance.

c) From the data provided by a) current-voltage relationships were plotted for 

before (O) and during (#) the 5-HT response. Using linear regression analysis 

5-HT was calculated to increase the gradient from 393 MO to 438 MO which 

corresponds to an increase in input resistance of 11.5 %. The crossover of the 

control and 5-HT current-voltage relationships indicated that the was -92 

mV.
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Figure 3.11

The effects of 5-HT on DVMs were also associated with increases in input

resistances which did not exhibit an Ê ev.

a) Hyperpolarizing and depolarizing current pulses of increasing amplitude were 

applied to a neurone before and during an application of 5-HT (20 /iM, 2 min) 

in synaptic block medium. A holding current of -10 pA was applied during the 

response to return the membrane potential to its control level of -60 mV.

b) On a faster time scale, single sweep voltage deflections from the above data 

are shown to increase in the presence of 5-HT demonstrating that the response 

is associated with an increase in input resistance.

c) From the data provided by a) current-voltage relationships were plotted for 

before (O) and after ( • )  the 5-HT response. Using linear regression analysis 

5-HT was calculated to increase the gradient from 700 MQ to 850 MO which 

corresponds to an increase in input rsistance of 21.4 %. The two current- 

voltage relationships did not crossover indicating that the response to 5-HT did 

not exhibit an
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Figure 3.12

The dependency of the 5-HT-evoked reversal potentials on the extracellular 

concentration of ions. Note the log scale.

The plot in the open squares shows the theorical values of the reversal 

potentials predicted by the Nemst equation for [K^]^ of 4.2 mM and 9.2 mM.

The plot in the closed circles shows the experimental values of the reversal 

potentials for [K'^Jo of 4.2 mM (n=8) and 9.2 mM (n=4).
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D I S C U S S I O N

The effects of 5-HT on DVMs was studied in vitro using a thin brainstem slice 

preparation. The results indicate that the application of 5-HT to the perfusate 

increases the excitability of DVMs.

3.4a Viability of the preparation

Intracellular labelling with biocytin showed that the visually-identified neurones 

recorded had fusiform or oval shaped soma and were located within the DMN. 

The neurones retained a number of primary dendrites within the slice which 

occasionally could be traced into the NTS. As the dendritic tree from DVMs 

spreads over a wide area in the horizontal plane (Fox and Powley, 1992) it is 

probable that some dendrites were removed since the slices were cut in the 

transverse orientation. The electrophysiological properties of the recorded 

neurones were similar to earlier in vitro studies on DVMs using both 

intracellular and whole-cell recording techniques (Sah and McLachlan, 1992a; 

Travagli and Gillis, 1994). These basic morphological and electrophysiological 

properties indicate that the visually-identified neurones recorded were DVMs 

(Fox and Powley, 1992). The overshooting action potentials, prolonged after

hyperpolarizations and the high levels of ongoing spontanteous PSPs also 

suggest the slices were healthy and verify the preparation appropriate for 

studying the effects of 5-HT on DVMs.

The whole-cell recording technique has been claimed to wash-out intracellular 

components, such as second messenger systems, leading to responses being run

down or abolished (Horn and Kom, 1992). Thus, 5-HT was applied to the 

perfusate as soon as possible from the creation of the whole-cell configuration 

to show that the excitatory effects of 5-HT were reproducible and did not 

exhibit any desensitization or run-down when repeated applications were made.
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This suggests that either intracellular component wash-out did not occur or that 

wash-out does not affect the regulation of the 5-HT receptors involved in the 

excitatory response. This corresponds to a previous whole-cell recording study 

which showed that the excitatory actions of 5-HT on neonatal rat hypoglossal 

motoneurones did not desensitisize (Berger, Bayliss and Viana, 1992). 

Therefore, the whole-cell patch-clamp configuration is an appropriate technique 

to study the subthreshold effects of 5-HT on DVMs.

3.4b The excitatory effects of 5-HT

Of the cells tested, 95% produced reversible depolarizations which in some 

cells were capable of reaching threshold for initiating action potentials. A 

hyperpolarizing effect for 5-HT was only observed in one neurone which 

produced a biphasic response to the application of 5-HT. The changes in 

apparent input resistance suggest that the hyperpolarization was associated with 

an increase in ionic conductance whereas the depolarization was associated with 

a decrease. Similar biphasic responses to 5-HT have been shown in a number 

of CNS in vitro preparations, with the hyperpolarizations being blocked by 

selective 5-HTia receptor antagonists and the depolarizations by selective 5- 

HT2A/2C receptor antagonists (Johnston et. al., 1993; Bobker, 1994; Pickering 

et at., 1994).

The responses of 5-HT had slow onsets and prolonged durations, in contrast to 

the effects of 30 mM KCl which produced fast on-off responses. It is unlikely 

that the prolonged effects of 5-HT were due to slow wash-out as the slices were 

cut at 175-200 jum, the bath volume was low and the flow rate high. The slow 

onsets and long-lasting effects of 5-HT are indicative of second messenger 

system mediated responses. 5-HT acting at central 5 -HT2a/2c and 5 -HT4 

receptors has been shown to elicit slow excitatory responses through the
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activation of second messenger systems. The stimulation of 5 -HT2A/2C receptors 

in the brain leads to PI hydrolysis which yields two second messengers, inositol 

triphosphate (IP3) and diacylglycerol (DAG; Conn and | Sanders-Bush, 1984; 

Conn, Sanders-Bush, Hoffman and Hartig, 1986). These two products then 

increase intracellular Ca^^ concentration and activate protein kinase (PKC) 

respectively causing receptor regulation through phosphorylation and Ca^^- 

dependent processes. In rat facial motoneurones, the S-HTja/ic receptor is also 

proposed to be directly coupled to ionic channels via a G-protein (Aghajanian,

1990). 5 -HT4 receptors have been shown to be linked to the production of 

cAMP through the activation of AC (Fagni, Dumuis, Sebben and Bockaert,

1992). Therefore, it is possible that one or both these receptors could be 

involved in mediating the responses of 5-HT on DVMs.

Applications of 5-HT elicited increases in baseline noise which were associated 

with increases in PSPs. Most of the increases in PSPs were found to be 

depolarizing in nature. This may be due to the fact that DVMs were held close 

to the Ed, reducing the amplitude of Cl -mediated hyperpolarizing events or to 

the severing of tonic inhibitory inputs to the DMN during slicing. The latter 

explanation may account for why DVMs recorded in vitro spontaneously 

discharge action potentials whereas DVMs recorded in vivo are mainly silent 

(Wang et. al., 1995a). The tonic inhibitory inputs could arise from 

hypothalamic nuclei since lesions in these regions as been shown to increase 

vagal activity (Yoshimatsu et. al., 1984). The 5-HT-elicited increases in PSPs 

probably represents indirect effects on intrinsic DMN intemeurones or on 

neurones of the NTS where 5-HT-containing nerve terminals are also present 

(Steinbusch, 1981) since the increases were not observed in a media which 

blocked synaptic transmission. 5-HT elicited increases in PSPs have also been 

observed in other areas of the rat CNS (North and Uchimura, 1989; Wang and
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Dun, 1990; Lewis et. al, 1993).

In the majority of DVMs, applications of 5-HT elicited slow depolarizations 

which were accompanied by increases in apparent input resistance. This 

indicates that the effects of 5-HT were mediated by reductions in ion 

conductances. On occasions, the responses of 5-HT were also associated with 

no change or decreases in apparent input resistance indicating that 5-HT could 

also enhance ion conductances. This suggests that 5-HT acts through multiple 

ionic mechanisms, the predominant one being the reduction of ion 

conductances, to depolarize DVMs. Multiple mechanisms underlying the 

excitatory actions of 5-HT have been observed in the same neurone before 

(Larkman and Kelly, 1992) and will be discussed later in this discussion and 

investigated in greater detail in Chapter 5.

The depolarizing effects of 5-HT were dose-dependent with an EC50 of 1.6 fjM. 

This EC50 value is slightly lower than previous studies on the depolarizing 

effects of 5-HT using comparable in vitro brain slice preparations (10 fxM; 

Bobker and Williams, 1989; 5-10 /xM; North and Uchimura, 1989; Kq value 

of 10 /xM; Stevens, McCarley and Greene, 1992; 9.5 /xM; Rick, Stanford and 

Lacey, 1995) suggesting that the bath was well perfused, enabling adequate 

diffusion of 5-HT into the slice. The low amplitude depolarizations elicited with 

concentrations of 5-HT close to the EC50 value suggest that it was correct to use 

a standard dose of 20 /xM to measure 5-HT-sensitivity. The EC50 value of 1.6 

fxM may explain the lower proportion of DVMs excited by 5-HT in a previous 

study (65 %) which used applications of 0.1-3 ^M 5-HT (Travagli and Gillis, 

1995).
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3.4c Uptake inhihitînn

Preincubation of the selective 5-HT uptake inhibitors fluoxetine and 6 -NQ 

increased the amplitude and/or duration of the depolarizing responses of 5-HT. 

This implies that the slices contained functional 5-HT uptake systems which 

probably means that the EC50 value for 5-HT was overestimated. The presence 

of functional uptake systems also signifies the healthy condition of the slices. 

In these studies, submaximal concentrations of 5-HT were applied for short 

periods of time. This maximized the effects of the uptake inhibitors for a short 

preincubation time which was essential since whole-cell recordings normally 

lasted for approximately 30 minutes.

In two DVMs, preincubation with fluoxetine and 6 -NQ increased the amplitude 

and frequency of PSPs and reduced the responses to subsequent applications of 

5-HT. There are several explanations for these observations;

(i) The uptake inhibitors could be directly interacting with 5-HT receptors to 

augment PSPs and/or initiate desensitization. Fluoxetine has been shown to 

augment 5 -HT3 receptor mediated synaptic potentials in the rat amygdala 

(Sugita et. a l ,  1992) and also facilitate desensitization of the 5-HT-evoked 

responses mediated by 5-HTg receptors on rat nodose ganglion neurones (Fan, 

1994). These mechanisms seems unlikely as the 5-HTg receptor is coupled to 

a ligand-gated channel (Derkach et. al., 1989) which mediates fast excitatory 

effects and not slow, prolonged depolarizations as observed in this investigation 

which suggested that 5-HTg receptors are not involved in the direct, 

postsynaptic effects of 5-HT on DVMs. Furthermore, in this study the 

excitatory responses of 5-HT did not desensitize. In addition, the effects on the 

PSPs and the depolarizing responses of 5-HT were also evoked by 6 -NQ which 

did not desensitize the slow, prolonged depolarizing effects of 5-HT on rat
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sympathetic preganglionic neurones (Pickering et. al, 1994).

(ii) The decreases in the amplitude of the 5-HT-evoked depolarizations could 

be due to the rectifying properties of the ion conductances mediating the 

responses of 5-HT since the uptake inhibitors evoked depolarizations from the 

holding potential. However, when the membrane potential was returned to the 

holding potential of -60 mV the amplitude of the 5-HT-evoked depolarizations 

was still reduced.

(iii) These two DVMs may have received tonically active 5-HT inputs which 

elicited serotonergic PSPs. Applications of the uptake inhibitors raised the 

synaptic concentration of 5-HT causing increases in serotonergic PSPs which 

summated to elicit small depolarizations. This reduced the number of available 

postsynaptic 5-HT receptors, thus subsequent applications of 5-HT elicited 

depolarizations of smaller amplitude. The identity of the 5-HT receptor 

subtype(s) mediating the PSPs is unknown but, for the subsequent applications 

of 5-HT to elicit smaller effects it must have been the same as the receptor 

mediating the depolarizations. Therefore, 5 -HT2a/2c and 5 -HT4 receptors which 

mediate slow excitatory responses in the CNS could be involved.

(iv) Alternatively, the responses elicited by the uptake inhibitors could involve 

a combination of effects. For example, the increased concentration of synaptic 

5-HT could increase serotonergic PSPs and also increase the release of 

excitatory amino acids. This response could involve other 5-HT receptor 

subtypes which are located presynaptically. In the rat NTS, 5-HT has been 

shown to enhance excitatory spontaneous PSPs through the activation of 

presynaptic 5 -HT3 receptors (Glaum et. a l ,  1993).
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3.3d Direct effects of 5-HT on DVMs

The slow depolarizations were mediated by direct, postsynaptic effects of 5-HT 

on DVMs. This is proven by the maintenance of the depolarizations during 

perfusion with a synaptic block medium. This media contained not only TTX 

to block action potentials but CNQX or DNQX, AP-5 and bicuculline to 

antagonise TTX-resistant excitatory and inhibitory spontaneous PSPs (Travagli 

et. al., 1991). The attenuation of 5-HT elicited PSPs in synaptic block medium 

suggests that the PSPs evoked in control aCSF were predominantly mediated 

by glutamate and GAB A at non-NMDA, NMDA and GABAy^ receptors. The 

various changes in apparent input resistance were also maintained in synaptic 

block medium fiirther suggesting that the direct, postsynaptic responses of 5-HT 

are via multiple ionic mechanisms.

3.3e Ionic mechanisms

The ionic mechanisms underlying the excitatory responses of 5-HT were 

investigated in more detail by measuring its effects on input resistance. The 

experiments were carried out in synaptic block medium to exclude input 

resistance changes caused by any indirect effects of 5-HT. The membrane 

potentials were also returned to -60 mV before the 5-HT elicited changes in 

input resistance were measured. This erased the possibility of the input 

resistance changes being due to the rectification of ion conductances and not the 

effects of 5-HT.

5-HT increased input resistance with a correlated to the [K'^lo, providing 

evidence that the mechanism of the slow depolarizations is via a reduction in 

conductance. However, not all the current-voltage relationships exhibited 

increases in input resistance associated with a Those that did not reverse 

either exhibited 5-HT elicited increases in input resistance at more positive
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membrane potentials and/or displayed 5-HT elicited parallel shifts to the left of 

the current-voltage relationships associated with increases in input resistance. 

These variable results suggest that the 5-HT-evoked depolarizations are 

mediated by multiple voltage-dependent ion conductances. Therefore, the 

changes in input resistance were not statistically analysed since the overall 

change in input resistance can not provide information, significant or not, on 

whether multiple ion conductances are involved. The reduction of ion 

conductances at more positive potentials implicates the involvement of 

conductances exhibiting outward rectification. The reduction of outward 

rectifying conductances has been implicated in the mechanisms underlying 

the excitatory effects of 5-HT on rat sympathetic preganglionic neurones 

(Pickering et. al., 1994) which also did not reverse. The involvement of 

outward rectifying conductances could explain why all the neurones 

recorded in 9.2 mM [K^]q (Ek= -69 mV) did exhibit a Ê ev since at this level 

there would be a larger window between the activation threshold of the ion 

conductance (-100 to -90 mV) and the E^ (-69 mV instead of -89 mV) therefore 

providing a greater opportunity for a to be observed. The use of linear 

regression analysis to determine the slopes of current-voltage relationships 

exhibiting outward rectification could account for the small 5-HT-evoked 

changes in input resistance as the line of best fit would underestimate the 

changes in input resistance. The voltage-dependent nature of the ion channels 

mediating the effects of 5-HT suggest that voltage-insensitive Teak’ 

conductances previously shown to underlie depolarizing responses of 5-HT on 

facial and spinal motoneurones are not involved (Larkman and Kelly , 1991; 

Stevens et. at., 1992).

The lack of a Ê ev in some neurones combined with observations that the 

excitatory effects of 5-HT were also accompanied by either no change or
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decreases in apparent input resistance indicates that 5-HT may also evoke 

depolarizing responses by the augmentation of ion conductances. 5-HT has been 

shown to augment a non-selective cationic hyperpolarization-activated current 

(Ij,; Bobker and Williams, 1989b; Larkman and Kelly, 1992) which is present 

in DVMs (Travagli and Gillis, 1994). This could account for 5-HT eliciting 

parallel shifts in current-voltage relationships. It could also explain why 

responses of 5-HT are associated with relatively small changes in input 

resistance and, in neurones where the closure of K^ channels is not 

predominant, the lack of a Alternatively, the lack of a could imply 

that the 5-HT receptors mediating the responses are located on distal dendrites. 

This would lead to differences between the amplitudes of voltage deflections at 

the soma compared to the dendrites, distorting the current-voltage relationships 

in the presence of 5-HT. In the present study, preliminary morphological 

evidence suggests that DVMs in the in vitro brainsten slice preparations did not 

contain their complete dendritic tree. This could limit the number of 5-HT 

receptors located distally to the soma and therefore reduce the likelyhood for 

space-clamp problems.

To eludicate the nature of the ion conductances involved greater detailed 

examination needs to be carried out (see Chapter 5), although, it could be 

hypothesized that 5-HT, in part, reduces a conductance which is present at 

-60 mV.

In conclusion, this chapter shows that applications of 5-HT elicits strong 

subthreshold excitatory effects on 95 % of DVMs. The responses are consistent 

with 5-HT acting at direct, postsynaptic receptors which, in part, are linked to 

a reduction in conductance.
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C H A P T E R  4

T H E  E F F E C T S  O F  S E L E C T I V E  5 - H T  R E C E P T O R  

A G O N I S T S  A N D  A N T A G O N I S T S  O N  D V M s

in vitro
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I N T R O D U C T I O N

The previous chapter demonstrated that 5-HT elicits direct, postsynaptic 

excitatory effects on DVMs. In the general introduction, the 5-HT receptors 

involved in postsynaptic excitatory responses were discussed. In summary, the 

activation of 5 -HT2a/2c» 5-HTg and 5-HT^ receptor subtypes by 5-HT have been 

shown to evoke excitatory effects in the CNS. This chapter investigates the 

pharmacological profile of the 5-HT receptor(s) mediating the excitatory 

responses of 5-HT on DVMs. In particular, it investigates the effects of 

agonists and antagonists which exhibit selectivity for these three 5-HT receptor 

subtypes.

4.1a Previous studies on the 5-HT receptor subtypes mediating responses 

of 5-HT on DVMs

A number of in vivo and in vitro studies have investigated the 5-HT receptor 

subtypes mediating the effects of 5-HT on DVMs. lontophoretic applications 

of the 5-HTia receptor antagonists (±)-pindolol (10 nA) and WAY-100635 (10 

nA), the 5 -HT2a/2c receptor antagonists ketanserin (5-20 nA) and cinanserin (5- 

20 nA) and the 5 -HT3 receptor antagonists granisetron (5-20 nA) and 

tropisetron (5-20 nA) each partially attenuated the 5-HT-evoked increases in 

DVMs activity in vivo (Wang et. al. , 1995a; Wang, Jones, Ramage and Jordan, 

1995b; Wang, Ramage and Jordan 1996). Applications of 8 -OH-DPAT elicited 

both increases and decreases in the firing rate of DVMs (Wang et. al. , 1995a) 

although only the excitatory responses to 8 -OH-DPAT were attenuated by (±) -  

pindolol and WAY-100635 always mimicked the effects of 8 -OH-DPAT. This 

suggested that 8 -OH-DPAT and WAY-100635 may be acting at other 5-HT 

receptors, possibly the 5-ht? receptor subtype. In an in vitro study, applications 

of (+)-8-0H -D PA T (10 ixM) evoked increases in the firing rate of DVMs 

which were antidromically-identified by stimulating the efferent vagal pathway
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(Brooks, 1991). Cell-attached patch-clamp recordings made from visually- 

identified rat DVMs in a thin brainstem slice preparation indicated that the 

selective 5-HTg receptor agonists 2-methyl-5-HT and 1-phenyl-biguanide and 

the potent but non-selective 5 -HT4 receptor agonist 5-methoxytryptamine (5- 

MEOT) increased the spontaneous firing rates of DVMs (Travagli and Gillis, 

1992a). In addition, applications of 5-HT elicited increases in activity which 

were partially attenuated by the 5 -HT3 receptor antagonist MDL 72222 at high 

concentrations (100 jitM; Travagli and Gillis, 1992c). In this study, applications 

of (±)-D O I and 8 -OH-DPAT were stated not to have any effects. These results 

suggest that S-HTi^, 5 -HT3 and 5 -HT4 receptors may be involved in the effects 

of 5-HT on DVMs although a detailed pharmacological analysis on the 

responses of 5-HT on DVMs in vitro was not been carried out. This is the 

objective of the present study.

4.1b Selective S-HT^  ̂ receptor antagonists and  agonists 

The antagonists used in this study were spiperone, ketanserin and LY 53,857. 

