
AN ELECTROPHYSIOLOGICAL STUDY OF MEDIAL

VESTIBULAR NUCLEUS NEURONES IN VITRO

by
ALEXANDER R. JOHNSTON

BSc

Submitted towards a PhD

at the University of Edinburgh
1995



For Alexander, Findlay and Wendy.



ACKNOWLEDGEMENTS

I would like to thank my supervisor Dr. Mayank B. Dutia for his expert guidance and help
during my three years in his laboratory and during the writing of this thesis.

Thanks also go to Dr. Nikki McLeod for showing me the intracellular recording
technique, the use of computing facilities and the much needed time to finish this thesis.
And, to Kay Grant for her advice and help during my time spent in her histology
laboratory.



DECLARATION

The work described in this thesis was carried out by myself under the supervision of Dr
M. B. Dutia in the Department of Physiology, at the University of Edinburgh between
September 1990 and September 1993.



Published work from this thesis.

1. Johnston, A. R., MacLeod, N. K. and Dutia, M. B. (1994). Ionic conductances

contributing to spike repolarisation and after-potentials in rat medial vestibular nucleus
neurones. Journal of Physiology 481.1, 61-77.
2. Johnston, A. R., Lotto, R. B.and Dutia, M. B. (1993). Development of tonic activity
in mouse medial vestibular neurones. Proceedings of the XXXII Congress of the Union of

Physiological Sciences, 356.4.
3. Dutia, M. B., Lotto, R. B. and Johnston, A. R. (1994). Time course of maturation of

membrane properties of mouse Type A and Type B medial vestibular nucleus neurones.

Journal of Physiology P481.
4. Dutia, M. B., Lotto, R. B. and Johnston, A. R. (1995). Post-natal development of

tonic activity and membrane excitability in mouse medial vestibular nucleus neurones.

Acta Physiologica (in press).



CONTENTS

page

Abstract 1

Introduction 3

PART 1. An electrophysiological investigation of adult rat medial nucleus
neurones in vitro. Cell types and the ionic conductances involved in action
potential repolarisation and after-hyperpolarisations 6

1.1 Aims of study 7

1.2 Literature Review
1.2.1 The medial vestibular nucleus and its connections. 8
1.2.2 In vitro studies of the medial vestibular nucleus. 14

1.2.3 Neurotransmitters in the vestibular nuclear complex and
reflex pathways. 16

1.2.4 Ionic conductances in mammalian central nervous system
neurones 23

1.3 Methods 35

1.4 Results 45

1.5 Discussion 66

PART 2. The post-natal development of spontaneous tonic activity and the
electrophysiological properties of mouse medial vestibular nucleus
neurones in vitro. 80

2.1 Aims of study 81

2.2 Literature Review
2.2.1. Development of the vestibular system. 83
2.2.2 Development of excitability in central nervous system

neurones. 90

2.3 Methods 95

2.4 Results 97

2.5 Discussion 106

Resume and Future Experiments 114

References 117



ABBREVIATIONS

Aahp, amplitude of the AHP.

aCSF, artificial cerebrospinal fluid.

AHP, afterhyperpolarisation.
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nA, nanoamps.
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s, seconds.

S.D., standard deviation.

S.E.M., standard error of the mean.

SVN, superior vestibular nucleus.

TTX, tetrodotoxin.

TEA, tetraethylammonium



WH, width of spike half-way between threshold and peak.

WT, width of spike at threshold.

Vs"1, volts per second.



ABSTRACT

This thesis describes experiments on a horizontal slice of the dorsal brainstem containing
the medial vestibular nuclei (MVN) from the mouse and rat, in which the

electrophysiological characteristics of the spontaneously active neurones of the immature
and adult MVN were studied. The results show that there are two electrophysiologically
distinct spontaneously active cell types in the MVN, type A cells and type B cells. Type
A cells are characterised by a single deep AHP following their spontaneous action

potential. Type B cells on the other hand, are characterised by a fast transient AHP which
is followed by a second slower AHP.

It was demonstrated using intracellular recording techniques that 94.6% (123/130) of the

total cells sampled in the rat MVN were spontaneously active. Type A cells comprised
33% (40/130) of the spontaneously active cells sampled, in contrast type B cells comprised
67% (83/130). Type A cells fired at a higher mean frequency than type B cells. With the
use of selective antagonists to block voltage-gated potassium and calcium channels and

calcium-substituted media, it was shown that the ionic conductances involved in spike

repolarisation and the AHPs of cell types A and B of the rat MVN are different. In type

A cells, TEA increased spike duration and reduced the single deep AHP. A further

increase in spike duration was observed in calcium-free medium containing TEA and the

AHP was abolished. Apamin had little effect on the action potential shape of type A cells.

In contrast, the spontaneous action potentials of type B cells developed plateau potentials
in TEA. The fast AHP of type B cells was unaffected by apamin whereas the slow AHP
was abolished. Thus, it was concluded that in type A cells spike repolarisation and the

single deep AHP involves a TEA-sensitive potassium current (Ij^) and an apamin-
insensitive calcium-activated potassium current (I^), while in type B cells the apamin-
sensitive calcium-activated potassium current IahP *s responsible for the slow AHP.

The development of the tonic spontaneous activity and membrane excitability of MVN
neurones was examined using extracellular and intracellular recording techniques in slices

prepared from mice at specific stages during the first post-natal month. It was shown that
there is a progressive increase in the spontaneous discharge rates of mouse MVN neurones

during the period between post-natal days 5 to 30, to reach adult values by the end of the
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first post-natal month. There appeared to be a rostro-caudal gradient in the timecourse of

development of the tonic discharge, with rostral cells developing higher rates of discharge
before caudally located cells. From the earliest time studied at P5, spontaneously active
MVN neurones were capable of firing overshooting TTX-sensitive action potentials and

showed the steady pacemaker-like membrane depolarisation which gave rise to the

spontaneous action potentials in these neurones. With the use of spike shape averaging,

immature forms of adult type A and type B action potential shapes were recognised in the
mouse MVN at P5. This finding was confirmed pharmacologically using voltage-gated

potassium channel blockers. The duration of the action potentials of cell types A and B

progressively decreased with age, as a result of developmental increases in the rise-time
and fall-time of their respective action potentials. By post-natal day 30, all MVN cells

impaled showed mature spike shapes.
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INTRODUCTION

In recent years, the reflex systems controlling head and eye movements have been studied
in great detail, both at the peripheral and central levels (Wilson and Melvill-Jones, 1979;

Carpenter, 1988; Peterson and Richmond, 1988; Berthoz et al., 1992; Peterson et al.,

1992; Wilson, 1993; Dieterich and Brandt, 1995; Dulac et al., 1995; Wilson et al., 1995).

The maintenance of a stable direction of gaze is essential in many behaviours such as

visuo-motor co-ordination, spatially-oriented tasks and visual tracking of objects in the

external world. Movements of the head in space are detected by the vestibular,

optokinetic and cervical proprioceptive afferent systems. Their patterns of activity encode
the direction and velocity of head displacement. These afferent inputs give rise to a family
of inter-related reflexes, whose primary functions are to stabilise the eyes within the head
and the head in relation to the trunk (Dutia 1989).

The vestibulo-ocular reflexes (VORs) help to stabilise the retinal image during head

rotation, by rotating the eyes in the orbits by a nearly equal and opposite amount (Wilson
and Melvill-Jones, 1979; Carpenter, 1988; Dutia, 1989; Berthoz et al., 1992; Dieterich

and Brandt, 1995). The vestibulo-collic reflexes (VCRs) give rise to the reflex excitation

of the appropriate group of neck muscles to resist and counteract the head displacement,
thus stabilising the head on the trunk (Wilson and Melvill-Jones, 1979; Dutia, 1989;

Berthoz et al., 1992; Wilson et al., 1995). These reflexes are elicited by inputs from the
semicircular canal and otolith afferents from the inner ear, which project to the vestibular

nuclei in the brainstem (Figs. 1 and 2). The vestibular nucleus neurones project in turn

either rostrally to the abducens nuclei and the oculomotor nuclei, or caudally to the neck
muscle motoneurone pools in the cervical spinal cord (Wilson and Melvill-Jones, 1979;
Carleton and Carpenter, 1983; Carpenter, 1988; Buttner-Ennerver, 1992). A minority of
vestibular neurones project both to the oculomotor and neck motoneurone pools,

presumably carrying a common signal to both areas. Afferents from the otolith organs

project largely to the ipsilateral lateral (Deiter's) vestibular nucleus, while semicircular
canal afferents project to the medial and superior vestibular nuclei (Wilson and Melvill-