Spiperone and ketanserin both have a high affinity for 5 -HT2a receptors and are 

used as antagonists and radioligands at this receptor (Peroutka and Snyder, 

1979; Leysen, Wozny, Taleb, Dal Toso, Shih and Seeburg, 1982). In the rat 

frontal cortex, pH]-LSD (which binds to both 5-HTi and S-HTj receptor) in the 

presence of 300 nM 5-HT to block 5-HTi receptor binding sites was displaced 

by spiperone with a Kj of 0.76 nM (Peroutka and Snyder, 1979). In addition, 

pH]-ketanserin binding sites in the rat prefrontal cortex were displaced by 

ketanserin with a Kj, of 0.42 nM (Leysen et. al., 1982). Transfection of NIH- 

3T3 cells with the rat 5 -HT2A and 5 -HT2C receptor subtypes (Leonhardt, 

Gorospe, Hoffman and Teitler, 1992) demonstrated that spiperone had a 1000- 

fold lower potency at the 5 -HT2C receptor subtype (pKj of 5.67) than at the 5- 

HT2A receptor subtype (pIQ of 9.4), making it a useful tool for differentiating
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between the two S-HTj receptor subtypes (Peroutka, 1994). However, 

spiperone does have an affinity for S-HTi^ receptors (Hoyer et. al., 1994) 

which means caution must be taken when interpreting the effects of this 

antagonist. Ketanserin is a widely used antagonist which has a 30-50

fold lower potency at 5-HT2c than at S-HTja sites (pKj of 7.32 and 9.0 

respectively; Leonhardt et. at., 1992; Peroutka, 1994) and low affinity for 

subtypes in the 5-HTj receptor family (Zifa and Pillion, 1992). Ketanserin has 

also been shown to bind to 5-HTid„ receptor sites expressed in HEK 293 cells 

with submicromolar affinity (pK^ of 7.0; Kaumann, Parsons and Brown, 1993) 

and have an affinity for receptors with less than 10 % of pH]-ketanserin 

labelling displaced by high concentrations of the ol̂  ligand prazosin (1 /xM; 

Leysen et. a l ,  1982). In constrast, LY 53,857 has a higher affinity at 5-HT2c 

receptors than 5 -HT2A receptors shown by the high affinity at 5 -HT2C receptors 

in the pig choroid plexus (pA2 of 8.7; Sahin-Erdemli, Schoeffter and Hoyer,

1991). It has also a low affinity for the ol̂  receptor (Cohen, Fuller, Kurz, Parli, 

Mason, Meyers, Smallwood andToomey, 1983). Spiperone, ketanserin and LY 

53,857 have often been used in combination, during in vitro experiments, to 

characterise 5-HT responses mediated by 5-HT2a/2c receptors (100 nM 

ketanserin, 300 nM spipierone. North and Uchimura, 1989; 0.5-1 /iM 

ketanserin, 0.5-1 /aM spipierone, Wang and Dun, 1990; 1-100 fxM ketanserin, 

1-100 /xM spiperone, 50-100 /xM LY 53,857, Larkman and Kelly, 1991; 0.1 

and 1 /xM ketanserin, 0.1 and 1 /xM spiperone, 1 /xM LY 53,857, Elliot and 

Wallis, 1992). Each of these antagonists have been shown to require a period 

of preincubation (10-60 minutes. North and Uchimura, 1989; Wang and Dun, 

1990; Larkman and Kelly, 1991, Rick et. a l ,  1995) and a period of wash out 

( >1 5  minutes) before any partial recovery was obtained.

The characterization of 5-HT2a/2c receptors using agonists is more complicated
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and less satisfactory. This study uses (±)-D O I and a-methyl-5-HT. [^^I]-DOI 

binds to the GTP-sensitive state of the 5-HT2a receptor with very high affinity 

(Kd of 4 nM; Appel, Mitchell, Garlick, Glennon, Teitler and Souza, 1990). In 

the presence of 100 nM spiperone to block 5-HT2a receptors, [^^I]-DOI binds 

to the 5 -HT2C receptor binding sites in the rat choroid plexus (Appel et. al. , 

1990) and therefore is often used has a selective S-HTja/ic receptor agonist (200 

fjM, Wang and Dun, 1991; 100 nM Bobker, 1994). a-Methyl-5-HT has been 

shown to have a high affinity at both 5-HTi and 5-HT2a/2c receptors (Ismaiel, 

Titeler, Miller, Smith and Glennon, 1990). These receptor families have 

opposing postsynaptic effects, with the activation of 5-HTi receptors causing 

a hyperpolarization and the activation of 5-HT2a/2c receptors a depolarization 

(see general introduction) therefore a-methyl-5-HT has been extensively used 

in numerous in vitro studies to build pharmacological profiles of 5-HT2a/2c 

receptors (10-100 juM, Elliot and Wallis, 1992; 1 /xM, Stevens et. al., 1992; 

10-300 [jlM , Johnston et. al., 1993; 5-20 fxM, Pickering et. al., 1994; 10 fxM, 

Rick et. al., 1995).

4.1c Selective S-HT^ receptor antagonists and  agonists

There are many antagonists available that have a high affinity and selectivity 

for 5 -HT3 receptors- this study uses ICS-205-930 and MDL 72222. ICS-205- 

930 is a highly selective and potent antagonist at the 5 -HT3 receptor which has 

been shown to block the effects of 5-HT in the guinea-pig ileum and on 

sympathetic nerve terminals innervating the rabbit heart with pA2 valves of 7.9 

and 10.2 respectively (Donatsch, Engel, Richardson and Stadler, 1984; 

Richardson, Engel, Donatsch and Stadler, 1985) hence it has frequently been 

used to characterise 5 -HT3 receptors (1 nM, Yakal and Jackson. 1988; 10 nM, 

Glaum et. a l ,  1992; Sugita et. al., 1992). At higher micromolar ranges ICS- 

205-930 does have considerable affinity for 5 -HT4 receptors in the rat and
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guinea-pig CNS (pA2 of 6.5, Bockaert, Fozard, Dumuis and Clarke, 1992) and 

for 5 -HT2A/2C receptors in a guinea-pig trachea preparation (10 fxM ICS-205-930 

evokes a 6-fold shift to the right of the 5-HT concentration-response curves. 

Watts and Cohen, 1992). MDL 72222 is a selective 5 -HT3 receptor antagonist 

(Fozard, 1984) which does not exhibit significant affinity for any other 5-HT 

receptor subtypes and therefore is a useful pharmacological tool for 

characterising the excitatory effects of 5-HT mediated by 5-HTg receptors (10 

/xM, Glaum et. al., 1992).

There are several selective 5 -HT3 receptor agonists available, one of the most 

frequently used is 2-methyl-5-HT, which is used in this study (50 /xM, Yakal 

and Jackson, 1988; 250 nM-100 /xM, Glaum et. al., 1992). 5-MEOT is a non- 

selective 5-HT receptor agonist which has a similar affinity for all 5-HT 

subtypes, except 5 -HT3 receptors where it is inactive (Zifa and Fillion, 1992). 

Hence, it is extremely useful in providing information, albeit from negative 

results, on whether responses of 5-HT are mediated by 5 -HT3 receptors since 

responses of 5-MEOT which are blocked by non-5 -HT3 receptor selective 

antagonists may indicate that 5 -HT3 receptors are unlikely to mediate the 

responses of 5-HT (Craig, Eglen, Walsh, Perkins, Whiting and Clarke, 1990).

4.Id Selective 5-HT  ̂receptor antagonists and agonists

The lack of selective 5 -HT4 receptor antagonists and agonists has restricted the 

pharmacological characterization of this receptor subtype. However, recent 

studies have revealed several new compounds which have been shown to 

potently and selectively block 5 -HT4 receptors (Eglen, Wong, Dumuis and 

Bochaert, 1995). In the CAl region of the adult rat hippocampus, GR 113808A 

(1 /xM) potently blocked the 5 -HT4 receptor-mediated attenuations in the AHPs 

(Torres et. al., 1994). In the present study, GR 113808A (1 /xM) was used to
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evaluate if 5 -HT4 receptors are involved in mediating the excitatory responses 

of 5-HT on DVMs.

There are no selective full agonists at 5 -HT4 receptor sites although many non- 

selective 5-HT receptor agonists do show a high affinity for 5 -HT4 receptors. 

For instance, the benzimidazolones (BIMU 1 and BIMU 8 ) both display high 

pKi values in the guinea-pig striatum and hippocampus (7.8 and 7.9 

respectively, Boess and Martin, 1994) but can act as partial agonists (Hoyer et. 

al. , 1994). The non-selective 5-HT agonist 5-MEOT displays a high affinity for 

5 -HT4 receptors (Hoyer et. a l ,  1994). Displacement studies on COS-7 cells 

transfected with the rat 5 -HT4L gene demonstrated that 5-MEOT inhibited the 

binding of 0.2-0.4 nM pH]-GR 113808 with a Kj values of 401 nM (Gerald, 

Adham, Kao, Olsen, Laz, Schechter, Bard, Vaysse, Hartig, Branchek and 

Weinshank, 1995). The present study used 5-MEOT to investigate whether 5- 

HT4 receptors are involved in the excitatory effects of 5-HT on DVMs.

4. le  Other 5-HT antagonists and agonists used in the study

To fully characterise the effects of spiperone, which also acts at 5-HTiy^ 

receptors, a selective 5-HTiy^ receptor antagonist was used. Pindobind.5-HTiA 

is a derivative of pindolol (Liau, Sleight, Pitha and Peroutka, 1991) which has 

less affinity for B-adrenergic receptors and has been successfully used to block 

selectively 5-HT responses at the 5-HTiy^ receptor site (5 ftM, Johnston et. a l ,  

1993; 1 juM, Bobker, 1994). To ftirther investigate the effects of 5-HT at 5- 

HTja receptors the selective 5-HTiy^ agonist (+)-8-0H -D PA T was applied to 

DVMs. This is a well characterised agonist that has been used extensively to 

profile 5-HTiA receptors (10-30 juM, Araneda and Andrade, 1991; 10 ^M , 

Brooks, 1991; 150-500 nM, Stevens et. a l ,  1992; 100 nM, Penington et. a l ,

1993), although studies in the hippocampus have shown that it can act as a
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partial agonist (30 ixM, Andrade and Nicoll, 1987) or antagonist (100-200 nM, 

Colino and Halliwell, 1987). Using this information the concentration range for 

8-OH-DPAT used in the present study was 1-50 /xM.

5-Carboxamidotryptamine (5-CT) is a non-selective 5-HT agonist which has a 

high affinity for 5-HTi^, 5-HTib, 5-HTid and 5-ht? receptors and a low potency 

at 5 -HT2A/2C receptors and 5 -HT4 receptors (Hoyer et. al., 1994). The agonist 

is inactive at 5-HTg receptors and therefore like 5-MEOT is a useful agonist for 

determining if responses of 5-HT are not mediated by 5 -HT3 receptors. Despite 

its low potency at 5-HT2a/2c receptors 5-CT has been shown, at higher 

concentrations, to elicit slow depolarizations in facial motoneurones and 

sympathetic preganglionic motoneurones which were blocked by ketanserin (10- 

25 fiM, Larkman and Kelly, 1992; 1-90 juM, Lewis et. al., 1993; 10-20 fxM, 

Pickering et. al., 1994) therefore 5-CT was employed in this study at 20 fxM.

This chapter investigates the effects of selective 5-HT receptor antagonists on 

the subthreshold excitatory responses of 5-HT on DVMs, defined in Chapter 

3. It also studies the subthreshold effects of selective 5-HT receptor agonists on 

DVMs. Since there are few selective 5-HT receptor antagonists and agonists 

available a wide range has been used in an attempt to produce a detailed 

pharmacological profile of the receptor(s) mediating the excitatory effects of 5- 

HT on DVMs in vitro.
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METHODS
4.2a Experimental procedures

The procedures and techniques used for general preparation, surgery, recording 

set-up, data collection in current-clamp, data analysis, drug preparation were 

the same as described in the general methods (Chapter 2).

4.2b Experiment protocol

As in Chapter 3, the viabilities of the DVMs to be recorded were assessed from 

their input resistances and amplitudes and durations of action potentials and 

after-hyperpolarizations. The input resistances of DVMs were monitored by 

applying small hyperpolarizing current pulses (0.2 Hz, 0.5-1 s).

The DVMs were held at -60 mV by injecting negative DC current through the 

recording electrode.

A control response of 5-HT (20 /zM, 2 min) or the agonist under study was 

produced and after full recovery the antagonist was applied. After a 

preincubation period of at least 15 minutes, 5-HT or the agonist were reapplied 

in the presence of the antagonist. Superfusion of the antagonist was continued 

with repeated applications of 5-HT or the agonist made every 10 minutes until 

the amplitude of the response was maximally reduced, then the perfusate was 

returned to control aCSF and recovery responses of 5-HT or the agonist were 

attempted.

In the same DVMs, the amplitudes of the control depolarizations of 5-HT were 

compared to the amplitude of the 5-HT- and agonist-evoked responses in the 

presence of the antagonist. In both the control responses and the responses in 

the presence of antagonists the peak amplitude of the depolarization was
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measured. The raw data was compared using a student’s paired t-test with 

significance given at the level of p <  0.05. The differences were also converted 

into percentages of the control responses. All mean values are given ±  S.E.M .

In experiments where changes in input resistance were studied, control- and 

agonist-evoked current-voltage relationships were created in synaptic block 

medium containing 1 /^M TTX, 10 fxM CNQX, 50 AP-5 and 10 fiM bicuculline 

by applying depolarizing and hyperpolarizing current pulses. The membrane 

potentials were returned to -60 mV with negative DC current. The mean 

amplitudes of the voltage deflections to each current pulse were calculated at 

the steady-state level from at least two voltage sweeps. The changes in input 

resistances and were determined from the differences between the slopes 

of the plots, calculated using linear regression analysis, and their crossover 

position respectively.
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RESULTS

4.4a Effects of 5-HT

Applications of 5-HT (20 fiM) for 2 minutes were used to give consistent 

control depolarizations, as defined in Chapter 3. The mean peak amplitude was 

6.9 ±  0.3 mV (n=38). As in Chapter 3, 5-HT did not elicit any 

hyperpolarizations.

4.4b The effects of selective receptor antagonists and agonists

Ketanserin (1 /xM) inhibited significantly (p<  0.01) the depolarizing effects of 

5-HT on all DVMs tested to 7.1 ±  4.5 % of peak control responses (i.e. 7.6 

± 1 .5  mV to 0.5 ±  0.3 mV, n = 5 , figure 4.1a, figure 4.8). In three of the 

neurones tested, preincubation with ketanserin blocked completely the 

excitatory effects of 5-HT.

Spiperone (1 /xM) also attenuated significantly (p<  0.01) the excitatory effects 

of 5-HT on all neurones tested to 10.1 ±  6.7 % of control responses (i.e. 7.3 

± 1 .1  mV to 0.7 ±  0.4 mV, n = 5 , figure 4.1b, figure 4.8). In three of the 

DVMs tested, spiperone abolished completely the depolarizing responses to 5- 

HT.

In addition, LY 53,857 (1 /xM) reduced significantly (p<0.05) the excitatory 

effects of 5-HT on all DVMs tested to 19.1 ±  7.5 % of control responses (5.1 

±  1.1 mV to 0.8 ±  0.3 mV, n = 4 , figure 4.1c, figure 4.8). LY 53,857 

blocked completely the effect of 5-HT on one neurone tested.

Recovery from the applications of ketanserin, spiperone or LY 53,857 even 

after over 1 hour wash-out were never complete and often, due to the 

constraints of holding a neurone for a long period of time, the effects of the
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Figure 4.1

The effects of selective 5-HT2a/2c receptor antagonists on the excitatory 

responses to 5-HT on three different DVMs.

a) Ketanserin (1 jxM) attenuates the depolarizing effect of 5-HT on a DVM by 

88 % after a preincubation period of 50 min. Partial recovery (38 %) was 

observed after over 30 min of wash out.

b) Spiperone (1 /xM) attenuated the excitatory effects of 5-HT on a DVM by 

90 % after a 15 min preincubation period. Partially recovery (42 %) was 

obtained after 30 min of wash out.

c) LY 53,857 (1 /xM) blocked the depolarizing response to 5-HT after a 30 min 

preincubation period. Again, a small partial recovery (25 %) was observed 

after a prolonged wash out period of over 1 hr.
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antagonists were irreversible. However, in one cell tested with ketanserin 

partial recovery (50 % recovery, 8 mV to 4 mV, figure 4.1a) was obtained 

after 30 minutes wash out and in another cell tested with spiperone partial 

recovery (42 % recovery, 7 mV to 3 mV, figure 4.1b) was observed after 40 

minutes of wash out. Furthermore, in one cell tested with LY 53,857 a small 

partial recovery (25 % recovery, 6 mV to 1.5 mV, figure 4.1c) was obtained 

after over 1 hour of wash out.

During all the experiments with 5-HT2a/2c receptors antagonists there were no 

noticeable changes in membrane potential, the levels of baseline noise or input 

resistances to applications of the antagonists alone.

Applications of (±)-D O I (200 fxM, 2 mins, n = 2 ) elicited slow depolarizations 

(4 and 3 mV, figure 4.2) with increases in apparent input resistance (45 and 66 

%). The responses were irreversible even after over 80 minutes of wash-out.

a-Methyl-5-HT mimicked the effects of 5-HT on DVMs by eliciting slow 

depolarizations (n=12, figure 4.3b). The depolarizations were maintained in 

synaptic block medium and on the two occasions tested were completely 

abolished by ketanserin (1 fxM, figure 4.4). The mean peak amplitude of the 

excitatory effects was 8.9 ±  0.6 mV (50 ptM, 2 mins, n=12) with an onset to 

peak amplitude of 60 ±  4 s and a duration of over 5 mins (328 ±  28 s). In 

eight out of the twelve DVMs tested, the a-methyl-5-HT elicited responses 

were accompanied by increases in apparent input resistance (24.9 ±  7.2 %). 

The other neurones were either exhibited decreases (8 ±  0.2 %, n = 2 ) in input 

resistance or no change (n=2). In all five DVMs tested in synaptic block 

medium, current-voltage relationships showed that applications of of-methyl-5- 

HT increased input resistance by 13.2 ±  2 %. In two of these neurones, the
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Figure 4.2

The effects of (±)-D O I on a DVM.

Application of (±)-D O I (200 /xM, 2 min) elicited a slow, prolonged 

depolarization with a peak amplitude of 4 mV which was associated with an 

increase in apparent input resistance of 45 %. The excitatory effect of (±)-D OI 

had not fully recovered 1 hr after the initial application.
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Figure 4.3

The effects of selective 5-HT receptor agonists on the same DVM.

a) Application of 5-HT (20 2 min) elicited a slow depolarization with a 

peak amplitude of 12 mV which reached the threshold for action potential 

generation, an onset to peak amplitude of 45 s and a duration of 270 s. The 

excitatory effect was accompanied by an increase in input resistance of 17 %.

b) In the same neurone as a), application of or-methyl-5-HT (50 fiM, 2 min) 

mimicked the effect of 5-HT by eliciting a slow depolarization with a peak 

amplitude of 11 mV which also reached the threshold for action potential 

generation, an onset to peak amplitude of 65 s and a duration of 500 s. In 

addition, the depolarizing effects of a-methyl-5-HT was associated with an 

increase in input resistance 25 %.

c) Application of 2-methyl-5-HT (100 juM, 2 min) to the same cell also elicited 

an excitatory response in the form of a small depolarization (3 mV) and an 

increase in baseline noise indicating an increase in PSPs. The small 

depolarization was associated with a decrease in apparent input resistance of 

23 %.

Action potentials were truncated by the chart recorder.
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Figure 4.4

The depolarizing effect of a-methyl-5-HT on DVMs is blocked by a selective 

5 -HT2A/2C receptor antagonist.

Application of a-methyl-5-HT (50 /xM, 2 min) elicited a slow depolarization 

with a peak amplitude of 4 mV which reached the threshold for action potential 

generation. Superfusion of ketanserin (1 /xM) for 20 min attenuated the 

depolarizing response of a-methyl-5-HT by 80 %. In this cell, recovery was 

not observed after over 15 min of wash out.
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Figure 4.5

The excitatory effects of a-methyl-5-HT is associated with an increase in input 

resistance.

a) Depolarizing and hyperpolaring current pulses of increasing amplitude to a 

neurone before and during an application of a-methyl-5-HT (50 juM, 2 min) in 

synaptic block medium. A -5 pA DC current was applied during the response 

to return the membrane potential to -60 mV.

b) Using a faster time course, the negative voltage deflections from the above 

data are shown to increase in the presence of a-methyl-5-HT indicating that the 

response is associated with an increase in input resistance.

c) From the amplitudes of the voltage deflections taken at the steady-state level 

current-voltage relationships were plotted before (O) and during (#) the a - 

methyl-5-HT response. Using linear regression analysis 5-HT was calculated 

to increase the gradient from 667 Mfl to 769 Mfl. This corresponds to an 

increase in input resistance of 15.3 %. The crossover of the control and a-  

methyl-5-HT lines indicates that the is -84 mV.
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increases in input resistance were associated with a of -83.5 ± 3 .5  mV 

(figure 4.5). This reflected the theoretical value of -89 mV. In the presence 

of a-methyl-5-HT, the remaining three DVMs were not associated with Ê ev but 

either exhibited parallel shifts in the current-voltage relationships or increased 

rectification at more positive membrane potentials.

4.3c Effects of selective S-HT  ̂receptor antagonists and agonists

Preincubation of MDL 72222 (10 fxM) attenuated the depolarizing effects of 5- 

HT on DVMs to 85.1 ±  3.8 % of control responses (i.e. 4.7 ± 1 .7  mV to 4 

± 1 .5  mV, n = 9 , figure 4.6a, figure 4.8). The responses to 5-HT were never 

completely abolished and in two neurones MDL 72222 had no effect.

ICS-205-930 (1 fiM) also reduced partially the depolarizing effects of 5-HT in 

all neurones tested to 86.3 ±  3.1 % of control responses (i.e. 6.4 ± 1 .9  mV 

to 5.2 ±  1.3 mV, n = 3 , figure 4.6b, figure 4.8). ICS-205-930 at a higher 

concentration (10 fiM) increased the partial attenuations to 70.8 ±  5.8 % of 

control responses (i.e. 5.6 ±1 .7  mV to 4 ±  0.4 mV, n = 4 , figure 4.6c, figure 

4.8). The attenuations by MDL 72222 or ICS-205-930 at both concentrations 

did not attenuate significantly (p>0.05) the excitatory responses of 5-HT on 

DVMs. The preincubation of 5 -HT3 receptor antagonists did not have any 

effects on membrane potential, the levels of baseline noise or input resistances.

2-Methyl-5-HT (100-300 /xM, 2 min, figure 4.3c) excited 5 out of 9 DVMs 

tested. The responses consisted of depolarizations (3.8 ±  0.6 mV, 100 /xM, 

n = 3 ) combined with decreases in apparent input resistance (17.4 ±  2.2 %, 

n = 3 ) and increases in baseline noise which indicated increases in PSPs.
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Figure 4.6

The effects of 5 -HT3 receptor antagonists on three different DVMs.

a) Superfiision of MDL 72222 (10 fiM) attenuated the number of action 

potentials elicited by 5-HT (20 fxM, 2 min) after a 15 min preincubation period.

b) Superfiision of ICS-205-930 (1 jixM) also produced a small reduction in the 

depolarizing effect of 5-HT (20 ^M , 2 min) after a 20 min preincubation 

period.

c) At a higher concentration, superfiision of ICS-205-930 (10 /xM) reduced the 

number of action potentials evoked by an application of 5-HT (20 juM, 2 min) 

after a preincubation period of 25 min.

In all three recordings, the neurones were lost before recovery could be 

obtained.
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Figure 4.7

The effects of a selective 5 -HT4 receptor antagonist GR 113808A on the 

depolarizing responses of 5-HT and 5-MEOT on a DVM.

a) The excitatory effect of 5-HT (20 /iM, 2 min) on a DVM was not attenuated 

by GR 113808A (1 /iM) after a 40 min preincubation period.

b) In the same neurone, 5-MEOT (50 /iM, 2 min) still mimicked the 

depolarizing effect of 5-HT (20 /iM, 2 min) after GR 113808A (1 /iM) had 

been continually superfused for over 1 hr.
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4.3d Effects of GR 113808A and 5-MEOT

GR 113808A (1 jLiM) had no effect on the depolarizing responses of 5-HT (96.4 

3.6 % of control responses, 5.3 ±  0.6 mV to 5.2 ±  0.7 mV, n = 3 , figure 

4.7a, figure 4.8) even after preincubation periods of over 1 hour.

Applications of 5-MEOT (50 and 100 jitM, 2 min) mimicked the effects of 5- 

HT in 17 out of 19 DVMs tested, evoking slow depolarizations (6.6 ±  0.8 

mV, 50 jiiM, 2 min, n  =  13, figure 4.9) that were maintained in synaptic block 

medium (figure 4.9a). In the majority of neurones these depolarizations were 

accompanied by increases in apparent input resistance (25.6 ±  3.6 %, n  =  14). 

Of the remaining three neurones, one evoked a 11 % decrease in apparent input 

resistance whilst the apparent input resistances of the other two DVMs were not 

changed. In all cells tested, the responses of 5-MEOT (50 (jM )  were attenuated 

significantly by ketanserin (1 /xM) to 10.1 ±  1.2 % of control responses (i.e. 

6.3 ±  0.9 mV to 0.7 ±  0.2 mV, n = 3 , figure 4.9b). In one neurone, 

ketanserin abolished completely the slow depolarization elicited by 5-MEOT 

and after 40 minutes of wash out a partial recovery was obtained (62 % 

recovery, 4 mV to 2.5 mV, figure 4.9b). In another DVM, a prolonged 

application of GR 113808A for over 1 hour did not prevent 5-MEOT from 

mimicking the response of 5-HT (figure 4.7b).

4.3e Effects of other 5-HT receptor antagonists and agonists 

Pindobind. 5-HT^̂  ̂(5 /xM) had no effect on the excitatory responses of 5-HT on 

DVMs (97.5 ±  3.4 % of control responses, i.e. 8 ±  0.6 mV to 7.8 to 0.7 

mV, n = 5 , figure 4.10a, figure 4.8). Applications of (+)-8-0H -D PA T (1-50 

/xM, 2 min) also had no effect on the membrane potentials, spontaneous PSPs 

or input resistances of any DVMs tested (n=4, figure 4.10b).

165



Figure 4.8

A bar chart showing the % reduction of control depolarizing responses to 5-HT 

(20 ^M , 2 min) by the various 5-HT receptor antagonists used in this study.

Ketanserin, spiperone and LY 53,857 all significantly attenuated the control 

responses. *=  p < 0 .0 5  and **= p< 0 .0 1 . ICS-205-930, MDL 72222, GR 

113808A and pindobind.5-HTi^ did not significantly inhibit the responses to 5- 

HT.
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Figure 4.9

The effects of 5-MEOT on two different DVMs.

a) Application of 5-MEOT (50 fxM, 2 min) elicited a slow depolarization with 

a peak amplitude of 6 mV which was large enough to reach the threshold for 

action potential generation. The excitatory effect was maintained in a medium 

which blocked synaptic transmission. The presence of TTX blocked the 

generation of action potentials.

b) In another neurone, an application of 5-MEOT (50 juM, 2 min) elicited a 

slow depolarization which was blocked by ketanserin (1 juM) after a 

preincubation period of 15 min. Partial recovery (62 %) was observed after 40 

mins wash out.

Action potentials were truncated by the chart recorder.
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Figure 4.10

The excitatory effects of 5-HT on DVMs were not mediated by 5-HTi^ 

receptors.

a) Superfiision of pindobind. 5 -HT^̂  (5 /iM) did not attenuated the depolarizing 

response of 5-HT (20 /iM, 2 min) after a 20 min preincubation period.

b) Application of 5-HT (20 /xM, 2 min) elicited a slow depolarization with a 

peak amplitude of 6 mV. In the same cell, applications of (+)-8-0H-D PAT (5 

fjM and 50 ^M) had no effect.
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Applications of 5-CT (20 /xM) also mimicked the effects of 5-HT on 12 out of 

17 DVMs tested, evoking slow depolarizations (7.3 ± 1 . 1  mV, 2 min, n= 12 , 

figure 4.11) which were maintained in synaptic block medium. In the majority 

of DVMs tested, the depolarizations elicited by 5-CT were associated with 

increases in apparent input resistance (25 ±  5.4 %, n= 8 ). The depolarizing 

responses of the remaining DVMs either were associated with decreases in 

apparent input resistance (11.4 ±  2.3 %, n= 2 ) or no change (n=2). In all four 

cells tested, the excitatory effects of 5-CT (20 ^M) were inhibited by ketanserin 

(1 fiM) to 2.8 ±  2.7 % of control responses (i.e. 8 ±  1.5 mV to 0.3 ±  0.2 

mV, n = 4 ,  figure 4.11a). In three of the neurones tested, ketanserin abolished 

completely the effects of 5-CT on DVMs and in one of these DVMs a 44 % 

partial recovery (9 mV to 4 mV, figure 4.11a) was obtained after over a 1 hour 

wash out period.

In one of the three neurones tested, preincubation with ketanserin blocked the 

depolarizing effect of 5-CT and unmasked a 3 mV hyperpolarization which was 

associated with a 8 % decrease in apparent input resistance (figure 4.11b). Of 

the remaining 5 cells which 5-CT did not evoke depolarizing responses, 4 did 

not respond to 5-CT (20 /xM) and other elicited a 4 mV hyperpolarization 

accompanied by a 9 % decrease in apparent input resistance. In both neurones 

which 5-CT elicited hyperpolarizations there were no associated changes in 

baseline noise suggesting that 5-CT did not evoke changes in PSPs.
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Figure 4.11

The effects of 5-CT on two DVMs.

a) Application of 5-CT (20 /aM, 2 min) elicited an excitatory effect which was 

blocked by ketanserin after a 15 min preincubation period. Partial recovery (44 

%) was obtained after over 1 hr of wash out.

b) In another cell, an application of 5-CT (20 fjM, 2 min) elicited a slow 

depolarization with a mean amplitude of 5 mV. Superfusion of ketanserin (1 

/aM) blocked the excitatory effect and unmasked a 3 mV hyperpolarization after 

a 20 min preincubation period. The depolarizing response was associated with 

an increase in apparent input resistance of 10 % and the inhibitory effect was 

accompanied by a decrease in apparent input resistance of 8 %.
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DISCUSSION

The subthreshold effects of 5-HT on DVMs were studied using a wide range 

of selective 5-HT receptor antagonists and agonists. The results indicate that the 

direct, postsynaptic excitatory effects of 5-HT are predominantly mediated by 

5 -HT2A/2C receptors, probably the 5 -HT2A subtype. In addition, the results 

suggest that a component of the 5-HT effects may involve the activation of 

pre/postsynaptic 5 -HT3 receptors.

4.4a Involvement of receptors

The 5 -HT2A/2C receptor antagonists ketanserin, spiperone and LY 53,857 all 

attenuated the depolarizing effects of 5-HT on DVMs. In a number of the 

neurones tested, superfusion of the antagonists produced a complete block of 

the excitatory responses. Furthermore, when the excitatory responses of 5-HT 

were not blocked completely by applications of 5-HT2a/2c receptor antagonists 

there was always a significant attenuation. Previous studies have suggested that 

these antagonists, even though they have a high affinity for 5 -HT2A/2C receptors, 

require long periods of preincubation before full antagonism is reached (North 

and Uchimura, 1989; Araneda and Andrade, 1991; Larkman and Kelly, 1991; 

Johnston et. a l ,  1993). Hence, complete attenuation may not have been 

observed because the preincubation times were not long enough. The length of 

preincubation times is reflected in the irreversible nature of these antagonists 

(Elliot and Wallis, 1992; Bobker, 1994; Pickering et. al., 1994). In this study, 

partial recovery of the depolarizing responses of 5-HT was obtained with 

ketanserin, spiperone and LY 53,857 after wash out periods of over 30 minutes 

indicating both a high stability of recording and a satisfactory superfusion of the 

brainstem slices. The lack of effects on membrane properties by the 5-HT2a/2c 

receptor antagonists suggests that, in the neurones tested, a tonically active 5- 

HT input acting at 5-HT2a/2c receptors was not present.
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Ketanserin has an affinity for 5-HTid« receptors and receptors (Kaumann et. 

al., 1993; Leysen et. a l ,  1982). However, LY 53,857 does not act at 5-HTid« 

receptors or receptors and spiperone only has a low affinity for 5-HTiDa 

receptors (Hoyer et. al., 1994). Since ketanserin, spiperone and LY 53,857 all 

attenuated the effects of 5-HT the activation of 5-HTid^ receptors and oli 

receptors can be ruled out.

Spiperone also acts at 5-HTia receptors (Hoyer et. al., 1994) and since 

selective 5-HTi;^ receptor antagonists and agonists have been shown to attenuate 

and mimic the excitatory effects of 5-HT on DVMs in vivo (Wang et. al., 

1995a), it is possible that spiperone is inhibiting responses mediated by 5-HTja 

receptors. However, pindobind.5-HTiA did not attenuate the effects of 5-HT, 

and 8 -OH-DPAT did not elicit responses on DVMs. Thus, in this thin 

brainstem slice in vitro preparation it is unlikely that the actions of 5-HT are 

mediated by 5-HTi^ receptors. This has been indicated by another study using 

the same preparation (Travagli and Gillis, 1992c). In the present study, a 

reason why 5-HT does not act through 5-HTia receptors may be due to the 

thickness of the brainstem slice used. The binding of 5-HT to 5-HTjy^ receptors 

has been shown to elicit increases in the excitability of DVMs (Wang et. al., 

1995a), responses which are unlikely to be due to an action of 5-HT at 

postsynaptic 5-HTi^^ receptor sites because activation of 5-HTi^ receptors 

normally elicits hyperpolarizations caused by the receptors being coupled to the 

opening of channels via pertussis toxin-sensitive G-proteins (Andrade and 

Nicoll, 1987). 5-HTja receptors are postulated to be present on presynaptic 

inhibitory inputs which innervate the DMN (Thor et. al., 1992; Manaker and 

Zucchi, 1993). Activation of S-HT^^  ̂receptors may elicit the hyperpolarization 

of presynaptic terminals which reduces tonic inhibitory neurotransmission 

resulting in the increased activity of DVMs. This idea correlates with the

176



suggestion that 5-HTi^ binding sites are not located on DVMs but on non- 

serotonergic intemeurones (Thor et. a l ,  1992; Manaker and Zucchi, 1993). 

The previous studies implicating S-HT^y  ̂receptors have been carried out in vivo 

or in a thick brainstem slice preparation (Brooks, 1991; Wang et. at., 1995a) 

implying that in these studies a tonic inhibitory input remains intact, whereas 

in the thin brainstem slice preparation the inhibitory inputs containing the 5- 

HTjy  ̂receptors may be removed. In rat sympathetic preganglionic neurones, 5- 

HTiy  ̂receptors are thought to be located on distal dendrites (Pickering et. al. , 

1994). This could also explain why DVMs within the thin slice preparation do 

not respond to S-HT^y  ̂receptor agonists or antagonists. The dendritic plane of 

DVMs is mainly horizontal (Fox and Powley, 1992) thus, if 5-HTiy^ receptors 

are present on distal dendrites they are probably removed during the slicing 

procedure.

5 -HT2A receptors and S-HTjc receptors are two closely related subtypes, both 

in DNA sequence homology and pharmacological profile, of the S-HTj receptor 

family found in the mammalian CNS (Hoyer et. al., 1994). These results 

indicate that the depolarizing effects of 5-HT on DVMs are mediated by 5 -HT2A 

receptors since the responses were blocked by spiperone which has over a 

1000-fold greater affinity for 5 -HT2A than 5 -HT2C receptors (Leonhardt et. al. , 

1992; Peroutka, 1994). In the rat piriform cortex, spiperone was shown to 

attenuate the excitatory effects of 5-HT mediated by 5 -HT2C receptors with an 

IC50 of 2.1 fxM (Sheldon and Aghajanian, 1991). In the rat association cortex, 

superfusion with 300 nM spiperone was suggested to act at 15 % of the 

available 5 -HT2C receptors (Araneda and Andrade, 1991). These two studies 

suggest that if the excitatory responses of 5-HT on DVMs were mediated by 

5 -HT2C receptors then the application of 1 /xM spiperone may attenuate the 

responses by 25-45 %. In the present study, spiperone attenuated the
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depolarizing responses of 5-HT on average by 90 % indicating that the effects 

of 5-HT on DVMs were predominantly mediated by 5-HT2a receptors. This 

corresponds to recent evidence of a high level of 5-HT2a receptor mRNA 

within the DMN, compared to 5 -HT2C receptor mRNA (Pompeiano et. a i ,  

1994; Wright et. al., 1995).

The 5 -HT2A/2C receptor agonists (±)-D O I and a-methyl-5-HT both mimicked 

the effects of 5-HT on DVMs by eliciting slow depolarizations. In all the 

neurones tested, neither agonist produced a hyperpolarization. The responses 

to (±)-D O I were small and irreversible therefore this agonist was not used to 

further characterise the responses of 5-HT. The results with (±)-D O I may be 

due to it acting has a partial agonist since a derivative of this compound (± )-  

DOM has been shown to activate PI hydrolysis (Sanders-Bush, Burris and 

Knoth, 1988) and increase facial motoneurone firing rate (Rasmussen and 

Aghajanian, 1990) with lower efficacy than 5-HT. This may indicate why in 

previous studies applications of (±)-D OI into the DMN or onto DVMs did not 

mimic the effects of 5-HT (Sporton et. at., 1991; Travagli et. at., 1992c). The 

responses to a-methyl-5-HT were reversible and mimicked the effects of 5-HT 

by having slow onsets, prolonged durations, being maintained in synaptic block 

medium and being blocked by ketanserin. Furthermore, the ionic mechanisms 

underlying the responses were similar to 5-HT with a-methyl-5-HT increasing 

apparent input resistances in the majority of DVMs tested. In addition, a- 

methyl-5-HT evoked decreases and no change in apparent input resistances 

indicating that multiple ion conductances maybe involved in mediating the 

depolarizing responses. In a proportion of neurones, current-voltage 

relationships showed that the increases in input resistances elicited by a-methyl- 

5-HT were associated with an which reflected the The remaining

current-voltage relationships exhibited either a-methyl-5-HT evoked increases
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in input resistance accompanied by parallel shifts to the left or increases in 

input resistances at more positive membrane potentials. The absence of a 

in some DVMs further implies that multiple ionic mechanisms are involved in 

mediating the responses to a-methyl-5-HT. The reductions in rectifying ion 

conductances at more positive levels and the close correlation of the and 

Ek indicate, that in some neurones outward rectifying conductances may 

mediate the effects of a-methyl-5-HT at 5 -HT2a/2c receptors. The decreases in 

input resistance could be due to the augmentation of hyperpolarization-activated 

ion conductances which may explain why «-methyl-5-HT also caused the 

current-voltage relationships to shift to the left and the lack of a E^^. Both these 

mechanisms have been shown to mediate the responses to 5-HT at 5 -HT2a/2c 

receptors (Larkman and Kelly, 1992; Pickering et. a i ,  1994). As in the 

previous chapter, the use of linear regression analysis probably underestimated 

the magnitudes of «-methyl-5-HT elicited changes in input resistance. In 

summary, «-methyl-5-HT elicits excitatory effects on DVMs by activating 5- 

HT2A/2C receptors which, in part, modulate a reduction in K^ conductance.

4.4b Involvement of 5-HT  ̂receptors

The selective 5-HTg receptor antagonists MDL 72222 and ICS-205-930 partially 

reduced the effects of 5-HT on DVMs. Although the attenuations were never 

statistically significant a similar reduction was observed in all neurones tested, 

apart from two DVMs which were unaffected by MDL 72222. The trend in 

attenuation of the responses does suggest that the activation of 5-HTg receptors 

may contribute to the depolarizing effects of 5-HT on DVMs. This corresponds 

with in vivo studies showing that applications of 5 -HT3 receptor antagonists 

attenuated the excitatory effects of 5-HT (Wang et. al. , 1996) although it is not 

in total agreement since the effects of 5-HT on DVMs in vivo were effectively 

blocked by 5-HTg receptor antagonists.
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ICS-205-930 used at a higher concentration previously shown to antagonise 5- 

HT3 and 5 -HT4 receptors (Bockaert et. al., 1992) increased this statistically 

insignificant partial antagonism. The increases in partial attenuation may reflect 

larger 5 -HT3 receptor components involved in depolarizing DVMs although at 

this concentration it may also reflect the pharmacological profile of the 5- 

HT2A/2C subtype found on DVMs. This is comparable to the 5 -HT2A receptor 

characterised on guinea-pig trachea which was activated by 5-MEOT and 

competitively antagonised by high concentrations of ICS-205-930 (Watts and 

Cohen, 1992).

In 56 % of the DVMs tested, 2-methyl-5-HT elicited increases in excitability 

which is in agreement with in vitro and in vivo studies (Travagli and Gillis, 

1992c; Wang et. at., 1996). This was characterised by small depolarizations 

and increases in baseline noise suggesting that 2-methyl-5-HT increased PSPs, 

implying that the activation of pre and/or postsynaptic 5 -HT3 receptors excite 

DVMs. In all neurones tested, 2-methyl-5-HT elicited depolarizations were 

accompanied by decreases in apparent input resistance indicating that the 

mechanisms underlying the 5 -HT3 mediated responses are increases in ion 

conductances. This increase may be due to the activation of postsynaptic 

(Derkach et. at., 1989) or presynaptic ligand-gated 5 -HT3 channels since 2- 

methyl-5-HT elicited postsynaptic depolarizations accompanied by increases in 

PSPs. Recent evidence from in vivo experiments has demonstrated that the 

excitatory effects of iontophoretically applied phenylbiguanide are blocked by 

the application of Cd^^ and Mg "̂  ̂ ions and by the administration of the 

excitatory amino acids antagonists AP-5 and CNQX (Wang and Jordan, 

personal communication). This indicates that 5-HT may activate presynaptic 5- 

HT3 receptors to potentiate the activity of DVMs by increasing the release of 

excitatory amino acids which act at both non-NMDA and NMDA postsynaptic
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receptors on DVMs. 5-HT has been shown to act at both pre- and postsynaptic 

5 -HT3 receptors in the NTS (Glaum et. al., 1992). In the present study, the 2- 

methyl-5-HT elicited PSPs at -60 mV that were mainly depolarizing in nature 

suggesting that either 5 -HT3 receptors are found mainly on excitatory inputs 

within the DMN or that the inhibitory inputs expressing 5 -HT3 receptors have 

been removed during the slicing procedure. In the rat, autoradiographic studies 

have shown specific binding of 5 -HT3 receptor ligands within the DMN 

(Steward et. at., 1993) which may be reduced by 55 % following nodose 

ganglionectomy (Pratt and Bowery, 1989). Studies in the mouse have revealed 

a low level of 5 -HT3 receptor mRNA in this area but a high level in the nodose 

ganglion (Tescott et. al. , 1993). These studies in the rat and mouse suggest that 

5 -HT3 receptors are located presynaptically in the DMN. The presynaptic 

location of 5 -HT3 receptors explains why the excitatory responses of 5-HT on 

DVMs in vivo are more effectively blocked by 5 -HT3 antagonists since in the 

in vivo preparations the synaptic inputs remain intact. It also may suggest that 

iontophoretic application of drugs into the DMN have access to different 

populations of receptors such as presynaptic 5 -HT3 receptors which may 

influence the activity of the dendrites of DVMs which project into the NTS. 

Applications of 5-MEOT and 5-CT which have a very low affinity for 5 -HT3 

receptors (Hoyer et. al., 1994) both elicited strong excitatory effects on 90 % 

and 71 % of DVMs tested respectively. This indicates that the predominant 5- 

HT receptor subtypes involved in mediating the direct, postsynaptic 

depolarizing responses of 5-HT on DVMs are not 5 -HT3 receptors.