Jones, 1979; Fig. 1). The medial vestibular nucleus receives afferents mainly from the
horizontal semicircular canal, while afferents from the anterior and posterior canals project
to the superior vestibular nucleus (Wilson and Melvill-Jones, 1979). Thus, second-order
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cells in the medial vestibular nuclues are involved mainly in mediating the horizontal

VOR, while those in the superior vestubular nucleus are responsible for the VORs in the

vertical plane.

Optokinetic reflexes (OKRs), elicited by movements of the visual field in relation to the

animal, interact to potentiate the stabilising action of the vestibular reflexes (Dutia, 1989;

Barnes, 1993). Thus the OKRs generate adequate stabilisation of the head and eyes at low

frequencies of head movement when the semicircular canal afferents are relatively weakly

stimulated, while the vestibular reflexes are more important at frequencies of head
movement above about 0.5 Hz (Barnes, 1993). The gain of the VOR measured in the dark

is normally less than unity (i.e. less than complete compensation), whereas in light the

synergistic interaction of the VOR and the OKR allows a near-perfect stabilisation of the
retinal image over a wide range of frequencies of head movement. Movements of the head
in relation to the body also elicit proprioceptive reflexes in the neck muscles. The
cervico-collic reflex (CCR) potentiates the VCR if the neck muscles are being stretched

during vestibular stimulation and attenuates it if they are shortening (Dutia and Price,

1987). Cervico-ocular reflexes (CORs) elicit eye movements in response to neck

proprioceptive inputs, but these are relatively weak. Both optokinetic and cervical

proprioceptive afferent inputs, as well as extensive cerebellar projections, are known to

converge on vestibular nucleus neurones (Wilson and Melvill Jones, 1979; Carpenter,

1988; Stahl and Simpson, 1995). The vestibular nuclei are therefore of primary

importance in the neural integration of the afferent inputs encoding head movement and

orientation, and in generating the motor commands to eye and head motoneurone pools
which bring about gaze stabilisation.

Of the four principal vestibular nuclei (the inferior, lateral, medial and superior nuclei, as

well as smaller associated cell groups, Fig.2), the lateral and the medial vestibular nuclei

are the most extensively studied. Primary afferents from the ipsilateral utriclar receptors

synapse mainly onto cells in the ventral part of the lateral vestibular nucleus (LVN),
whereas the cells in the dorsal part of the LVN receive largely poly-synaptic vestibular
nerve input (Wilson and Melvill Jones, 1979; Carpenter, 1988). The lateral

vestibulospinal tract arises from both parts of the LVN and projects ipsilaterally to all

segments of the spinal cord, providing excitatory drive to the ipsilateral extensor
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motoneurone pools (Brodal et al., 1962). Afferent axons from the ipsilateral horizontal
semicircular canal synapse onto cells located mainly in the rostral part of the medial
vestibular nucleus (MVN). The medial vestibulo-spinal tract arises from all areas of the

MVN, and projects bilaterally only as far as the cervical segments. Rostrally projecting
axons of MVN neurones travel in the medial longitudinal fasciculus to reach the abducens

(Vlth nerve) and oculomotor (III and IVth nerve) nuclei bilaterally. Both rostral and

caudal projections from the MVN contain excitatory as well as inhibitory axons.

Therefore, electrical stimulation of the vestibular nerve on one side causes simultaneous

excitation of contralateral, and inhibition of ipsilateral, abducens motoneurones (Wilson

and Melvill Jones, 1979; Carleton and Carpenter, 1983; Buttner-Ennever, 1992; Shinoda
et al., 1993).