4.4c Involvement of 5-HT  ̂receptors

There are several reasons to indicate that 5-HT^ receptors are not involved in 

the subthreshold effects of 5-HT on DVMs. Firstly, the selective 5 -HT4 

receptor antagonist GR 113808A, which has been shown to potently block the
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well characterised slow depolarizations mediated by 5 -HT4 receptors in the 

hippocampus (Torres et. û/. ,1994), had no effect on the depolarizing responses 

of 5-HT on DVMs. Secondly, applications of the putative 5 -HT4 receptor 

agonist 5-MEOT, which has a high affinity but low selectivity for 5 -HT4 

receptors (Eglen et. al., 1995), mimicked the effects of 5-HT on DVMs by 

producing direct, postsynaptic depolarizations which were blocked by ketanserin 

and not by GR 113808A. This indicates that 5-MEOT is acting at 5 -HT2a/2c 

receptors and not at 5 -HT4 receptors, an effect that has been observed in the 

guinea-pig trachea and in rat retinal pigment epithelium cells (Watts and Cohen, 

1992; Osbourne, Fitzgibbon, Nash, Liu, Leslie and Cholewinski, 1993). 

Finally, recent evidence from in situ hybridisation experiments suggest that 

there is a low level of 5 -HT4 receptor mRNA in the rat brainstem (Eglen et. 

at., 1995) which corresponds to the intermediate levels of pH]-GR 113808 

binding sites found in the DMN (Waeber et. al., 1994).

4.4d The effects of 5-CT

In the majority of DVMs tested (71 %), 5-CT at high concentrations also 

mimicked the effects of 5-HT, evoking slow depolarizations which were 

maintained in synaptic block medium and blocked by ketanserin. The 

depolarizations were accompanied by increases, decreases and no changes in 

apparent input resistance implying that multiple ionic mechanisms mediate its 

effects. The effects of high concentrations of 5-CT have been shown to be due 

to an action at 5 -HT2A/2C receptors on facial motoneurones and sympathetic 

preganglionic motoneurones (Larkman and Kelly, 1992; Pickering et. al., 

1994).

In two neurones, 5-CT elicited hyperpolarizations which were accompanied by 

decreases in apparent input resistance. The hyperpolarizations were not
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associated with increases or decreases in the levels of spontaneous PSPs. This 

implies that the hyperpolarizations could be due to the activation of postsynaptic 

5-HT receptors linked to the opening of ionic channels. The 5-HT receptors 

mediating this effect are unknown although, it could be speculated that 5-HTi- 

like receptors or 5-ht? receptors are involved. The hyperpolarizing responses 

to 5-CT which has a high affinity for 5-HTia receptors (Hoyer et al. , 1994) and 

the biphasic response elicited by 5-HT (see Chapter 3) may suggest that 5-HTja 

receptors are postsynaptically located on DVMs, in accordance with an in situ 

hydridization study which showed low levels of 5-HTia receptor mRNA in the 

DMN (Wright et. at., 1995). Applications of (+)-8-0H -D PA T in vivo also 

inhibited DVMs activity although, these responses were not attenuated by 

selective 5-HTia receptor antagonists (Wang et. al., 1995a). This may suggest 

that the inhibitory effects of 8 -OH-DPAT shown in vivo (Wang et. al., 1995a) 

and the inhibitory effects of 5-CT observed in the present study are mediated 

by 5-ht? receptors since both these agonists have a high affinity for the 5-ht? 

receptor subtype (Ruat et. al., 1993b).

This study provides a detailed pharmacological profile of the subthreshold 

effects of 5-HT on DVMs in vitro. The properties of the excitatory responses 

are consistent with 5-HT predominantly exerting its direct, postsynaptic actions 

through 5 -HT2A/2C receptors, probably the 5 -HT2a subtype. In addition, 5-HT 

activates pre/postsynaptic 5 -HT3 receptors which further mediate the excitation 

of DVMs. 5 -HT4 receptors and 5-HTia receptors are not involved in the 

subthreshold excitatory effects of 5-HT on DVMs.
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CHAPTER 5

TONIC MECHANISMS TNVOT.VED TN MEDIATING 

THE EXCITATORY EFFECTS OF 5-HT ON DVMs

in vitro

184



INTRODUCTION

In chapters 3 and 4, 5-HT was shown to elicit direct, postsynaptic excitatory 

effects on DVMs via the activation of 5-HT2a/2c receptors, probably the 5-HT2a 

subtype. The majority of the depolarizing responses were associated with 

increases in input resistance and a which reflected However, the

responses to 5-HT were also accompanied by decreases or no changes in 

apparent input resistance and did not always exhibit a E^^. This suggests that 

multiple ionic mechanisms may be mediating the excitatory effects of 5-HT on 

DVMs. In the general introduction, a number of ion channels were shown to 

be expressed in DVMs including 1̂ , Kir and SKca currents which have all been 

implicated in mediating the effects of 5-HT at 5-HT2a/2c receptors.

5.1a Ionic mechanisms mediating the effects of 5-HT at receptors

The postsynaptic excitatory effects of 5-HT at 5-HT2a/2c receptors are mediated 

by different ion channels on neurones within the CNS. In the rat nucleus 

accumbens, 5-HT acts at 5-HT2a receptors to decrease Ba^^-sensitive 

conductances which exhibit inward rectification (North and Uchimura, 1989). 

5-HT acting at 5-HT2a/2c receptors on rat sympathetic preganglionic neurones 

reduced ion conductances which did not reverse and were activated at 

membrane potentials more positive than -100 mV (Pickering et. al., 1994), 

suggesting that the conductances may exhibit outward rectification. In the rat 

association cortex, applications of 5-HT reduced the slow, prolonged AH ? 

which are mediated predominantly by SK^a currents by activating 5-HT2a 

receptors although the study did not investigate if the 5 -HT2A receptors were 

coupled to the influx of Ca^^ ions or were linked directly to attenuations of the 

K^ current (Araneda and Andrade, 1991). Applications of 5-HT on cortical 

neurones and facial and spmal motoneurones have been shown to elicit 

excitatory effects via 5 -HT2A/2C receptor-mediated reductions in voltage-
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insensitive ‘leak’ currents (Davies, Deisz, Prince and Peroutka, 1987; 

Larkman and Kelly, 1991; Stevens et. al., 1992).

In a number of studies, reductions in conductances mediating the actions of 

5-HT at 5 -HT2A/2C receptors are not accompanied by a Ê ev (Wang and Dun, 

1990; Elliot and Wallis, 1992; Bobker, 1994). In the guinea-pig nucleus 

prepositus hypoglossi, applications of (±)-D O I elicited inward currents that 

were associated with reductions in slope conductance (Bokber, 1994) which did 

not exhibit a Ê ev, even when voltage steps to -140 mV were applied. The 

responses did become null at values which corresponded to the [K^]q suggesting 

that reductions in conductances, in part, mediate the excitatory responses. 

However, the lack of a Ê ev suggested that the activation of 5-HT2a/2c receptors 

may regulate more than one ion conductance. These results are similar to those 

obtained in Chapter 3 and 4.

In many neuronal types, 5-HT has also been shown to augment 

hyperpolarization-activated cationic currents (IJ by directly increasing the 

amplitude of the current, shifting its voltage-sensitivity to more positive levels 

or decreasing the time constants for activation (Bobker and Williams, 1989; 

McCormick and Pape, 1990; Larkman and Kelly, 1992; Garrett, Alreja and 

Aghajanian 1993; Pessia et. a l ,  1994; Scroogs and Anderson, 1995). 

Augmentations of the Î  current which has a more positive than K^ ions 

may explain why the responses of 5-HT on DVMs did not reverse (see 

Chapters 3 and 4) since the activation of this current at more negative 

membrane potentials would obscure a Ê ev for selective K^ currents. In the 

majority of studies, the effects of 5-HT on the Î  current were mimicked by 8- 

bromo-cAMP and forskolin which are an analogue of cAMP and a stimulant 

of AC respectively (Bobker and Williams, 1989b; McCormick and Pape, 1990;
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Larkman and Kelly, 1995). This indicates that 5-HT increases the Ih current by 

interacting with the AC system. The AC system is not thought to be involved 

in mediating the effects of 5-HT at 5 -HT2A/2C receptors (Aghajanian, Sprouse, 

Sheldon and Rasmuussen, 1990b) therefore these responses of 5-HT on the 

current may be unlikely to be mediated by 5-HT2a/2c receptors. A recent study 

does suggest that phorbol esters which activate PKC may increase the effects 

of 5-HT on the current found in dorsal root ganglion neurones (Scroogs and 

Anderson, 1995). This corresponds to the effects of 5-HT being mediated by 

PI hydrolysis which is the proposed transduction system coupled to 5 -HT2A/2C 

receptors (Aghajanian et. al., 1990b). 5-HT-evoked increases in the current 

have been associated with the activation of 5-HT2a/2c receptors (Garrett et. al. , 

1993; Pessia et. al., 1994). In rat facial motoneurones, applications of 5-HT 

elicited increases in the 1̂  current which were attenuated by ritanserin and 

spiperone (Garrett et. al., 1993).

5 .1b Proposed ionic mechanisms mediating the responses of 5-HT on DVMs

The effects of 5-HT on DVMs have not been studied in detail before the 

present study; hence there is limited data on its underlying ionic mechanisms. 

In the rat, applications of 5-HT (0.1-3 /xM) have been shown to reduce the 

amplitudes of apamin-sensitive currents and evoke inward currents at -50 mV 

indicating that 5-HT may attenuate SK^a currents and standing outward currents 

(Travagli and Gillis, 1995) although this study did not indicate whether the 

reductions were due to a decrease in Ca^^ influx or direct action on the 

channel. This conflicts with an earlier study which showed that 5-HT evoked 

increases in excitability on DVMs were not accompanied with reductions in the 

slow after-hyperpolarizations (Sah and McLachlan, 1993) which are 

predominantly mediated by the SK^a current (Sah and McLachlan, 1992a). In 

addition, the responses of 5-HT were stated not to involve the 1̂  or the
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currents (Travagli and Gillis, 1992a). The uncertainty of the ionic mechanisms 

mediating the effects of 5-HT on DVMs directed the present study.

5.1c The present Study

This chapter investigates the effects of 5-HT on DVMs in voltage-clamp mode, 

in an attempt to determine the ion conductances involved in mediating the 

excitatory responses. 5-HT-evoked changes in ion conductance were measured 

by the application of hyperpolarizing command potentials from the holding 

potential of -60 mV to elicit families of currents in control aCSF and in the 

presence of 5-HT. Depolarizing command potentials were not applied to the 

DVMs since this may have contaminated the families of currents with Ca^^ 

currents which may have complicated analysis of 5-HT-evoked changes in ion 

conductance. In addition, the responses to the 5-HT receptor agonists a-methyl- 

5-HT and 5-CT, previously shown in Chapter 4 to mimic the depolarizing 

actions of 5-HT at 5 -HT2a/2c receptors, were examined. All the experiments in 

voltage-clamp mode were carried-out in media which blocked synaptic 

transmission to enable the direct, postsynaptic subthreshold effects of 5-HT and 

5-HT agonists to be exclusively studied. Furthermore, in a previous study on 

DVMs the Ih and Kir currents were suggested to be mutually exclusive 

(Travagli and Gillis, 1994). To test this hypothesis the effects of applying CsCl 

and BaCl2 were studied since they have been shown to block Ih currents in rat 

facial motoneurones and Kir currents in rat nucleus accumbens neurones at 

concentrations of 1-5 mM and 100-300 fiM  respectively (North and Uchimura, 

1989; Larkman and Kelly, 1992).
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METHODS
5.2a Experimental procedures

The procedures and techniques used for general preparation, surgery, recording 

set-up, data collection in current-clamp and voltage-clamp modes, data analysis 

and drug preparation were the same as those described in the general methods 

(Chapter 2).

5.2b Experimental protocol

As in Chapters 3 and 4 the viability of the DVMs to be recorded was assessed 

from their input resistances and amplitudes and durations of action potentials 

and after-hyperpolarizations. The input resistances of DVMs were monitored 

by applying small hyperpolarizing current pulses (-20 pA, 0.2 Hz, 0.5-1.5 s) 

from a holding potential of -60 mV.

The DVMs were held at -60 mV by injecting negative DC current through the 

recording electrode.

All experiments were carried-out in a media which blocked synaptic 

transmission containing 1 fxM TTX, 10 fiM  CNQX/DNQX, 50 jxM AP-5 and 

1 0  jxM bicuculline.

The effects of CsCl and BaCli were examined in current-clamp mode. Control 

current-voltage relationships were obtained by the application of depolarizing 

and hyperpolarizing current pulses (-20 pA to -100 pA). CsCl or BaClj were 

applied from stock solutions to the perfusate and changes in membrane potential 

were monitored. Changes in input resistance were measured in the presence of 

CsCl or BaCli by application of the current pulses after the membrane potential 

had been returned to -60 mV with DC current. The voltage deflections were
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calculated at the steady-state level and at least two voltage deflections were 

averaged for each point on the current-voltage relationships. After the 

application of CsCl or BaClz the perfiisate was returned to the control medium 

and a control current-voltage relationhip was performed. Once the current- 

voltage relationship had returned to the control level the other compound (CsCl 

or B aC y  was applied, and the protocol was repeated.

In voltage-clamp mode, experiments were carried-out using switching 

frequencies of between 6-13 KHz, gains of 0.05-0.3 nA/mV and an output 

bandwidth of 1 KHz. Control current-voltage relationships were created by the 

application of hyperpolarizing voltage command pulses (-20 to -60 mV, 1 s to 

1.5 s) from the holding potential of -60 mV and then measuring the amplitudes 

of the families of evoked currents. The amplitudes of the currents were 

measured at the instantaneous level, just after the settling of the capacitance 

artifact, and at the steady-state level which was measured at the end of the 

command pulse. To increase the accuracy of the values at the intantaneous 

levels the patch-pipettes were coated in a lipophilic liquid (sigmatcote. Sigma) 

to reduce stray capacitance. No series resistance compensation or leak 

substraction of currents was applied. At least two instantaneous and two steady- 

state values were averaged for each point on the current-voltage relationships. 

5-HT or the test agonists were then applied to the perfusate and the amplitudes 

and durations of the elicited holding currents measured. The command 

potentials were then reapplied and current-voltage relationships were created in 

the presence of the drug. The perfusate was then returned to a drug-free 

medium and wash-out current-voltage relationships were performed after the 

holding current had returned to the original level.

The instantaneous and steady-state current-voltage relationships were plotted by

190



hand to enable the effects of 5-HT on slope conductance to be calculated and, 

if present, the to be measured. The conductance values were calculated by 

determining the slope of the current-volage relationship when the voltage values 

were plotted on the abscissa and the current values on the ordinate. The 

instantaneous and steady-state 5-HT-sensitive currents were also calculated by 

subtracting the amplitudes of the control currents from the amplitudes of the 

currents evoked in the presence of 5-HT. These values were plotted and the 

shape analyzed and compared with the changes in slope conductance. To 

determine if currents were present in DVMs and if applications of 5-HT 

altered the amplitude of the currents the differences between the steady-state 

and instantaneous currents were calculated before and in the presence of 5-HT.
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RESULTS

5.3a The effects of 5-HT on DVMs

In voltage-clamp mode, applications of 5-HT (20 fxM, 2 min) elicited inward 

currents in all neurones tested with a mean peak amplitude of -18 ±  2.7 pA at 

-60 mV (peak amplitude range -5 pA to -30 pA, n = 1 2 , figure 5.1). The 

responses had prolonged durations, lasting for over 4 minutes (253 ±  12 s, 

n= 12).

In ten DVMs tested, current-voltage relationships created before and in the 

presence of 5-HT showed that the 5-HT-evoked inward currents were 

associated with changes in three different ion conductances.

In six DVMs, 5-HT evoked inward currents (range -15 pA to -30 pA) which 

were accompanied by reductions in slope conductance that were prominent at 

more positive membrane potentials (figures 5.2a, b). In all six neurones, the 

effects of 5-HT were not associated with a Between -60 mV and -80 mV 

the slope conductances calculated at the steady-state levels were attenuated by 

35 ±  4 % (2.1 ±  0.3 nS to 1.5 ±  0.1 nS, n = 6 ). In three of these six DVMs 

tested, the 5-HT-evoked inward currents were associated exclusively with 

reductions in slope conductance at more positive membrane potentials. In these 

cells, the steady-state 5-HT-sensitive currents demonstrated voltage-dependent 

inward currents which developed between -90 mV and -100 mV (figure 5.2c). 

In the three other DVMs out of the six tested, the decreases in slope 

conductance close to the holding potential of -60 mV were accompanied also 

by increases in slope conductance at more negative membrane potentials 

(figures 5.3a, b). Between -100 mV and -120 mV the slope conductances 

calculated at the steady-state levels were enhanced by 48 %, 27 % and 6 % 

(2.9 nS to 4.3 nS, 2.6 nS to 3.3 nS and 7.2 nS to 7.6 nS). The augmentations
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Figure 5.1

Effect of 5-HT on a DVM held at -60mV and recorded in voltage-clamp mode.

In this neurone, an application of 5-HT (20 /xM, 2 min) evoked a typical 

response consisting of an inward current with a peak amplitude of -23 pA, an 

onset to peak amplitude time of 38 s and a duration of 270 s.
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Figure 5.2

Applications of 5-HT evoked an inward current which was associated with 

decreases in slope conductance only at more positive membrane potentials.

A) A family of currents were evoked by applying a series of command 

potentials (-20 mV, -40 mV and -60 mV) before, during and after wash out of 

an application of 5-HT (20 /xM, 2 min). This format continues for all the raw 

data shown in this chapter. In this neurone, 5-HT evoked an inward current 

with a peak amplitude of -25 pA at a holding potential of -60mV. The 

amplitudes of the evoked-currents were measured at the steady-state level since 

there were no differences between the instantaneous and steady-state values.

B) In the presence of 5-HT, the steady-state slope conductance was attenuated 

by 34 % between -60 mV and -80 mV. There was little change in slope 

conductance at membrane potentials more negative than -80 mV. The effect of 

5-HT did not exhibit a

O , Current-voltage relationship in control aCSF 

# ,  Current-voltage relationship in the presence of 5-HT

C) The steady-state 5-HT-sensitive current was calculated from A) by 

subtracting the evoked-current amplitudes in control aCSF ( O  ) the 

evoked-current amplitudes in the presence of 5-HT ( 0  ). This graph shows 

that the 5-HT-sensitive inward current developed between -100 mV and -90 mV 

and increased at more positive membrane potentials.
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Figure 5.3

Applications of 5-HT evoked an inward current which was associated with 

decreases in slope conductance close to the holding potential of -60 mV and 

augmentations of slope conductance at more negative membrane potentials.

A) In control aCSF, the family of evoked-currents exhibit a slowly-activating 

inward current (1̂  current) that developed over the duration of the voltage pulse 

and increased in amplitude at more negative membrane potentials. 5-HT (20 

juM, 2 min) evoked an inward current with a peak amplitude of -26 pA at a 

holding potential of -60 mV.

n  , Instantaneous current-voltage relationship in control aCSF 

I , Steady-state current-voltage relationship in control aCSF 

O , Instantaneous current-voltage relationship in the presence of 5-HT 20 fiM 

# ,  Steady-state current-voltage relationship in the presence of 5-HT 20 [iM

B) 5-HT was shown to reduce the steady-state slope conductance by 23 % 

between -60 and -80 mV and augment the steady-state slope conductance by 6 

% between -100 mV and -120 mV. In the presence of 5-HT, the amplitude of 

the Ih current was increased by 15 % (99 pA to 116 pA) at -120 mV. The 

effects of 5-HT did not exhibit a

C) The steady-state 5-HT-sensitive current ( %  ) exhibited an inward current 

which was reduced in amplitude at between -60 mV and -80 mV but was then 

sustained and enhanced at more negative membrane potentials. The 

instantaneous ( |  ) 5-HT-sensitive current is not sustained at more negative 

levels.
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were reflected in steady-state 5-HT-sensitive inward currents which were 

sustained and then increased over the range of hyperpolarizing membrane 

potentials (figure 5.3c). All three of these neurones expressed differences 

between the amplitudes of the currents calculated at the steady-state and 

instantaneous levels. A previous study investigating the characteristics of 

hyperpolarization-activated currents in DVMs showed that these slowly 

developing inward currents were blocked by Cs^ ions but not by Ba^^ ions 

(Travagli and Gillis, 1994). This indicated that the slowly developing inward 

currents were mediated by 1̂  channels and suggests that the three DVMs in the 

present study also expressed 1̂  currents. The currents ranged in amplitude 

between 16 to 99 pA at -120 mV. In one neurone, application of 5-HT 

enhanced the amplitude of the current by 15 % (99 pA to 116 pA) which was 

accompanied by an instantaneous 5-HT-sensitive inward current which activated 

at potentials more positive than -100 mV and was not sustained and enhanced 

over the range of hyperpolarizing membrane potentials (figure 5.3c). The 

differences between the instantaneous and steady-steady 5-HT-sensitive currents 

provides evidence than in this neurone 5-HT evoked an increase in the 

amplitude of the 1̂  current (figure 5.3c). In the other two neurones, 5-HT did 

not elicit any effects on the amplitude of the Î  current.

In two out of the ten neurones tested, applications of 5-HT evoked small inward 

currents (-5 pA and -7 pA) which were exclusively accompanied by increases 

in slope conductance at more negative membrane potentials (figures 5.4a, b). 

In both DVMs, the effects of 5-HT on the slope conductances did not exhibit 

a Between -100 mV and -120 mV the slope conductances calculated at the 

steady-state levels were augmented by 6 % (3.3 nS to 3.5 nS) and 15 % (3.7 

nS to 4.2 nS). The augmentations in slope conductance were reflected in 

instantaneous and steady-state 5-HT-sensitive inward currents which increased
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Figure 5.4

Applications of 5-HT evoked an inward current which was associated 

exclusively with augmentations in slope conductance at more negative 

membrane potentials.