The MVN is the largest and the easiest vestibular nucleus to identify in freshly dissected

brain, and as a consequence it has recently proved to be an attractive target for the

application of brain-slice techniques for the study of the electrophysiology and

neuropharmacology of vestibular neurones (refer to Parts 1.2.2 and 1.2.3 for a review).
The work described in this thesis represents one of the first systematic studies of adult and

developing MVN neurones using intracellular recording techniques in vitro.
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PART 1

AN ELECTROPHYSIOLOGICAL INVESTIGATION OF ADULT RAT MEDIAL

VESTIBULAR NUCLEUS NEURONES IN VITRO. CELL TYPES AND THE

IONIC CONDUCTANCES INVOLVED IN ACTION POTENTIAL

REPOLARISATION AND AFTER-HYPERPOLARISATIONS.
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1.1 AIMS OF THE STUDY

It is evident from the many in vitro studies carried out since the first study by Gallagher et

al (1985) that adult MVN neurones are spontaneously active in the brainslice preparation
maintained in vitro (refer to Part 1.2.2 for a review). In vitro studies, mainly using
extracellular recording techniques, have also described the effects of a number of putative

neurotransmitters and modulators on adult MVN neurones, and characterised the receptor

subtypes which mediate their actions (refer to Part 1.2.3 for a review). Studies using
intracellular recording techniques have begun to describe the intrinsic properties of adult

MVN cells, and have suggested that there may be different cell types present in the MVN

(Gallagher et al 1985, 1992; Ujihara et al 1989; Serafin et al 1991a). The primary aim of
this study was to systematically analyse the action potential characteristics of

spontaneously active rat MVN neurones in vitro. In the earlier in vitro studies single
action potentials from the ongoing discharge were selected for analysis which may have
led to some of the confusion as to how many cell types were present in the adult MVN.
Therefore in the present study, a systematic analysis of the averaged action potential shape
was carried out to reveal the AHPs present in each spontaneous action potential more

clearly.

Although Serafin et al., (1991a,b) have provided evidence indicating that guinea-pig MVN

neurones possess several types of voltage-gated ion channels, there was no evidence as to

their functional roles in the generation of spontaneous action potentials and in the

regulation of the spontaneous discharge rate. To characterise the ionic conductances in

MVN cells more fully, and to determine the role of specific potassium and calcium ion
conductances in these cells, the mechanisms underlying action potential repolarisation and
the AHPs in MVN cells were investigated by analysing their averaged action potential

shapes before and in the presence of selective voltage-gated potassium and calcium ion

channel modulators and in calcium-substituted media.

Finally, as part of a preliminary study to investigate the possibility that various subtypes
of MVN cells may differ in their morphology as well as their electrophysiology, a number
of spontaneously active MVN neurones were injected with the intracellular dye biocytin

following their electrophysiological characterisation to examine their morphology.
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1.2 LITERATURE REVIEW

1.2.1 THE MEDIAL VESTIBULAR NUCLEUS AND ITS CONNECTIONS

Afferent innervation of the MVN

Anatomical studies using axon degeneration or anterograde labelling techniques have

shown that the vestibular nuclei receive an endorgan-specific distribution of primary
vestibular nerve afferents and have led to the suggestion that each vestibular nucleus may

be involved in separate reflex pathways. The rostral area of the MVN receives a

particularly dense innervation of primary afferents from the ipsilateral semicircular canals

particularly the horizontal canal (Stein and Carpenter, 1967; Gacek, 1969; Korte, 1979;
Carlton and Carpenter, 1984; Sato et al., 1989). Precht and Shimazu (1965) were the first
to demonstate using electrophysiological methods in vivo that second order neurones in

the cat MVN were activated mono-synaptically and poly-synaptically by electrically

stimulating the vestibular nerve. Wilson et al., (1967b) subsequently showed that cells

responding mono-synaptically to vestibular nerve stimulation were concentrated mainly in
the rostral third of the MVN. In agreement with this, many neurones in the rostral region
of the MVN respond to angular acceleration of the head in both the horizontal and vertical

planes (Shimazu and Precht, 1965; Markham, 1968; Melvill Jones and Milsum, 1970;

Curthoys and Markham, 1971). Otolith afferents also project to the MVN (Stein and

Carpenter, 1967; Gacek, 1969). However, neurones which respond to stimulation of the
utricular nerve and forward and backward tilting are located throughout the MVN

(Peterson 1970; Sans et al., 1972).