A) In this DVM, 5-HT evoked an inward current with a peak amplitude of 

-7 pA at a holding potential of -60 mV.

B) 5-HT was shown to have little effect on the steady-state slope conductance 

between -60 and -80 mV but augmented the steady-state slope conductance by 

15 % between -100 mV and -120 mV. In this DVM, 5-HT-evoked an increase 

in the amplitude of the slowly activating current by 18 % (40 pA to 47 pA). 

The effect of 5-HT did not exhibit a Ê ev.

C) The instantaneous ( |  ) and steady-state ( 0  ) 5-HT-sensitive currents 

reflected the increase in the slope conductance at more negative membrane 

potentials. The small steady-state inward current was maintained and then 

enhanced at more negative levels. This profile was mimicked by the 

instantaneous 5-HT-sensitive current although the amplitude of the inward 

current was always smaller indicating that 5-HT elicited an increase in the 

amplitude of the 1̂  current.
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at more negative potentials (figure 5.4c). In both DVMs, applications of 5-HT 

enhanced the amplitude of the currents by 75% (16 pA to 28 pA) and 18% 

(40 pA to 47 pA) at -120 mV.

In the other two DVMs out of the ten tested, applications of 5-HT elicited 

inward currents (-15 pA and -8 pA) which were associated with reductions in 

slope conductance which were pronounced at more negative membrane 

potentials and reversed at -86 mV and -88 mV (figure 5.5a, b). The slope 

conductances of these two neurones calculated at the steady-state levels were 

attenuated by 20 % (3.5 nS to 2.8 nS) and 51 % (5.3 nS to 2.6 nS) between - 

100 mV and -120 mV. The reductions in slope conductance corresponded with 

steady-state 5-HT-sensitive outward currents which increased at more negative 

membrane potentials and exhibited Ê ev of -85 and -87 mV (figure 5.5c). In one 

of the two neurones, preincubation with 300 fxM BaC^ reduced the 5-HT- 

evoked reduction in slope conductance calculated at the steady-state level 

between -100 and -120 mV (5.3 nS to 2.6 nS in control; 1.9 nS to 1.7 nS in 

BaCli, 79 % reduction, figure 5.5b) and the steady-state 5-HT-sensitive 

outward current (48 pA to 7 pA at -120 mV, 85 % reduction, figure 5.5c). 

Both these neurones did not express 1̂  currents.

5.3b Effects of a-methvI-5-HT on DVMs

In two neurones tested, applications of a-methyl-5-HT (50 /xM, 2 min) evoked 

inward currents with peak amplitudes of -17 pA and -18 pA. The inward 

currents were associated with decreases in slope conductance which were 

prominant close to the holding potential of -60 mV and increases in slope 

conductance which occurred at more negative membrane potentials. In both 

DVMs tested, the current-voltage relationships did not exhibit Between -60

mV and -80 mV the slope conductances calculated at the steady-state levels
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Figure 5.5

Applications of 5-HT evoked an inward current which was associated with a 

decreased slope conductance only at more negative membrane potentials.

A) In this cell, 5-HT evoked a small inward current with a peak amplitude of 

-9 pA at a holding potential of -60 mV. The amplitudes of the evoked-currents 

were measured at the steady-state level since this DVM did not exhibit a 

slowly-developing inward current.

B) In control aCSF ( ( )  ), application of 5-HT ( #  ) had no effect on the 

steady-state slope conductance between -60 mV and -80 mV but reduced the 

steady-state slope conductance by 51 % between -100 mV and -120 mV. This 

effect was accompanied by a at -88 mV. In the presence of 300 fiM  BaClj 

( CH )» the amplitude of the evoked-currents were greatly reduced indicating 

that whole-cell conductance was decreased. The effect of 5-HT ( | )  was also 

attenuated by 79 % in the presence of BaClj between -100 mV and -120 mV. 

The smaller 5-HT-evoked reductions in the amplitudes of the family o f currents 

exhibited a at -90 mV.

C) In control aCSF ( 0 ) ,  the 5-HT-sensitive current reversed at -85 mV and 

exhibited an outward current which increased at more negative membrane 

potentials. In the presence of 300 BaC^ d ) ,  the 5-HT-sensitive outward 

current present at more negative membrane potentials was reduced by 85 % at 

-120 mV.
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were reduced by 39 % (2.8 nS to 1.7 nS) and 16 % (2.5 nS to 2.1 nS, figure 

5.6a, b). Between -100 mV and -120 mV the slope conductances calculated at 

the steady-state levels were augmented by 13 % (2.8 to 3.1 nS) and 106 % (1.9 

to 3.7 nS, figure 5.6a, b). Both neurones expressed \  currents which were 

increased in amplitude with applications of Œ-methyl-5-HT by 50 % (34 pA to 

51 pA) and 31 % (16 pA to 21 pA) at -120 mV. The combinations of 

reductions and augmentations in slope conductance were reflected in steady- 

state (x-methyl-5-HT-sensitive inward currents which were sustained and then 

enhanced over the range of hyperpolarizing command potentials and did not 

exhibit (figure 5.6c). The instantaneous (%-methyl-5-HT-sensitive currents 

exhibited mixed responses over the range of membrane potentials tested. In one 

neurone, the instantaneous cK-methyl-5-HT-sensitive current mimicked the 

steady-state a-methyl-5-HT-sensitive current by eliciting an inward current at 

more positive potentials which was sustained and then augmented at more 

negative membrane potentials (figure 5.6c). In the other DVM, the 

instantaneous a-methyl-5-HT-sensitive inward current was not enhanced at 

more positive membrane potentials.

5.3c The effects of 5-CT on DVMs

In four neurones tested, applications of 5-CT (20 /iM, 2 min) elicited inward 

currents with a mean peak amplitude of -13.6 ±  6 pA (peak amplitude range - 

5 to -26 pA). In two out of the four DVMs tested, the inward currents (peak 

amplitudes -15 pA and -26 pA) were associated with reductions in steady-state 

slope conductances of 86 % (1.4 to 0.2 nS) and 81 % (1.4 to 0.3 nS, figure 

5.7a, b) between -60 and -80 mV. In the other two neurones, one 5-CT-evoked 

inward current (peak amplitude -5 pA) was associated with a 11 % increase in 

slope conductance (1.8 to 2 nS) between -60 and -80 mV while the other 

inward current (peak amplitude -9 pA) was accompanied with no change. In all
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Figure 5.6

Applications of a-methyl-5-HT evoked an inward current which was associated 

with reduced slope conductance close to the holding potential of -60 mV and 

increased slope conductance at more negative membrane potentials.

A) In this DVM, a-methyl-5HT evoked an inward current with a peak 

amplitude of 18 pA at a holding potential of -60 mV. The evoked-currents 

exhibited small slowly-developing inward currents at more negative membrane 

potentials.

B) Application of oj-methyl-5-HT reduced the steady-state slope conductance by 

16 % between -60 mV and -80 mV and augmented the steady-state slope 

conductance by 106 % between -100 mV and -120 mV. At -120 mV, 

a-methyl-5-HT evoked a 31 % increase in the amplitude of the Î  current.

C) The instantaneous ( |  ) and steady-state ( 9  ) a-methyl-5-HT-sensitive 

currents exhibited similar voltage-dependent profiles with an initial inward 

current close to the holding potential of -60 mV which was sustained and 

enhanced at more negative membrane potentials.

206



A

100 pA 
500 ms

B
M em brane Potential (mV) M embrane Potential (mV)

■120 -110 -100 -90 -80 -70 -60

- -1 0

--20

--3 0
--100

- -4 0

--5 0

--6 0

--200

L-70

■S'3-0)
i
I
9'Z
%

r
0  c
3

1



Figure 5.7

Applications of 5-CT evoked an inward current which was associated with 

decreased slope conductance close to the holding potential of -60 mV and 

increased slope conductance at more negative membrane potentials.

A) 5-CT evoked an inward current with a peak amplitude of -26 pA at a 

holding potential of -60 mV.

B) Superfusion of 5-CT reduced the steady-state slope conductance by 81 % 

between -60 mV and -80 mV and augmented the steady-state slope conductance 

by 13 % between -100 mV and -120 mV. The application of 5-CT did not 

change the amplitude of the 1̂  current and did not exhibit a

C) The instantaneous ( |  ) and steady-state ( ^  ) 5-CT-sensitive currents 

mimicked each other. They were composed of an inward current which peaked 

at the positive and negative ends of the range of membrane potentials used in 

the command potential protocol. The close similarity between the instantaneous 

and steady-state voltage profiles indicates that 5-CT did not alter the amplitude 

of the slowly-developing currents.
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four neurones tested, the inward currents were also associated with a 14 

±  4 % (range 2 % to 21 %) augmentations in steady-state slope conductance 

between -100 to -120 mV (figure 5.7a, b). All four DVMs did not exhibit a 

Erev- The changes in slope conductance were reflected in the instantaneous and 

steady-state 5-CT-sensitive inward currents which peaked at both the positive 

and negative ends of the command potentials and did not exhibit a Ê ev (figure 

5.7c). Ih currents were expressed in all the four neurones although the 

amplitude of these currents were only increased in one neurone by 94 % (18 

to 35 pA) at -120 mV.

5.3d Effects of Cs'*̂  and ions on DVMs

The effects of Cs^ and Ba^^ ions were investigated in twelve DVMs to examine 

the possibility that multiple hyperpolarization-activated ion channels may be 

expressed in the same DVMs.

In five neurones tested, applications of CsCl (1 mM, 2 min) elicited reversible 

hyperpolarizations with a mean peak amplitude o f -19.2 ±  2.4 mV (range -11 

to -24 mV) at holding potentials of -60 mV. Current-voltage relationships 

created showed that the hyperpolarizations were associated with increases in 

input resistance of 46 ±  6 % (0.7 ±  0.069 Gfi to 1.03 ±  0.109 GQ) and 

exhibited an extrapolated Ê v̂ of -27 ±  3 mV (n=5).

In seven neurones tested, applications of BaClj (300 juM, 2 min) evoked 

reversible slow depolarizations with a mean peak amplitude of 5.4 ±  0.4 mV 

at holding potentials of -60 mV which were accompanied by increases in input 

resistance of 25 ±  6 % (0.733 ±  0.197 GO to 0.9 ±  0.235 GO) and exhibited 

a Erev of -94.1 ±  2.3 mV.
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In two out of the twelve neurones tested, the effects of CsCl and BaCli were 

tested on the same DVMs. Both neurones responded to CsCl and BaClj by 

eliciting hyperpolarizations (-22 mV and -23 mV, figure 5.8a) and 

depolarizations (6 mV and 4 mV, figure 5.8b) respectively. The CsCl-evoked 

hyperpolarizations were associated with increases in input resistance of 27 % 

and 57 % and Ê ev of -18 mV and -32 mV (figure 5.9). The BaClj-evoked 

depolarizations were accompanied with increases in input resistance of 28 % 

and 30 % and of -88 mV and -84 mV (figure 5.9).
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Figure 5.8

The effects of CsCl and BaClj on the same DVM held at -60 mV in current- 

dam p mode.

a) Superfusion of CsCl (1 mM, 2 min) elicited a hyperpolarization with a P^ak 

amplitude of -22 mV. Current pulses (-20 pA to -80 pA) were applied before 

and during the application of CsCl to measure changes in input resistance. A 

+  18 pA holding current was applied to the neurone to return the membrane 

potential to -60 mV.

b) Superfusion of BaClj (300 /xM, 2 min) elicited a slow depolarization with a 

peak] amplitude of 6 mV. Current pulses (-20 pA and -80 pA) were applied 

before and during the application of BaClj to also measure changes in input 

resistance. A -8 pA holding current was applied to the neurone to return the 

membrane potential to -60 mV.
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Figure 5.9

Current-voltage relationships were plotted using data obtained from the DVM 

shown in figure 5.8.

From the slope of the graphs, superfusion of CsCl was shown to increase input 

resistance from 615 Mfi to 780 Mfi which correlates to an increase of 27 %. 

By extrapolating the control and CsCl-evoked graphs by hand, the increase in 

input resistance was shown to be associated with a of -18 mV.

Superfusion of BaClj was shown to increase input resistance from 615 Mfi to 

787 Mfi which correlates to an increase of 28 %. The increase in input 

resistance was associated with a of -88 mV.

n , Current-voltage relationship in control aCSF 

^ , Current-voltage relationship in the presence of CsCl 1 mM 

A , Current-voltage-relationship in the presence of BaClj 300 fiM
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DISCUSSION

The ionic mechanisms underlying the subthreshold excitatory effects of 5-HT 

on DVMs were investigated using the whole-cell recording technique in 

Yoltage-clamp mode. The actions of 5-HT were suggested to be mediated via 

changes in the conductance states of three different ion channels.

5.4a 5-HT elicited ionic mechanisms

In all neurones tested, applications of 5-HT elicited reversible inward currents 

with prolonged durations at holding potentials of -60 mV. The 5-HT evoked 

inward currents were direct, postsynaptic effects since the experiments were 

carried-out in a media previously shown to block synaptic transmission 

(Travagli et. a l ,  1991; see Chapter 3). The 5-HT-evoked inward currents had 

small peak amplitudes which correspond to the slow depolarizations elicited by 

5-HT in Chapter 3. Applications of 5-HT (20 fxM; 2 min, see chapter 3) 

elicited slow depolarizations with a mean peak amplitude of 7.7 mV. In 

addition, the mean input resistances of the recorded DVMs was 624 MQ. Using 

Ohmn’s law (V=IR) the average current needed to evoke a 7.7 mV 

depolarization can be theorically determined to be 12 pA, if the current-voltage 

relationships were linear at -60 mV, which is comparable to the 5-HT-evoked 

mean peak amplitude value of 18 pA. The small 5-HT-evoked inward currents 

relates to other studies investigating the effects on 5-HT on neurones using the 

whole-cell recording technique. In rat substantia nigra pars reticulata neurones, 

applications of 5-HT (10 ixM) evoked inward currents with peak amplitudes 

between 20 pA and 70 pA and evoked 5-HT-evoked depolarizations with an 

average around 8 mV (Rick et. al., 1995). In rat sympathetic preganglionic 

neurones, applications of 5-HT elicited inward currents with peak amplitudes 

ranging from 10 pA to 80 pA (Pickering et. at., 1994). The inward currents 

suggest that the excitatory effects of 5-HT were mediated by either enhancing
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excitatory ion conductances and/or reducing inhibitory ion conductances which 

are activated at -60 mV.

In three neurones tested, 5-HT elicited inward currents which were associated 

with reductions in slope conductance at membrane potentials more positive than 

-100 mV, but had no effects on slope conductances at more hyperpolarized 

levels. The reductions in slope conductance were reflected in instantaneous and 

steady-state 5-HT-sensitive inward currents which developed at membrane 

potentials more positive than -100 mV and exhibited small or no inward 

currents at membrane potentials more negative than -100 mV. This indicates 

that, in these neurones, 5-HT suppressed exclusively outward currents which 

normally diminish the excitability of DVMs. The voltage-sensitivity of the 

outward currents suggests that they activate at approximately -100 mV and that 

their conductance increases at more positive membrane potentials. This may 

suggest that the currents exhibit outward rectification. The reductions of the 

outward conductances were not accompanied by a This correlates to earlier 

studies (see Chapter 3 and 4) showing 5-HT-evoked increases in input 

resistance at more positive membrane potentials which did not exhibit a 

The reductions of outward rectifying conductances which activate at 

membrane potentials more positive than -100 mV has been suggested to mediate 

the effects of 5-HT at 5-HT2a/2c receptors on rat sympathetic preganglionic 

neurones (Pickering et. al., 1994). The presence of this ion conductance 

mediating the excitatory effects of 5-HT on 60 % of DVMs tested and the 

observations that the experimental Ê ev did alter in accordance with (see 

Chapter 3) suggests that the channels involved may be selectively permeable to 

ions. In addition, when the [K^]^ was increased to change the E^ (-89 mV 

to -69 mV) all the DVMs tested did exhibit a Ê v̂ response to 5-HT, 

providing evidence that the suppression of a outward rectifying conductance
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may be involved in mediating the excitatory effects of 5-HT on DVMs since 

there would be a sufficient window between the and the activation threshold

of the current for a to be observed.

In two neurones tested, applications of 5-HT elicited inward currents which 

were exclusively associated with increases in slope conductance at more 

hyperpolarizing membrane potentials. The increases in slope conductance were 

correlated to instantaneous and steady-state 5-HT-sensitive inward currents 

which increased at the more hyperpolarized levels although the instantaneous 

5-HT-sensitive inward currents were always smaller than the steady-state 5-HT- 

sensitive currents. Both the current-voltage relationships and the 5-HT-sensitive 

inward currents did not exhibit a This indicates that 5-HT excited 

exclusively these DVMs by augmenting hyperpolarization-activated inward 

conductances which were present at -60 mV. The non-selective cationic Ih 

current is expressed in approximately 60 % of DVMs (Sah and McLachlan, 

1993; Travagli and Gillis, 1994). It is a slowly-developing hyperpolarization- 

activated current, whose threshold is more positive than -57 mV and is fully 

activated at -130 mV (Travagli and Gillis, 1994). In both these neurones, the 

larger amplitudes of the steady-state evoked-currents compared to the 

amplitudes of the evoked-currents at the instantaneous levels suggests that Ih 

currents were present. Applications of 5-HT increased the magnitudes of the 

Ih currents in both neurones indicating that the augmentations of the slope 

conductances were due to enhancements in the amplitudes of the Ih currents. In 

these two neurones, the involvement of the Ih current which is only activated 

partially at -60 mV may explain why 5-HT elicited relatively small inward 

currents ( <  10 pA). In a number of neuronal types, 5-HT augments Ih currents 

by (i) directly enhancing their amplitudes, (ii) shifting their voltage-sensitivity 

to more positive levels or (iii) decreasing their time constants for activation
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(McCormick and Pape, 1990; Larkman and Kelly, 1992; Garrett gr. al., 1993). 

The shifting of the voltage-sensitivity or decreasing the time constants for 

activation may be reasons why the increases in slope conductances did not 

correspond necessarily to the increases in the amplitudes of the currents. For 

example, in one of these neurones 5-HT evoked a 15 % increase in steady-state 

slope conductance between -100 mV and -120 mV which was accompanied with 

18 % increase iu the amplitude of the current although, the increase in the 

amplitude of the current only enhanced its contribution to the total current 

from 14 % (40 pA out of 158 pA) to 15 % (40 pA out of 188 pA) in the 

presence of 5-HT. In rat cerebellaij Purkinje cells, 5-HT decreased currents 

by evoking negative shifts in the activation curves (Li, Wang, Strahlendorf and 

Strahlendorf, 1993). The effects were mimicked by the selective 5-HT2a/2c 

receptor agonist (±)-DOI suggesting that they were mediated by the activation 

of 5-HT2A/2C receptors. In the present study, neither 5-HT or the 5-HT receptor 

agonists reduced slope conductances at more hyperpolarized levels which were 

associated with reductions in the slowly-developing inward currents, indicating 

that the effects of 5-HT were not associated with reductions in 1̂  currents.

In two DVMs which did not express Î  currents, 5-HT evoked inward currents 

which were accompanied by reductions in slope conductances at more 

hyperpolarized membrane potentials. Current-voltage relationships revealed that 

these 5-HT-evoked currents exhibited a Ê ev which approximated the of -89 

mV. This suggests that 5-HT evokes excitatory effects by reducing currents 

which activate at more negative membrane potentials. This is confirmed by the 

instantaneous and steady-state 5-HT-sensitive currents. These exhibited small 

inward currents at -60 mV which were reduced with membrane 

hyperpolarizations, reversed close to the E^, and were followed by outward 

currents displaying robust voltage-rectification with their amplitudes increasing
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at more negative levels. The Kir current has been shown to be expressed in 

DVMs (Travagli and Gillis, 1994). The control current-voltage relationships 

and the 5-HT-sensitive currents both exhibited increased conductance at more 

negative membrane potentials and were reduced by BaCli, providing evidence 

that 5-HT may reduce the Kir current. This corresponds to studies on rat 

nucleus accumbens neurones where 5-HT acting at 5-HT2a/2c receptors has been 

shown to decrease Kir currents (North and Uchimura, 1989).

In three neurones which expressed Ih currents, 5-HT elicited inward currents 

which were associated with reductions in slope conductances at more 

depolarized levels and augmentations of slope conductances at more 

hyperpolarized potentials. The properties of these two effects and the changes 

in the 5-HT-sensitive inward currents suggests that 5-HT may decrease outward 

rectifying K^ currents and enhance Ih currents in the same motoneurone. In the 

three DVMs tested, the mechanisms underlying the enhancements of the Ih 

currents are probably a combination of; increasing the amplitude of the current, 

shifting of the voltage-sensitivity to more positive levels and decreasing in time 

constants for activation since the amplitudes of the Ih currents were not always 

increased.