In response to horizontal rotational vestibular stimulation, four types of neuronal reponse

have also been recorded in vivo in the cat MVN (Duensing and Shaeffer, 1958; Shimazu

and Precht, 1965).

Type I neurones increase their discharge frequency with acceleration to the

ipsilateral side and show a decrease with contralateral acceleration.

Type II neurones decrease their discharge frequency with ipsilateral acceleration

and show an increase with contralateral acceleration.
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Type III neurones increase their discharge frequency with acceleration in either

direction.

Type IV neurones decrease their discharge frequency with acceleration in either
direction.

Shimazu and Precht, (1965) further demonstrated in their study of over 300 single units in
the decerebrate cat that two-thirds (67%) of vestibular neurones showed a type I response,

approximately one-third (29%) a type II response, 3% a type III response, and the

remaining 1% a type IV response to horizontal angular acceleration in both directions.
Similar proportions of response types I and II were reported by Melvill Jones and Milsum,

(1970) also in the cat in vivo. However, in the awake monkey equal populations of

response types I and II were found (Fuchs and Kimm, 1975). It appears that the different
vestibular nuclei show different proportions of type I and type II cells. The MVN is

mostly type I whereas the LVN is mostly type II (Schaefer et al., 1977). Two categories
of the type I neuronal response were further defined by Shimazu and Precht, (1965) and
Precht and Shimazu, (1965), which they termed tonic and kinetic.

According to their classification kinetic neurones comprised 20% of the total cell

population recorded and were characterised by,

(1) no resting discharge.

(2) monosynaptic excitation by ipsilateral vestibular nerve stimulation.

(3) an increase or decrease in their discharge frequencies along steep slopes during

horizontal rotational vestibular stimulation.

In contrast, tonic neurones comprised 80% of the total cell population recorded and were

characterised by,

(1) spontaneous activity at rest.

(2) polysynaptic activation in response to a single electrical shock to the ipsilateral
vestibular nerve.

(3) less steep response sensitivities to activation or cessation of horizontal

rotational vestibular stimulation.

In studies where sinusoidal stimuli have been employed which it is argued may reveal the
tonic or kinetic nature of the neural response better than the transient stimuli used in the

previous studies, there is no evidence for the existence of tonic or phasic units and
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therefore the classification of second-order type I MVN neurones into tonic and kinetic

subtypes is debatable (for a discussion see chapter 9, Carpenter, 1988).

The ipsilateral primary vestibular nerve afferents do not project to the vestibular nuclei on

the contralateral side (Brodal, 1974, Figs.l and 2). Anatomical studies however, using
axonal degeneration techniques and retrograde and anterograde axoplasmatic transport

techniques have demonstrated the presence of a commissural pathway that interconnects
the cells of the bilateral vestibular nuclei with the exception of the LVN (cat, Ladpli and

Brodal, 1968; Gacek, 1978; Pompeiano et al., 1978; Carleton and Carpenter, 1983; Ito et

al., 1985; monkey, Carleton and Carpenter, 1983; rabbit, Epema et al., 1988). Preceding
these anatomical studies Precht and Shimazu (1966) showed that a polysynaptic response

was recorded in the ventral area of the ipsilateral MVN following electrical stimulation of

the contralateral vestibular nerve. The response was abolished following a midline

incision which interrupted the commissural pathway inter-connecting the bilateral
vestibular nuclei, confirming that the contralateral labyrinth influences the activity of the

ipsilateral vestibular nuclei through the commissural fibres (Precht et al., 1966). In

mammals, stimulation of the contralateral vestibular nerve is predominantly inhibitory in
the ipsilateral side (Shimazu and Precht, 1966; Markham, 1968; Precht et al., 1973b;

Kasahara and Uchino, 1974), whereas in amphibians it is mainly excitatory (Ozawa et al.,