The 5-HT-evoked inward currents and associated changes in slope conductance 

indicate that multiple ion conductances are involved in mediating the excitatory 

responses of 5-HT on DVMs. Furthermore, they indicate that 5-HT can 

modulate different ion conductances in the same DVM, demonstrated by its 

possible effects on outward rectifying K^ currents and Ih currents. The 

modulation of multiple ion conductances may explain many of the effects of 5- 

HT obtained during the current-clamp study (see Chapter 3). For instance, the 

reductions and enhancements of different ion conductances explains why there
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were increases, decreases and no changes in apparent input resistances. In 

addition, multiple ion conductance changes may explain why some current- 

voltage relationships in the presence of 5-HT did not reverse but exhibited 

voltage-dependent changes in input resistance, in particular, increases in input 

resistance at more positive membrane potentials which shifted to the left of the 

control current-voltage relationships at more hyperpolarized levels indicating 

that 5-HT was decreasing input resistance at more negative values. In different 

populations of neurones, the excitatory effects of 5-HT at 5-HT2a/2c receptors 

are sensitive to [K^]„ but do not exhibit a Ê ev (Wang and Dun, 1990; Elliot and 

Wallis, 1992; Bobker, 1994) suggesting that ion conductances other than 

ions are mediating the responses. However, few studies have investigated this 

phenomena in more detail. Studies on facial motoneurones in the rat showed 

that the depolarizing effects of 5-HT mediated by 5-HT2a/2c receptors did not 

exhibit a Ê v̂ but were sensitive to [K^]o (Larkman, Penington and Kelly, 1989; 

Rasmussen and Aghajanian, 1990; Larkman and Kelly, 1992). These effects 

were elicited by 5-HT decreasing voltage-independent ‘leak’ K^ currents and 

enhancing 1̂  currents in the same motoneurone (Larkman and Kelly, 1992; 

Garrett et. a i ,  1993) causing the Ê ĝ  for the two ion conductances at the 

steady-state levels to contaminate one another. The two responses were 

separated by measuring the 5-HT-sensitive currents at the instantaneous and 

steady-state levels. The instantaneous 5-HT-sensitive currents were voltage- 

insensitive and reversed close to the E^ indicating that they were due to the 

closure of ‘leak’ K^ currents. The steady-state 5-HT-sensitive currents did not 

reverse, increased at more negative membrane potentials and were blocked by 

applications of 1-5 mM CsCl. (Larkman and Kelly, 1992; Garrett et. al., 

1993).
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5.4b Involvement of receptors

The 5-HTj/2 receptor agonists a-methyl-5-HT and 5-CT, at concentrations 

previously shown to mimic the depolarizing effects of 5-HT on DVMs in 

current-clamp mode (see Chapter 4) evoked prolonged inward currents which 

were due to the direct, postsynaptic activation of 5-HT2a/2c receptors. The 

agonists elicited inward currents which were associated, like 5-HT, with both 

increases and decreases in slope conductance. The reductions in slope 

conductance resembled those elicited by 5-HT, with more prominent a-methyl- 

5-HT and 5-CT-evoked reductions occurring at more depolarized levels. The 

increases in slope conductance also mimicked those elicited by 5-HT with 

augmentations increasing at more hyperpolarized potentials. In 50 % of the 

DVMs tested, a-methyl-5-HT and 5-CT increased the slope conductance by 

enhancing the amplitude of 1̂  currents. In the other neurones, the increased 

slope conductance may have been elicited by agonist-evoked positive shifts in 

the voltage-sensitivity and/or decreasing the time constant for activation of the 

Iji current. These results indicate that the ion conductances modulated by 5-HT 

are mediated by the activation of direct, postsynaptic 5-W^2N2c receptors. In 

facial motoneurones, 5-CT has been shown to selectively enhance 1̂  currents 

by increasing the amplitude and decreasing the time constants for activation 

(Larkman and Kelly, 1992). In the present study on DVMs, applications of 5- 

CT elicited changes in both Ih currents and outward rectifying currents 

suggesting that this 5-HT agonist is not selective for any of the 5-HT-sensitive 

ion conductances.

In the present study, the ion conductances modulating the effects of 5-HT at 5- 

HT2A/2C receptors were investigated between -60 and -120 mV therefore the 

effects of 5-HT at 5-HT2a/2c receptors may be also mediated by other ion 

conductances which are not activated in this voltage range. In a previous study
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on DVMs, 5-HT reduced pharmacologically isolated SK^a currents and also 

standing outward currents at -50 mV (Travagli and Gillis, 1995). The 

reductions in the standing outward currents probably reflects the decreases in 

the outward rectifying currents observed in this study at -60 mV and may 

explain why 3 fjM  5-HT elicited inward currents at -50 mV (Travagli and 

Gillis, 1995) which had similar amplitudes to those observed in this study with 

20 juM 5-HT since at -50 mV more outward rectifying currents would be 

activated, increasing the number of channels available for closure by 5-HT. The 

pharmacologically isolated currents were blocked by Co^^ ions and 

apamin suggesting that the reductions elicited by 5-HT could be due to the 

closure of the Ca^^ channels and/or the channels involved in mediating the 

slow, prolonged after-hyperpolarizations. N-type Ca^^ channels are activated 

at around -40 to -30 mV and have been shown to provide the influx of Ca^^ 

ions required to activate the SK^a channels responsible for mediating the slow 

after-hyperpolarization (Sah, 1995). N-type Ca^^ channels are inhibited by 5- 

HT on dorsal raphe neurones but this effect is mimicked by the 5-HTja receptor 

agonist 8-OH-DPAT (Penington and Fox, 1995). The coupling of 5-HTi^ 

receptors to N-type Ca^^ channels which activate at -40 mV may explain why 

applications of 8-OH-DPAT did not elicit any subthreshold effects on DVMs 

(see Chapter 4) although a study recording the ongoing activity of DVMs also 

did not observe any effects with 8-OH-DPAT (Travagli and Gillis, 1992c). It 

is not yet known if 5-HT acting at 5-HT2a/2c receptors can mediate reductions 

in Ca^^ currents via the closure of N-type channels, nor is it established if 5- 

HT2A/2C receptors are linked to the closure of apamin-sensitive SK^a channels. 

In the rat association cortex, 5-HT acting at 5 -HT2A receptors attenuated the 

after-hyperpolarizations causing neuronal excitation by reducing spike frequency 

accommodation (Araneda and Andrade, 1991). This study also could not rule 

out 5 -HT2A receptors modulating other ion channels, apart from SK^a channels.
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In the present study, it is unlikely that the 5-HT-evoked inward currents are due 

to reductions in SK^a currents since the experiments were carried out at -60 mV 

which suggests that the currents would not be activated. Furthermore, a 

previous study using a thick brainstem slice preparation showed that 

applications of apamin did not have any effects on the resting membrane 

potential of DVMs indicating that apamin-sensitive SK^a channels are not 

activated at -60 mV (Cowan and Martin, 1992; Sah, 1992).

In the present study, the activation of 5-HT2a receptors on DVMs have been 

shown to modulate three different ion conductances which are activated at 

subthreshold levels. A possibility is that these different ion conductances are 

mediated by different subtypes of the S-HTja receptor. However, there is no 

evidence to date showing that there are multiple subtypes of the S-HTja 

receptor (Boess and Martin, 1994). Another possibility is that the activation of 

the 5 -HT2A receptor subtypes on DVMs are coupled to the reduction and 

augmentation of different ion conductances through the regulation of different 

second messenger systems. This is a valid hypothesis worthy of further 

investigation since previous studies have shown that 5-HT can modulate 

different ion conductances via the activation of different signal transduction 

pathways.

In the rat cerebral cortex, 5 -HT2A receptor antagonists have been shown to 

inhibit 5-HT-evoked increases in PI hydrolysis (Conn and Sanders-Bush, 1984; 

Conn et. al. , 1988). In addition, the activation of 5 -HT2A receptors in rat brain 

slices and synaptosomes induced translocations of PKC from the cytosol to the 

plasma membrane (Wang and Friedman, 1990). These studies indicate that 5- 

HT2A receptors are linked to PI hydrolysis which releases IP3  and DAG. IP 3  

mobilizes the release of intracellular Ca^^ and DAG activates PKC (Nishizuka,
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1992). These two mechanisms are thought to alter ion conductances mediating 

the slow depolarizing effects associated with 5-HT acting at S-HTja receptors. 

In the rat association cortex, the active phorbol ester PDBu which activates 

PKC mimicked the slow depolarizing effects of 5-HT at 5 -HT2A receptors 

(Araneda and Andrade, 1991) indicating that PKC may mediate the excitatory 

effects of 5-HT. The amplitudes of slowly activating K^ channels expressed in 

Xenopus oocytes were shown to be increased by intracellular injections of IP3 

and decreased by injections of the Ca^^ chelator BAPTA and applications of 

active phorbol esters (Busch, Kavanaugh, Vamum, Adelman and North, 1992). 

5-HT increased the slow K^ currents when the K^ channels were co-expressed 

with 5 -HT2A receptors, but the 5-HT-evoked increases were reduced after 

pretreatment with caffeine which blocks the release of intracellular Câ "*". This 

indicated that activation of the 5-HTja receptors increased the slow K^ current 

via IPg-induced release of intracellular Ca^^ and decreased the K^ current by 

the activation of PKC. In rat facial motoneurones, the 5-HT-evoked slow 

inward currents produced by the activation of 5 -HT2A receptors have been 

shown to be directly linked to G-proteins (Aghajanian, 1990). Intracellular 

applications of the non-hydrolysable analog of OTP GTP-r-S rendered the 5- 

HT-evoked slow inward currents irreversible whereas the currents were 

attenuated by intracellular injections of GDP-B-S which interferes with G 

protein activation. PKC may play an important role in regulating the 5-HT- 

evoked inward currents since applications of the PKC inhibitor H-7 enhanced 

the inward currents whereas applications of active phorbol esters decreased the 

inward currents.

In the present study, the activation of 5 -HT2A receptors was shown to augment 

Iji currents. 5-HT-evoked augmentations of 1̂  currents have been shown to be 

mediated by the AC system. In rat prepositus hypoglossi neurones, applications
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of the AC stimulant forskolin and the membrane permeable cAMP analog 8- 

bromo-cAMP both mimicked the excitatory effects of 5-HT by evoking inward 

currents and augmenting 1̂  currents (Bobker and Williams, 1989b). The effects 

of these two agonists also increased currents expressed in guinea-pig thalamic 

relay neurones (McCormick and Page, 1990).

Recent evidence indicates that there is considerable cross-talk between the PI 

and AC systems (Berg, Clarke, Chen, Ebersole, Mckay and Maayani, 1994). 

In a cell line derived from embryonic rat cortex, activation of 5-HT2a receptors 

was shown to enhance forskolin-evoked cAMP production (Berg et. al. , 1994). 

These effects of 5-HT were mimicked by applications of the active phorbol 

ester PM A and the Ca^^ ionophore A23187 and were not abolished after the 

PKC activity was depleted by exposure to PM A for 24 hours. This indicated 

that the activation of 5-HT2a receptors can amplify the production of cAMP via 

the activation of PKC and the release of intracellular Ca^^. In cultured rat 

glomerular mesangial cells, activation of 5-HT2a receptors were shown to 

increase the levels of inositol phosphates and inhibit forskolin-stimulated cAMP 

production (Gamovskaya, Nebigil, Arther, Spumey and Raymond, 1995). The 

increases in inositol phosphates were not blocked by preincubation with the 

and Go G-protein subunit inhibitor pertussis-toxin whereas the inhibitions of 

cAMP production were attenuated. The 5-HT-evoked reductions in cAMP 

production were not affected by stimulating or blocking PKC or Ca^^ release 

indicating that the 5-HTja receptors were independently coupled to the AC 

system.

These studies suggest that 5-HT2a receptors may modulate both the PI and AC 

systems. Thus, 5 -HT2A receptors expressed in the same cell may be permissive 

with different second messenger systems. This may have important
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consequences for the array of ion conductances which can be modulated by the 

activation of S-HTja receptors in the same cell and, in view of the multiple ion 

conductances regulated by 5-HT in the present study, of particular significance 

for the effects of 5-HT on DVMs.

The DMN contains DVMs that project to a number of visceral end organs 

including the GI tract, the pancreas and the heart (see general introduction). In 

the present study, applications of 5-HT were shown to elicit subthreshold 

excitatory effects on over 95 % of the DVMs tested therefore 5-HT probably 

excites DVMs with different viscerotopic projections. It may be hypothesised 

that whilst all DVMs exhibit 5-HT2a receptors, they may be functionally 

differentiated in regard to the ion conductances mediating the excitatory 

responses of 5-HT. For instance, the action of 5-HT at 5-HT2a receptors on 

DVMs which project to the stomach may be predominantly mediated by the 

suppression of the outward rectifying conductance whereas DVMs innervating 

the heart may exclusively response to 5-HT by attenuating the Kir current. 

There is tentative evidence that DVMs with different functional projections are 

topographically organized within the DMN (see general introduction). During 

this thesis, whole-cell recordings were made from DVMs located throughout 

the DMN although it was not noted whether the excitatory responses of 5-HT 

on DVMs differed depending on the location of the DVMs within the DMN.

5.4c Are the and Km currents present in the same DVMs 

A previous study has suggested that 1̂  and Kir currents are mutually exclusive 

which means that individual DVMs do not express both these ionic currents 

(Travagli and Gillis, 1994). However, the study also demonstrated that 

applications of BaC^ which selectively attenuates Kir currents could, enhance 

Ih currents, implying that the two hyperpolarization-activated currents may be
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excluding the expression of one another. The present study investigated the 

effects of Cs^ and Ba^^ ions on the membrane potential and input resistance of 

DVMs at the subthreshold level of -60 mV.

In all neurones tested, applications of CsCl elicited hyperpolarizations which 

were accompanied by increases in input resistance which reversed at 

approximately -27 mV. The changes in input resistance and the Ê ev values 

suggest that the effects of CsCl were mediated by reductions of a non-selective 

ion conductance. Many studies have shown that CsCl blocks the non-selective 

cationic channel mediating currents (McCormick and Pape, 1990; Larkman 

and Kelly, 1992) including a study on DVMs (Travagli and Gillis, 1994). The 

present study also demonstrates that the conductances are present at -60 mV 

explaining why 5-HT could elicit inward currents which were exclusively 

associated with enhancements in 1̂  currents. This contrasts with facial 

motoneurones which did not express 1̂  currents at -60 mV therefore 5-CT did 

not evoke inward currents at this holding potential (Larkman and Kelly, 1992). 

The increases in input resistance of approximately 45 % indicates that the 

currents provide a significant contribution to the whole-cell conductance at -60 

mV and implies that 5-HT only augments a proportion of the Ih currents 

activated at -60 mV.

In a number of studies, BaC^ has been shown to reduce Kir currents (Constanti 

and Galvan, 1983; North and Uchimura, 1989). In the present study, BaClj 

elicited slow depolarizations which were accompanied by increases in input 

resistance of 25 % and a Ê ev of 94 mV which approximated the Er indicating 

that BaCli evoked reductions in K^ conductance which contributed to 

approximately a quarter of the whole-cell conductance at -60 mV. This explains 

why 5-HT elicited inward currents at -60 mV could be associated with
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reductions in Kir currents.

CsCl and BaC^ also elicited hyperpolarizations and depolarizations respectively 

when they were applied to the same DVMs. This suggests that DVMs can 

express both and Kir channels which is a different conclusion to an earlier 

study (Travagli and Gillis, 1994). Both these channel blockers do have effects 

on other types of ion channels including one another. Therefore, Cs^ ions and 

Ba^^ ions may not be completely selective for the Ih and Kir currents (Rudy, 

1988; Halliwell, 1990; Travagli and Gillis, 1994). However, applications of 

CsCl and BaC^ always produced opposite effects on the membrane potential 

and were associated with vastly differing values suggesting that they were 

blocking two different ion channels. Applications of 5-HT elicited effects on Ih 

and Kir currents but was not shown to act on both ion conductances in the same 

DVM. In fact, the two neurones in which 5-HT attenuated Kir currents did not 

express Ih currents. This might imply that the two currents are mutually 

exclusive in the same DVMs although, the number of recordings exhibiting 5- 

HT elicited reductions of Kir needs to be increased before this argument can 

be substantiated. The Ih and Kir currents do coexist in rat dorsal raphe 

(Williams, Colmers and Pan, 1988) and lateral geniculate neurones (Pollard and 

Crunelli, 1988) and possibly in hippocampal neurones since Cs^ and Ba^^ ions 

both blocked instantaneous currents (Halliwell and Adams, 1982).

This chapter demonstrates that 5-HT elicits excitatory direct, postsynaptic 

effects on DVMs via 5-HT2a/2c receptors which mediate multiple ionic 

mechanisms. In the voltage-clamp protocols used, the ionic mechanisms 

modulated by the activation of 5-HT2a/2c receptors are suggested to be the 

reduction of outward rectifying K^ conductances, the reduction of Ba^^- 

sensitive Kir conductances and the augmentation of non-selective cationic Ih
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conductances. The reductions of the outward rectifying conductances and 

the augmentations of the conductances were found in the same DVMs. The 

results also show that 1̂  and Kir currents may be expressed in the same DVMs 

and are not necessarily mutually exclusive as previously thought (Travagli and 

Gillis, 1994).
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CHAPTER 6 

GENERAL DTSCIJSSTON
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The present in vitro studies have shown that 5-HT elicits direct, postsynaptic 

subthreshold excitatory effects on over 95 % of DVMs tested by activating 

5 -HT2A/2C receptors, probably the 5 -HT2A receptor subtype. Furthermore, the 

excitatory effects evoked by the activation of 5-HT2a/2c receptors were 

suggested to be mediated by changes to three different ion conductances; 

reductions of an outward rectifying conductance, reductions of a Kir 

conductance and augmentations of an Ih conductance. Combinations of the 

changes in the outward rectifying and Ih conductances were found in the same 

DVM. These studies suggest that 5-HT may have a profound neuromodulatory 

role in regulating excitatory inputs onto DVMs.

6.1 The im portance of in vitro studies in investigating the effects of 5-HT 

on DVMs

The majority of studies on the effects of 5-HT on DVMs have been carried-out 

in vivo using anaesthetized rat preparations (Sporton et. a l ,  1991 ; Feldman and 

Galiano, 1995; Wang et. al., 1995a, 1995b; Yoneda and Tache, 1995; Wang 

et. at., 1996). These studies have mainly microinjected 5-HT, 5-HT agonists 

or 5-HT antagonists directly into the DMN or indirectly applied the 5-HT 

compounds intracistemally (i.e.) and then monitored end organ responses such 

as heart rate and gastric acid secretion (Sporton et. a l ,  1991; Feldman and 

Galiano, 1995; Yoneda and Tache, 1995). These studies provide essential 

information on the functions of 5-HT in the synaptically intact animal both in 

terms of its effects on DVMs and its effects on physiological responses. 

However, there are several factors to be kept in mind when interpreting data 

from in vivo preparations. One of the problems associated with in vivo 

experiments is the spread of drugs from the microinjection sites to neighbouring 

areas. This is a problem which is particularly acute in studies on DVMs since 

these motoneurones lie close to or, when they are on the dorsal edge of the
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DMN, are interspersed with neurones in the ventral NTS. Hence, 5-HT-evoked 

changes in end organ responses which are vagally-mediated (shown by their 

sensitivity to atropine or vagotomy) may not be primarily due to the effects of 

5-HT on DVMs but instead may be due to effects of 5-HT on neurones in the 

NTS which project to DVMs. Feldman and Galiano (1995) concluded that the 

reason why their applications of 5-HT did not evoke statistically significant 

reductions in heart rate has reported by Sporton et. al. (1991) was because they 

used smaller injection volumes (50 nl compared to 100 nl) and therefore did not 

affect neurones in the NTS.

To minimise the problems associated with the spread of drugs from 

microinjection sites during in vivo experiments, 5-HT compounds have been 

applied into the DMN through multi-barrelled iontophoretic pipettes. This 

enables the combination of extracellular recordings, to measure changes in the 

firing rates of single antidromically-identified DVMs, with the iontophoretic 

applications of drugs (Wang et. al., 1995a). The use of iontophoresis means 

that discrete applications of drugs can be made into the DMN. However, this 

form of drug application cannot be used to differentiate between actions of 5- 

HT at presynaptic or postsynaptic 5-HT receptor sites or the actions of 5-HT 

on intemeurones or centrally-projecting neurones. These are important factors 

to consider since approximately 20 % of the neurones in the DMN do not 

project into the vagus nerve (Loewy and Spyer, 1990).

The majority of DVMs do not exhibit ongoing activity and are induced to fire 

with the excitatory amino acid excitant DLH (Wang et. al., 1995a). This is in 

contrast to in vitro observations which have shown that over 60 % of DVMs 

exhibit ongoing activity (Travagli et. al., 1991). This creates two problems in 

performing in vivo experiments, (i) Applications of DLH may lead to
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complications in distinguishing whether the effects of the 5-HT compounds are 

due to interactions with 5-HT receptors or with excitatory amino acid receptors. 

In over 50 % of the cells tested, applications of the selective 5-HTia receptor 

antagonist WAY 100635 were shown to either attenuate or potentiate the 

responses to DLH (Wang et. al. , 1995a). (ii) Extracellular recording techniques 

require ongoing activity to locate a neurone therefore it is difficult to investigate 

the subthreshold effects of 5-HT which may be the most physiologically 

relevant since the majority of DVMs in vivo are silent.

To differentiate between the presynaptic and postsynaptic effects of 5-HT on 

DVMs and to understand the ionic mechanisms underlying these effects 

intracellular recordings can be carried out in vivo. These studies are difficult 

to accomplish, especially in the rat, since the small size of the rat DMN and 

the movements induced by the cardiovascular and respiratory systems in 

anaesthetized animals means that the DVMs are difficult to locate and the 

preparations are often not stable enough to maintain intracellular recordings for 

any length of time. In the anaesthetized cat, intracellular recordings have been 

obtained from expiratory and post-inspiratory neurones in the ventral 

respiratory group within the caudal medulla (Lalley, Bischoff, Schwarzacher 

and Richter, 1995). Iontophoretic applications of a-methyl-HT depolarized both 

types of respiratory neurones and induced increases in input resistance which 

were blocked by the 5-HT2a/2c receptor antagonist cinanserin indicating that the 

excitatory 5-HT-evoked responses were due to activation of 5-HT2a/2c receptors 

and were mediated, in part, by the closure of channels. This study 

demonstrates that in vivo intracellular recordings can be combined with 

investigations into the properties of functionally-identified neurones although 

since the experiments were carried out on a larger species with larger neurones 

they may not correlate with the difficulty of intracellular recording in rats.
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The aims of the present study were to; (i) investigate the direct, postsynaptic 

subthreshold effects of 5-HT on DVMs; (ii) to characterise the 5-HT 

receptor(s) and (iii) to examine the ionic mechanisms mediating the responses 

of 5-HT. To achieve these aims rat brainstem slice preparations were utilised 

since the slices could be superfused with a media which blocks synaptic 

transmission therefore allowing the direct, postsynaptic effects of 5-HT to be 

studied. Thin brainstem slice preparations were also chosen since previous 

studies have shown that this enables DVMs to be visually-identified (Travagli 

et. al., 1991; Travagli and Gillis, 1994) and provides good access to the 

neurones for recording with patch-pipettes and for the superfusion of 5-HT 

compounds dissolved in the perfusate. The effects of 5-HT on DVMs have been 

briefly examined in previous in vitro studies (Brooks, 1991; Sah and 

McLachlan, 1993; Travagli and Gillis, 1995, see chapter 3). These studies 

demonstrate that in vitro preparations can be utilised successfully with 

intracellular and whole-cell recording techniques to investigate the effects of 5- 

HT on DVMs. The present study used the whole-cell patch-clamp configuration 

in current-clamp and voltage-clamp modes since the increased input resistance 

produced with this technique increases the signal-to-noise ratio, providing a 

greater resolution of small ligand-evoked currents.

The success of the thin brainstem preparation and the whole-cell recording 

technique in producing recordings of DVMs with electrophysiological and 

morphological properties similar to those previously observed in DVMs (see 

Chapter 3), provides evidence for the appropriate nature of using an in vitro 

approach to investigating the subthreshold effects of 5-HT on DVMs. However, 

for the results obtained from in vitro studies to be recognised as being 

physiologically significant they must be placed in context with previous 

experiments carried out on the whole animal system.
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6.2 Are developmental changes responsible for the 5-HT-evoked excitatory 

responses?

The rats used in the present study were aged between 17-21 days which is the 

transitional period from neonate to young adult. This may indicate that the 

receptor subtypes and ionic currents expressed in the DVMs between postnatal 

days 17-21 are not equilvant to those found in the adult animal. Therefore, the 

5 -HT2A receptor subtype and the ion conductances mediating the subthreshold 

excitatory effects of 5-HT on DVMs may be interpreted as being only involved 

in the responses of 5-HT during the transition from neonate to young adult. 

Developmental studies have investigated the regulation of 5-HT2a/2c receptors 

and the changes in the expression of ionic currents during this transitional 

period (Roth, Hamblin and Ciaranello, 1991; Morüak and Ciaranello, 1993; 

Bayliss, Viana, Bellingham, Berger, 1994a; Bayliss, Viana, Kanter, 

Szymeczek-Seay, Berger and Millhom, 1994c; Viana, Bayliss, Berger, 1994).

In the rat, autoradiographic and northern blot studies measuring total brain 

mRNA levels have shown that the levels of 5 -HT2A receptor binding sites and 

mRNA increased from embryonic day 17 to a peak between postnatal days 7-12 

(Roth et. a l ,  1991). After postnatal day 12 the 5 -HT2A receptor binding sites 

and mRNA decreased to plateau levels between postnatal days 22-27. 5 -HT2C 

receptor binding sites and mRNA also increased from their levels at embryonic 

day 17, but to a lesser extent than the 5 -HT2A receptors, and then reached a 

plateau by postnatal day 7 (Roth et. al., 1991). Moreover, an 

immunocytochemical study using an antibody specific for the 5 -HT2A receptor 

showed that 5 -HT2A receptor immunoreactivity in the rat medulla increased 

from embryonic day 19 to adult levels at postnatal day 7 (Morilak and 

Ciaranello, 1993).
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A number of studies on rat hypoglossal motoneurones have investigated the 

changes in membrane properties and responses to applications of 

neurotransmitters during development (Bayliss et. a l ,  1994a; Bayliss et. al., 

1994c; Viana et. at., 1994). Over the first two weeks of postnatal life 

hypoglossal motoneurones exhibited a decrease in action potential duration due 

to an increase in voltage-dependent conductances, a decrease in the SK^a- 

mediated afterhyperpolarization and an increase in inward rectification (Viana 

et. al., 1994). The amplitudes of the currents expressed in hypoglossal 

motoneurones were 10-fold larger in adult rats (> 2 1  days) than in neonatal rats 

(< 8  days, Bayliss et. al., 1994a). Applications of TRH elicited different 

responses on hypoglossal neurones during development (Bayliss et. a l., 1994c). 

In all the adult motoneurones tested, applications of TRH evoked 

depolarizations with decreases in input conductance whereas neonatal 

motoneurones either did not respond to TRH or elicited smaller depolarizations 

associated with no changes in input conductance.

These studies demonstrate that the expression of rat 5-HT2a/2c receptor does 

change during development although at the age used in the present study (17-21 

days) the 5-HT2a receptor binding sites and mRNA have approximately reached 

the adult level. Therefore, it is unlikely that the depolarizing responses to 5-HT 

mediated by S-HTja receptors are due to developmental changes. This 

corresponds to in situ hybridisation studies which showed a high level of 5- 

HT2A receptor mRNA in the DMN of adult rats (Pompeiano et. al., 1994; 

Wright et. al., 1995). In addition, the studies on hypoglossal motoneurones 

show that the expression of intrinsic membrane properties can change during 

development although again they show that the changes are complete by 

postnatal day 21. Extrapolation of these results to DVMs may suggest that if 

development changes in the expression of ion conductances do occur they may
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be completed by postnatal days 17-21. This may indicate that the 5-HT-evoked 

modulations of ion conductances in DVMs were also not due to development 

changes.

6,3 Physiological significance of the excitatory effects of 5-HT on DVMs

In the present study applications of 5-HT were shown to elicit slow, prolonged 

excitatory effects on DVMs. This indicates that 5-HT may act as an excitatory 

neurotransmitter/neuromodulator on DVMs which may be important in 

regulating the activity of DVMs.

6.3a Does 5-HT act has an excitatory neurotransmitter and/or neuromodulator 

A common definition of a neuromodulator is a substance which affects the 

response of a postsynaptic cell to a neurotransmitter (Brown, 1991). In essence, 

applications of neuromodulators on their own do not elicit responses on 

postsynaptic cells. This definition can be misleading since it depends on the 

level at which the effects of proposed neuromodulators are measured. For 

instance, if applications of a compound to an area of the CNS does not alter the 

end organ response but potentiates the responses of a neurotransmitter then the 

compound may be considered a neuromodulator. However, if applications of 

the compound are then made onto neurones in the CNS it may elicit direct, 

postsynaptic effects indicating that the compound may also be acting as a 

neurotransmitter. These discrepancies are often associated with 5-HT which has 

the characteristics of a neurotransmitter (see section 1.8) but can be associated 

with slow inhibitory and excitatory responses mediated by the activation of G- 

proteins and second messenger systems which are coupled to channels open 

at the resting membrane potential. This is the case with 5-HT2a/2c receptors 

since their activation has been shown to elicit slow, prolonged excitatory 

responses by reducing channels open at rest (Colino and Halliwell, 1987;

238



Davis et. al, 1987; Larkman and Kelly, 1992).

In the anaesthetised rat, microinjections of 5-HT alone into the DMN have been 

demonstrated to have little or no effects on heart rate or gastric acid secretion 

(Sporton et. a l ,  1991; McTigue et. a l ,  1992; Feldman and Galiano, 1995; 

Tache et. a l , 1995; Yang and Tache, 1995; Yoneda and Tache, 1995) although 

microinjections of 5-HT have been shown to augment the increases in gastric 

acid secretion evoked by the stable TRH analogue RX 77368 (McTigue et. a l , 

1992; Yoneda and Tache, 1995). 5-HT-evoked enhancements of the TRH- 

elicited increases in gastric acid secretion were mimicked by microinjections of 

the selective 5 -HT2a/2c receptor agonists (±)-D O I and a-methyl-5-HT into the 

DMN whereas applications of the 5-HTia receptor agonist 8 -OH-DPAT and the 

5-HTib receptor agonist CSG 12066 had no effects (Yoneda and Tache, 1995). 

The responses of 5-HT were attenuated by i.e. injections of the 5 -HT2a/2c 

receptor antagonist ketanserin but not by injections of the 5 -HTia/2a receptor 

antagonist spiperone or the 5 -HT3 receptor antagonist ondansetron. In addition, 

applications of kainic acid into the raphe pallidus increased the levels of gastric 

acid secretion which were attenuated by bilateral microinjections of ketanserin 

into the DMN. Microinjections of the 5 -HT2a/2c receptor agonist (±)-D O I into 

the DMN also potentiated peptide YY-evoked increases in gastric acid secretion 

without having any effects when it was microinjected alone (Yang and Tache, 

1995). These studies suggest that the stimulation of neurones within the caudal 

raphe nuclei causes the release of 5-HT in the DMN which activates 5 -HT2A/2C 

receptors. The activation of 5-HT2^2c receptors, possibly found on DVMs, 

elicits excitatory effects which on their own do not enhance the firing rates of 

DVMs and increase gastric acid secretion. In the presence of other excitatory 

inputs (in these studies TRH and peptide YY) which can evoke increases in the 

firing rates of DVMs, the 5-HT-evoked excitatory effects can summate with
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these other excitatory inputs to further enhance the firing rates of DVMs and 

augment the increases in gastric acid secretion. This suggestion of a potential 

meuromodulatory role for 5-HT in the DMN is compatible with the results of 

previous in vivo and in vitro studies as well as the current observations obtained 

during this thesis.

In a micro-dialysis study using anaesthetized cats, electrical stimulation of the 

raphe obscurus nucleus evoked a 2-3 fold increase in the release of 5-HT in the 

dorsal vagal complex which contained the NTS and DMN (Brodin et. al., 

1990). Cell-attached recordings showed that applications of 5-HT and TRH 

increased the firing rates of visually-identified DVMs in vitro (Travagli and 

Gillis, 1995). The application of subthreshold concentrations of 5-HT and TRH 

together elicited a 30 % increase in the firing rates of DVMs compared to 

applications of 5-HT or TRH alone although this increase in the activity of 

DVMs was not stated to be statistically significant (p <0.05). The non-additive 

effects of 5-HT and TRH on the firing rates of DVMs were explained by both 

compounds acting through a common mechanism to excite DVMs which was 

suggested to be the reduction of SK^a currents. This study indicates that the 

mechanisms underlying the effects of 5-HT and TRH may be closely linked to 

control the firing rates of DVMs which may be important in regulating 

physiological responses such as gastric acid secretion.

The present study indicated that 5-HT elicited direct, postsynaptic excitatory 

subthreshold effects on DVMs via the activation of 5-HTja receptors. This 

implies that the increase in TRH-evoked gastric acid secretion by 5-HT may be 

through the activation of postsynaptic 5-HT2a receptors located directly on 

DVMs. Yoneda and Tache (1995) suggested that the 5-HT receptor involved 

was probably the 5-HT2c receptor subtype since i.e. injections of spiperone did
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not attenuate the effects of 5-HT. The present study suggests that the S-HTja 

receptor subtype predominantly mediates the effects of 5-HT on DVMs since 

spiperone was shown to block the excitatory responses of 5-HT. The 

differences between the present in vitro observations and the results obtained 

from the in vivo experiments may be due to the methods of spiperone 

application since the protocol for i.e. injections of spiperone (one 10 nl 

injection 10 mins before the reapplication of 5-HT and RX 77368) may not 

have been a long enough preincubation time for any antagonistic effect of 

spiperone on gastric acid secretion to be observed. In in vitro experiments, 

spiperone is notorious for requiring a long periods of preincubation which is 

probably due to its slow binding kinetics to the 5-HTja receptor (North and 

Uchimura, 1989). This may explain why spiperone required long period of 

preincubations before the excitatory responses of 5-HT on DVMs were blocked 

(see Chapter 4). At the concentration employed by Yoneda and Tache (1995; 

2 mM, 2 nmoles in 10 / l̂) spiperone may be expected to attenuate the increases 

in gastric acid secretion even if 5-HT was predominantly acting via 5-HT2c 

receptors since spiperone does have an affinity for the 5-HT2c receptor (Hoyer 

et, al. , 1994). However, i.e. injections of spiperone had no effects on the levels 

of RX 77368/5-HT-evoked gastric acid secretion. Furthermore, recent in situ 

hybridisation studies have demonstrated high levels of 5 -HT2A receptor mRNA 

compared to 5 -HT2C receptor mRNA in the rat DMN (Pompeiano et. al. , 1994; 

W right et. al., 1995) indicating that the majority of 5-HT2a/2c receptors in the 

DMN are of the 5 -HT2A receptor subtype.

The lack of any physiological changes when 5-HT is applied to the DMN on 

its own, in combination with the pharmacological and neuroanatomical evidence 

from in vivo and in vitro studies, suggests that 5-HT-evoked excitatory 

responses mediated by the activation of postsynaptic 5 -HT2A receptors exert
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neuromodulatory effects on DVMs. This may also explain why microinjections 

of (±)-D O I into the rat DMN did not evoke any changes in the cardiovascular 

system (Sporton et. al., 1991).

6.3b How mav 5-HT act as a neuromodulator in the DMN?

The present study showed that the subthreshold excitatory effects of 5-HT were 

mediated by the modulation of three different ion conductances; the reduction 

of an outward rectifying conductance, the reduction of a Kir conductance and 

the enhancement of a Ij, conductance. Combinations of the reductions in the 

outward rectifying conductances and the enhancements of the conductances 

were observed in the same motoneurone. In the rat, recent in vivo studies using 

intracellular recording techniques have shown that the resting membrane 

potentials of DVMs lie between -65 to -75 mV (Wang and Jordan, personal 

communication). This information, combined with an understanding of the 

voltage-dependent properties of the ion conductances mediating the depolarizing 

responses of 5-HT, can explain how 5-HT may act as a neuromodulator to 

enhance vagally-mediated physiological responses.

The release of 5-HT onto silent DVMs may activate postsynaptic 5-HT2a 

receptors which elicit slow and prolonged depolarizations. The magnitudes of 

the 5-HT-evoked peak amplitudes may be variable, depending on whether the 

5 -HT2A receptors were linked to more than one ion conductance. If the 5 -HT2A 

receptors present on a single DVM were linked to only one of the ion 

conductances shown to mediate the subthreshold excitatory effects of 5-HT the 

peak amplitude would probably be small since these ion conductances are not 

fully activated at -70 mV. The activation of 5 -HT2A receptors coupled to 

different ion conductances in the same motoneurone may lead to larger 

subthreshold excitatory effects due to summation of the individual ion
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conductances. In the present study, applications of 5-HT were often shown to 

elicit depolarizations which reached the threshold for action potential generation 

from a holding potential of -60 mV. The recent in vivo studies indicating that 

the resting membrane potential of DVMs is approximately -70 mV (Wang and 

Jordan, personal communication) suggests that the generation of action 

potentials by 5-HT may not occur in the whole animal. This means that 5-HT 

may elicit slow, subthreshold excitatory effects on DVMs which are able to 

summate with other stronger excitatory inputs to elicit suprathreshold 

depolarizing responses. In the cat neocortex, the activation of 5 -HT2A/2C 

receptors have been shown to facilitate the actions of glutamate, NMDA and 

quisqualate without eliciting any effects on the passive neuronal membrane 

properties when applied on its own (Nedergaard, Engberg and Flatman, 1987). 

This study concluded that 5-HT and the excitatory amino acids were acting via 

the same ion channels and that responses of 5-HT were only present if the ion 

channels had been first been activated by excitatory amino acids. This 

mechanism of 5-HT-evoked neuromodulation is unlikely to occur in DVMs 

since applications of 5-HT did elicit changes in passive membrane properties 

when presented alone.

The release of 5-HT onto DVMs which are exhibiting ongoing activity, and 

therefore may be already receiving excitatory inputs, may enhance activity by 

the process of summation as described above. Thus, 5-HT may elicit 

depolarizations underlying the increased ongoing activity of DVMs to further 

enhance the firing rates of the DVMs. In a proportion of DVMs, the 

mechanisms underlying the 5-HT-evoked depolarizing responses at 

suprathreshold levels may involve reductions of the outward rectifying 

conductances since these currents are activated at more positive membrane 

potentials whereas the Kir and I  ̂ currents become inactivated at membrane
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potentials more positive than -55 mV.

In rat neocortical neurones, applications of 5-HT potentiated the depolarizing 

responses to NMDA through the activation of 5-HT2a receptors without 

eliciting any effects on the membrane properties on its own (Rahman and 

Neuman, 1993). This study concluded that 5-HT-evoked increases in 

intracellular Ca^^ may contribute to the modulation of the NMDA receptor- 

channel complex, causing potentiations of the responses to the excitatory amino 

acid. At suprathreshold potentials (>  -50 mV), it can be speculated that the 

activation of 5-HT2a receptors may modulate the activity of N-type Ca^^ 

channels expressed in DVMs since these channels are activated at 

approximately -50 mV (Sah, 1995). In addition, 5-HT2a receptors have been 

shown to be coupled to the hydrolysis of inositol phosphates which increases 

intracellular Ca^^ concentrations (Sanders-Bush, Tsutsumi and Burris, 1990). 

In vascular smooth muscle cells, activation of 5 -HT2A receptors regulated the 

amplitudes of L-type Ca^^ currents (Hirakawa, Kuga, Kobayashi, Kanaide and 

Takeshita, 1995). 5-HT-evoked elevations in intracellular Ca^^ reduced the 

amplitudes of the L-type Ca^^ currents whereas the activation of PKC 

potentiated the amplitudes of the L-type Ca^^ currents. The modulation of Ca^^ 

channels may therefore provide an alternative pathway by which 5-HT can 

facilitate excitatory inputs onto DVMs although it is not fully understood if L- 

type Ca^^ channels are expressed in DVMs (Sah, 1995).

Ongoing activity in DVMs may also mean that the 5-HT-evoked changes in Kir 

and Ih currents can modulate the firing frequency without contributing to the 

slow depolarizing action of 5-HT at more positive membrane potentials (see 

above). The AHP following action potentials in the DVMs have 

characteristically large amplitudes and prolonged durations which may return
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the membrane potential of DVMs to approximately -80 mV for up to one 

second. At this more hyperpolarized level and for this length of time the 

and Ih currents (time constants for activation for the Ih currents were 700 ms at 

-77 mV and <  10 ms for the Kir current at -87 mV, Travagli and Gillis, 1994) 

may become activated and therefore the release and binding of 5-HT at S-HTja 

receptors on DVMs during this period may lead to the reduction and 

augmentation of these two conductances respectively, providing further 

possibilities of how 5-HT can increase the activity of DVMs.

5-HT-evoked augmentation of the Ih current in DVMs may be a very important 

pathway for enhancing the activity of end organ responses. DVMs which 

express Ih currents have been shown to fire action potentials at a greater 

frequency than those motoneurones that do not express Ih currents (Travagli and 

Gillis, 1994). Lundberg, Rudehill, Sollevi, Fried and Wallin (1989) 

demonstrated in pig postganglionic splanchnic nerves that the release of 

neurotransmitters/modulators was frequency-dependent. They showed that 

noradrenaline was released at low, continuous firing frequencies whereas 

neuropeptide Y was released during periods of higher stimulation frequencies. 

In addition, a greater release of NPY was released with irregular bursts of 

firing. 5-HT-evoked augmentations of the Ih current may therefore be sufficient 

to increase the firing frequency or summate with other inputs to induce burst 

firing of DVMs and cause the frequency-dependent release of neuromodulators 

in the parasympathetic ganglia, potentiating further the physiological responses 

of end organs. In dissociated rat cardiac parasympathetic ganglia, applications 

of the vasoactive intestinal peptide and SP have been shown to potentiate and 

inhibit ACh-evoked currents respectively (Adams, personal communication) 

indicating that the release of neuropeptides may modulate synaptic transmission 

in cardiac ganglia. Applications of TRH have been shown to elicit direct.
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postsynaptic subthreshold excitatory effects on DVMs (Travagli, Gillis and 

Vicini, 1992b; Livingston and Berger, 1993). Intracellular recordings from 

DVMs in thick brainstem slice preparations demonstrated that applications of 

TRH could elicit depolarizations which reached the threshold for action 

potential generation and often evoked burst firing (Livingston and Berger, 

1993). The release of 5-HT onto DVMs may enhance the release of 

neuropeptides at parasympathetic ganglia by eliciting subthreshold 

depolarization on DVMs so that other excitatory inputs (such as TRH) can 

further increase the excitability of DVMs and induce burst firing characteristics 

(Lundberg et. al., 1989).

6.4 Further experiments

The present study is the first detailed in vitro investigation on the effects of 5- 

HT on DVMs and has characterised the pharmacological and 

neurophysiological properties of the direct, postsynaptic subthreshold responses 

of 5-HT. In achieving this, the investigations have revealed a number of novel 

discoveries and important points which justify further experimentation.

6.4a Further pharmacological characterisation

The present study demonstrates that 5-HT elicits direct, postsynaptic 

subthreshold excitatory effects by activating 5-HT2a receptors. The predominant 

receptor subtype involved is probably the 5-HT2a receptor subtype since 

superfiision with spiperone blocked the depolarizing responses of 5-HT. To 

provide further evidence that the 5 -HT2A receptor subtype mediates the effects 

of 5-HT, spiperone could be used at a lower concentration, perhaps 0.1 /iM 

instead of 1 /xM. A recent in vitro study showed that the responses to 5-HT 

mediated by the activation of 5 -HT2C receptors in the substantia nigra were not 

attenuated by applications of 0.1 /xM spiperone (Rick et. al. , 1995). Therefore,
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if  0.1 fiM  spiperone blocked the responses of 5-HT it may provide further 

evidence for the effects of 5-HT on DVMs are mediated by 5-HT2a receptors. 

In the rat piriform cortex, the activation of intemeurones by 5-HT was shown 

to be reversibly attenuated by a new selective 5-HT2a receptor antagonist MDL 

100,907 (Marek and Aghajanian, 1994) with a of 1.17 indicating that the 

antagonist had over 300-fold selectivity for 5-HT2a receptors than 5-HT2c 

receptors. Therefore, MDL 100,609 could be used to further characterise the 

pharmacological profile of the 5-HT receptors mediating the depolarizing 

responses of 5-HT on DVMs.

The infrequent inhibitory responses of 5-HT on DVMs (see chapter 4) warrant 

further investigation. This may be achieved by using lower concentrations of 

5-HT since the 5-HTi-like receptor family, which mediate inhibitory responses, 

have a higher affinity for 5-HT than the 5 -HT2 receptor family. In addition, 

applications of 5-HT could be carried out in the presence of a 5-HT2a/2c 

receptor antagonist to block the depolarizing responses of 5-HT. This may 

increase the frequency of recording inhibitory responses to 5-HT and enable the 

responses to be pharmacologically characterised and the ionic mechanisms 

underlying the effects to be examined. The inhibitory responses of 5-HT are 

unlikely to be mediated by 5-HTi^ receptors since 8-OH-DPAT did not elicit 

effects on any of the DVMs tested. In addition, iontophoretic applications of 

8-OH-DPAT onto antidromically-identified DVMs evoked inhibitory responses 

which were not blocked by the 5-HTi^ receptor antagonists (±)-pindolol and 

WAY 100635 (Wang et. al., 1995a). This indicates that 5-hty receptors may 

mediate the inhibitory responses of 5-HT on DVMs which could be investigated 

by using a higher concentration of 8-OH-DPAT and 5-CT since both these 5- 

HT receptor agonists do have an affinity for the 5-ht? receptor. Furthermore, 

if inhibitory responses could be obtained in the presence of the 5-HT2a/2c
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receptor antagonist ketanserin then ritanserin, which blocks the responses of 5- 

HT at 5 -HT2A/2C receptors and 5-hty receptors, could be employed as a selective 

5-ht? receptor antagonist.

The activation of presynaptic 5 -HT3 receptors (see chapter 4) could be furthered 

investigated by monitoring the changes in the amplitude and frequency of 

spontaneous PSPs in response to applications of selective 5 -HT3 receptor 

agonists. In addition, the changes in the amplitude of evoked PSPs, produced 

by focal stimulation techniques, in response to 5 -HT3 receptor agonists could 

be studied. This may demonstrate that the activation of presynaptic 5 -HT3 

receptors have differential effects on excitatory and inhibitory inputs onto 

DVMs. The presynaptic effects of 5-HT on DVMs may be better investigated 

by the development of a horizontal brainstem slice preparation which contains 

the NTS and the DMN. This would allow more of the dendritic tree to remain 

intact since the dendritic tree of the majority of DVMs are in the planar 

orientation (Fox and Powley, 1992). This preparation would increase the 

number of functional synapses present on DVMs and therefore may increase 

the effects of 5-HT at presynaptic receptors. In the rat NTS, applications of 2- 

methyl-5-HT increased the amplitude and frequency of excitatory and inhibitory 

spontaneous PSPs but decreased the activity of evoked excitatory and inhibitory 

PSPs (Glaum et. al. , 1992). This study showed that applications of 2-methyl-5- 

HT may elicit postsynaptic excitatory effects on neurones in the NTS since the 

activation of 5 -HT3 receptors may modulate both presynaptic and postsynaptic 

transmission in the NTS. To investigate if the small depolarizing effects of 2- 

methyl-5-HT, demonstrated in the present study, are due to the activation of 

postsynaptic 5 -HT3 receptors the responses could be performed in control aCSF 

and then in a media which blocks synaptic transmission.
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It must be remembered that the present study investigated the subthreshold 

effects of 5-HT on DVMs since the majority of these neurones in vivo have 

been shown to be silent (Wang et. al. , 1995a). Therefore, the present study did 

not investigate the responses of 5-HT on the firing properties of DVMs. This 

may be important because the depolarizing and hyperpolarizing changes in 

membrane potential during action potentials may activate different ion 

conductances which are linked to other 5-HT receptor subtypes. This may 

produce alternative pathways of 5-HT-elicited neuromodulation on DVMs. In 

addition, the discovery that burst firing enhances the release of neuromodulators 

at autonomic synapses (Lundberg et. al., 1989) demonstrates the potential 

importance of understanding the effects of 5-HT on the firing patterns of 

DVMs.

6.4b Second messenger systems coupled to the 5 -HT2  ̂ receptors on DVMs 

The interesting proposal that 5 -HT2a receptors on DVMs may be coupled to 

different second messenger systems (see chapter 5 section 5.4b) requires further 

experimentation. This could be achieved by looking at the effects of 

manipulating three second messenger systems on the 5-HT-evoked alterations 

in ion conductances, (i) The direct coupling of 5 -HT2a receptor to ion channels 

via G-proteins. In rat facial motoneurones, 5-HT elicited larger amplitude and 

irreversible inward currents when the nonhydrolysable OTP analogue GTP-y-S 

was included in the patch-pipette (Aghajanian, 1990a) whereas the 5-HT-evoked 

inward currents were reduced when the the GDP-inhibitor GDP-B-S was 

included, (ii) The effects of stimulating or inhibiting the PI system. To mimic 

the activation of the PI system the level of IP3 could be increased by 

superfusion with LiCl which prevents its breakdown. PKC could also be 

activated by perfusing the slices with membrane permeable phorbol esters such 

as PDBu and PM A. These systems can be inhibited by bath applications of the
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Ca^^-cheletor BAPTA-AM and the selective PKC inhibitor chelerythrine-Cl. 

Applications of these agonists and antagonists have been used to profile the 

second messengers mediating the effects of neurotransmitters/neuromodulators 

and modulating ionic conductances. In rat hypoglossal motoneurones, bath 

applications of PDBu had no effects on the excitatory responses of TRH 

whereas in studies using electrodes filled with GTP-y-S the excitatory responses 

were enhanced (Bayliss, Viana and Berger, 1994b). This indicated that the 

effects of TRH were directly mediated by G-proteins and not PKC. In rat 

hippocampal CAl neurones, applications of the PKC activator PAc2 blocked 

SKca currents and increased firing rates suggesting that this enzyme can 

regulate the activity of ionic conductances which are important in controlling 

firing frequency (Barban, Snyder and Alger, 1985). (iii) The effects of 

stimulating the AC system. This system can be stimulated by bath applications 

of the AC activator forskolin and the cAMP analogue 8-bromo-cyclic AMP. 

Applications of these two AC activators were shown to enhance Î  currents in 

guinea-pig thalamic relay neurones (McCormick and Pape, 1990) suggesting 

that the AC system may be involved in the enhancment of the 1̂  current by 

noradrenaline and 5-HT. These studies provide a wealth of information on the 

concentration and preincubation times of a number of drugs which could be 

used to investigate the second messenger systems mediating the different 5-HT- 

evoked alterations in ion conductances.

6.4c Does 5-HT have selective effects on DVMs with different viscerotopic 

projections?

A major problem with trying to investigate whether 5-HT elicits differential 

effects on DVMs projecting to different end organs is to functionally-identify 

DVMs. This problem has been overcome by the development of fluorescent 

retrograde tracers which are injected into end organs and then transported to
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the soma of neurones in the CNS (Mendelowitz and Kunze, 1991 ; Kangrga and 

Loewy, 1994; Neff and Mendelowitz, 1995). This technique prelabels 

functionally-identified neurones in the CNS with a fluorescent marker. Using 

fluorescent microscopy the markers can be visualised in dissociated neurones 

(Mendelowitz and Kunze, 1991) and in brain slice preparations (Kangrga and 

Loewy, 1994; Neff and Mendelowitz, 1995) and the neurones recorded 

successfully using intracellular or whole-cell patch-clamp recording techniques. 

A recent study showed that injecting the fluorescent tracer rhodamine into the 

pericardium of the rat retrogradely prelabelled cardiac vagal motoneurones in 

the NA and DMN (Neff and Mendelowitz, 1995). Stimulation of the NTS 

elicited postsynaptic currents in these cardiac vagal motoneurones in the NA 

which were blocked by CNQX and AP-5 indicating that they received both non- 

NMDA and NMD A inputs from the NTS.

Applications of these retrograde labelling techniques could be used to prelabel 

DVMs which project to the stomach, the pancreas and the heart thus permitting 

the investigation of the effects of 5-HT on different ion conductances in 

functionally-identified DVMs.

6.4d Further investigations on the ion conductances mediating the excitatory 

effects of 5-HT on DVMs

The multiple ionic mechanisms shown to mediate the excitatory effects of 5-HT 

on DVMs (see chapter 5) require further characterization. The ion selectivity 

of the outward rectifying current involved in mediating the majority of 

responses to 5-HT is not yet known although the 50 % increase in the number 

of Erev observed in higher [K^]^ (see chapter 3) suggests that the current may 

be selective for K^ ions. This could be further investigated by performing the 

voltage-clamp experiments in an aCSF containing a higher [K^j^ which would
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shift the Ek to more positive levels. For example, increasing the [K^]o from 4.2 

to 12.2 mM would shift the predicted Eg calculated by the Nemst equation 

from -89 to -59 mV. If the outward rectifying current is selective for ions 

then at this higher [K^]^ level should be observed since -59 mV would be 

far enough away from the activation threshold of -90 to -100 mV.

Many questions remained unanswered on the effects of 5-HT on the current. 

It is important to understand if 5-HT can sufficiently enhance the Ih current to 

increase the firing rates of DVMs. In DVMs in which the 5-HT-evoked 

excitation is exclusively mediated by augmentations of the I  ̂conductances, this 

may be investigated by measuring the amplitudes of the 5-HT-evoked inward 

currents at holding potentials of -80 mV. This holding potential may be chosen 

since the membrane potential probably returns to this level during the peak of 

the AHP.

A problem with investigations into the effects of 5-HT on Î  currents is the 

characteristically small amplitudes of the Î  currents exhibited by DVMs in the 

rat (Sah and Mclachlan, 1993). To enhance the amplitudes of the 1̂  currents, 

experiments may be performed in aCSF containing an increased ion 

concentration since increasing the [K‘*’]o from 3.75 mM to 20 mM has been 

shown to enhance the amplitudes of the 1̂  currents exhibited in DVMs by 

255 % at -127 mV (Travagli and Gülis, 1994). The increased amplitude of the 

Ih currents may lead to increases in the magnitude of the taü currents which 

follow the families of evoked-currents after the command potentials have 

ceased. The study of the amplitude and time course changes of these tail 

currents in control aCSF and in the presence of 5-HT may provide information 

on how 5-HT enhances the Ih current since the increases in amplitude of the 

slow inward rectifications did not always correspond to the levels of the
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enhanced slope conductances. In guinea-pig thalamic relay neurones, 

applications of 5-HT evoked a positive shift in the activation curves of the Ih 

currents by 4-6mV which were calculated from the changes in the amplitudes 

of the tail currents in presence of 5-HT (McCormick and Page, 1990). These 

results suggest that 5-HT can enhance the Ih current by increasing membrane 

permeability throughout the range of voltages at which it is activated instead of 

directly augmenting the magnitude of the current through the channel.

6.5 Origin of the 5-HT inputs onto DVMs

The present study has established that activation of 5-HT2a receptors elicited 

subthreshold excitatory effects on DVMs although the origin of the 5-HT inputs 

onto DVMs is not fully understood. This information is of vital importance 

since the location of the 5-HT-containing neurones which innervate the DVMs 

may provide an understanding of the conditions when 5-HT is released into the 

DMN.

The major candidates providing the source of the 5-HT inputs onto DVMs are 

the 5-HT-containing neurones in the caudal raphe nuclei. In the rat, 5-HT- 

containing neurones in the nucleus raphe obscurus have been shown to project 

to the DMN (Rogers et. a l ,  1980). 5-HT-immunoreactive neurones in the 

nucleus raphe obscurus, nucleus raphe pallidus and the nucleus raphe magnus 

have been demonstrated to project to the NTS and DMN (Thor and Helke, 

1987). A more accurate neuroanatomical study using PRV identified pancreatic 

DVMs which received inputs from 5-HT-immunoreactive neurones in the 

gigantocellular reticulus nucleus, nucleus raphe obscurus, nucleus raphe magnus 

and the nucleus raphe pallidus (Loewy et. al., 1994). This neuroanatomical 

evidence is supported by in vivo studies which have shown that electrical 

stimulation of the nucleus raphe obscurus evoked a release of 5-HT in the NTS
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and DMN (Brodin et. al., 1990). In addition, injections of kainic acid into the 

nucleus raphe pallidus elicited increases in gastric acid secretion that were 

blocked by microinjections of ketanserin into the DMN indicating that 

functional 5-HT projections acting at 5-HT2a/2c receptors exist between the 

caudal raphe nuclei and the DMN (Yoneda and Tache, 1995).

Even though there is compelling evidence indicating that the source of 5-HT 

inputs onto DVMs originates in caudal raphe nuclei it is still not clear when 5- 

HT is released. In anaesthetised rats, neurones in raphe nuclei have been shown 

to exhibit slow, regular firing patterns (Aghajanian, Foote and Sheard, 1968) 

which are thought to be driven by intrinsic pacemaker activity since the regular 

activity remains after transections above the dorsal raphe nucleus in vivo and 

in raphe brain slice preparations (Jacobs and Azmitia, 1992). lontophoretic 

applications of HRP into rat dorsal and median raphe nuclei demonstrated that 

these raphe nuclei receive a dense innervation from the lateral habenula thus 

providing putative pathways for the limbic systems to regulate the activity of 

5-HT-containing neurones within raphe nuclei (Aghajanian and Wang, 1977). 

High frequency electrical stimulation of the rat lateral habenula-dorsal raphe 

pathway elicited an increase in the release of 5-HT in the striatum measured 

using a microdialysis technique in vivo (Kalen, Strecker, Rosengren and 

Bjorklund, 1989). The lateral habenula-evoked increased levels of 5-HT in the 

striatum were blocked by microinjecting the excitatory amino acid antagonist 

kynurenic acid into the dorsal raphe suggesting that the lateral habenula may 

provide excitatory inputs onto raphe nuclei. Retrograde and anterograde tracing 

techniques have shown that medullary raphe nuclei also receive inputs from the 

LH area, the PVN and the central nucleus of the amygdala (Hosoya, 1985; 

Holstege, 1987). It can be speculated that these areas of the brain may also be 

involved in regulating the slow, regular firing of 5-HT-containing neurones
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which innervate DVMs and are located in caudal raphe nuclei. Since the 

limbic, hypothalamic and amygdala areas of the brain are associated with 

emotion and stress (Okumura, Uehara, Taniguchi, Watanabe, Tsuji, Kitamori 

and Namiki, 1993) it also can be speculated that the release of 5-HT onto 

DVMs, due to increased excitability of raphe nuclei via inputs from higher 

neuronal centres, may occur during these behavioural patterns.

A number of studies have suggested that 5-HT may play a role in gastric 

erosions. Microinjections of the neuroexcitants kainic acid or glutamate into the 

raphe obscurus and raphe pallidus elicited gastric lesions which were prevented 

by bilateral vagotomies (Okumura et. a l ,  1993; Garrick et. a l ,  1994). In 

addition, vagally-mediated gastric lesions were produced by microinjecting 

TRH into the DMN (Kaneko and Tache, 1995). This implies that TRH may be 

a neurotransmitter/neuromodulator mediating stress-induced increases in gastric 

acid secretion. Since 5-HT has been demonstrated to potentiate the effects of 

TRH on DVMs (McTigue et. al. , 1992; Travagli and Gillis, 1995; Yoneda and 

Tache, 1995) it is probable that this monoamine may also be involved in stress- 

induced increases in gastric acid secretion. This indicates that excess 

stimulation, perhaps during stress, of the 5-HT-containing neurones within the 

raphe nuclei which innervate the DVMs may be involved in the development 

of gastric ulcers although this idea has not yet been eludicated.

The mechanisms causing the release of 5-HT are unknown but from the 

information cited above they can be speculated upon. In control conditions, 5- 

HT-containing neurones in the raphe nuclei fire at approximately 2 spikes/s 

which probably means that the release of 5-HT onto DVMs is extremely low. 

In a microdialysis study in the cat, the basal release of 5-HT in the NTS and 

DMN was shown to be very low and often was below the detection limit

255



(Brodin et. al., 1990). Even in the presence of the selective 5-HT uptake 

inhibitor alaproclate the basal levels of 5-HT were only just above the detection 

levels. Increases in the firing rates of 5-HT-containing raphe neurones, perhaps 

during an episode of stress, may potentiate the release of 5-HT onto DVMs and 

activate direct, postsynaptic 5-HT2^ receptors which mediate the slow, 

excitatory effects of 5-HT on DVMs. The slow, prolonged nature of the 

responses to 5-HT means that during states of increased firing, raphe neurones 

5-HT may exert an almost continuous excitatory influence on DVMs. The 

outcome of this continuous influence of 5-HT might be to remove the critical 

timing of further excitatory heterosynaptic inputs onto DVMs. If 5-HT exerted 

fast excitatory actions the precise timing of other excitatory inputs would be 

essential for both inputs to coincide with one another. The prolonged duration 

of the responses of 5-HT may explain the importance of the neuromodulatory 

effects of 5-HT on DVMs and also may explain why an excessive release of 5- 

HT may exert pathological effects in the GI tract.

The relationship between neurones in raphe nuclei such as the nucleus raphe 

obscurus and nucleus raphe pallidus and DVMs is extremely important and 

must receive further attention in the fiiture. It would be interesting to 

investigate the correlations between firing rates or burst firing and the release 

of 5-HT onto DVMs. To achieve this, a thicker brainstem slice preparation 

could be used in conjunction with infra-red microscopy. The increased 

thickness of the slices may allow the direct connections between neurones 

within raphe nuclei and DVMs to be studied. Infra-red microscopy can be used 

to focus at greater depths within the slice and therefore enable raphe neurones 

to be visualised and then chemically stimulated with excitatory amino acids 

such as L-glutamate. In addition, the visualisation of DVMs deeper in the slice 

may increase the frequency of observing connections with neurones in raphe
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nuclei since more connections would remain intact in a thicker slice. This 

technique of stimulating raphe neurones and recording the connections with 

DVMs could be primarily used to demonstrate 5-HT-mediated slow PSPs 

elicited by the activation of postsynaptic S-HTja receptors. In the guinea-pig 

prepositus hypoglossi neurones, electrical stimulation of the area surrounding 

the recorded neurone evoked slow excitatory PSPs which were antagonised by 

ketanserin and spiperone indicating that the PSPs were mediated by 5-HT2a 

receptors (Bobker, 1994). To investigate the relationship between the firing of 

raphe neurones and the effects on DVMs paired recordings could be obtained 

from thick brainstem slice preparations. Paired intracellular recordings have 

obtained from layer V pyramidal cells in rat motor cortex using a brain slice 

preparation (Thomson and Deuchars, 1994). The pyramidal cells were filled 

with biocytin and then processed and drawn to recover close appositions 

between the two neurones. Paired recording in the brainstem slice would 

involve recording a presynaptic raphe neurone in the whole-cell or intracellular 

recording configurations and then locating and recording a DVM which was 

synaptically connected. The responses of DVMs to different firing patterns of 

raphe neurones may be examined by the application of current-pulses with 

different amplitudes and durations to the presynaptic neurone. This technique 

may also be used to understand the release patterns of 5-HT and other 

neurotransmitters and/or neuromodulators such as TRH and SP which may be 

co-localised with 5-HT (Johasson ff. a l ,  1981). For instance, the slow, regular 

firing patterns of raphe neurones may not evoke 5-HT-mediated PSPs on 

DVMs (suggested by the low basal level of 5-HT released in the NTS and 

DMN in cats, Brodin et. al., 1990) but they may evoke TRH-mediated PSPs 

whereas the release of 5-HT onto DVMs may only occur during periods of 

increased firing rates or burst patterns of raphe neurones such as that perhaps 

occurring during stress.
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In conclusion, this study has shown that 5-HT elicits slow, prolonged 

subthreshold excitatory effects on DVMs which are mediated by direct, 

postsynaptic 5 -HT2A/2C receptors probably the 5 -HT2A receptor subtype. The 

subthreshold excitatory effects elicited by the activation of S-HTja receptors on 

DVMs are modulated by multiple ion conductances some of which are 

combined in the same motoneurone. The signal transduction pathways 

mediating the modulation of these ion conductances and the source of 5-HT 

inputs onto DVMs have yet to be fully understood. The slow, excitatory 

response of 5-HT on DVMs may represent an important neuromodulatory role 

in regulating vagal output involved in the control of various autonomic 

functions during different behavioural states.
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