1974; Knopfel, 1987; Cochran et al., 1987). In the mammalian MVN, the inhibitory

pathway is either disynaptic or trisynaptic. In the disynaptic pathway, an inhibitory
second order neurone located in the contralateral MVN sends its axon across the midline

of the brainstem in the commissural pathway which in turn inhibits the second order

ipsilateral MVN neurone. In the trisynaptic pathway, excitatory commissural afferents
activate an inhibitory interneurone in the ipsilateral MVN which subsequently inhibits the

ipsilateral second order neurone (Shimazu and Precht, 1966; Mano et al., 1968; Kasahara
and Uchino, 1974). There is also a weak polysynaptic excitatory commissural projection
to the ipsilateral MVN from the contralateral MVN in mammals (Goldberg et al., 1987;
Broussard and Lisberger, 1992).
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Fig. 1. Schematic diagram of the labyrinthine afferent inputs to the vestibular nuclei, and the
rostral and caudal projections arising from the medial vestibular nucleus



Efferent projections from the MVN

Output from the vestibular nuclei is relayed by short latency pathways to the neck, trunk,

limbs and extraocular motoneurones. Anatomical studies using degeneration methods and

the retrograde transport of HRP injected into individual extraocular muscles have shown

that the main vestibulo-ocular projection originates in the MVN and superior vestibular
nucleus (SVN), and ascends in the MLF to the oculomotor nuclei (Fig.2, monkey,
McMasters et al., 1966; Tarlov, 1970; cat, Gacek, 1971, 1974, 1977; Isu and Yokota,

1983). The six extraocular muscles of each eye are innervated by motoneurones in the

oculomotor, trochlear and abducens nuclei via the Illrd, IVth, and Vlth cranial nerves

(Tarlov and Tarlov, 1971; Gacek, 1974; Graf and Ezure, 1986, Fig.2). The

motoneurones of the abducens nucleus and the trochlear nucleus innervate the ipsilateral

rectus muscle and the contralateral superior oblique respectively. The remaining four

muscles, the superior rectus, inferior rectus, medial rectus and inferior oblique are

supplied by the motoneurones of the oculomotor nucleus. Axons from the MVN enter the
abducens nuclei and the oculomotor nuclei bilaterally, whereas they project only to the

ipsilateral trochlear nucleus (Fig.2, Wilson and Melvill Jones, 1989).

Stimulation of the horizontal vestibulo-ocular reflex by horizontal angular acceleration

causes contralateral^ directed eye movements. The neural basis of the eye movements

has been partly elucidated. Electrical stimulation of the vestibular nerve evokes a

disynaptic excitatory post-synaptic potential (EPSP) in contralateral abducens

motoneurones, and a disynaptic inhibitory post-synaptic potential (IPSP) is evoked in

ipsilateral abducens motoneurones. Stimulation of the rostral region of the MVN evokes
similar but monosynaptic potentials in the abducens nucleus (Richter and Precht, 1968;
Baker et al., 1969; Precht et al., 1969; Highstein, 1973; Schwindt et al., 1973; McCrea et

al., 1987). These data agree with the anatomical studies that the vestibulo-ocular pathway

originating in the semicircular canals relays in the rostral region of the MVN, which then

projects to the oculomotor nuclei (Buttner-Ennever, 1981, 1992).

The pathways linking the vestibular nuclei to the spinal motor areas are the lateral and
medial vestibulospinal tracts (LVST and MVST respectively, Figs.l and 2), as well as the
less well studied reticulospinal tract from the medial pontomedullary reticular formation
and the caudal vestibulospinal tract originating in caudal regions of the MVN and inferior
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vestibular nucleus (IVN, Wilson and Melvill Jones, 1979). The LVST originates in the

LVN and IVN and projects ipsilaterally down the spinal cord to all spinal segments

providing excitatory drive to the ipsilateral extensor muscle motoneurone pools (Brodal et

al., 1962). The MVST projects bilaterally in the spinal cord but, does not extend beyond
the cervical enlargement (Nyberg-Hansen, 1964; McMasters et al., 1966).

Early anatomical studies using retrograde labelling techniques suggested that the MVST

originated solely in the MVN (Brodal et al., 1962; Nyberg-Hansen, 1964). However,

physiological studies involving antidromic electrical stimulation of the upper cervical

segments have demonstrated that the LVN and IVN also contribute to this pathway

(Wilson et al., 1967b; Kawai et al., 1969; Akaike, 1973; Akaike, et al., 1973a), and that

many cells projecting to the spinal cord from the MVN are concentrated in the rostral
third of this nucleus (Wilson et al., 1968b). Neck motoneurones receive disynaptic
excitation and inhibition from all six semicircular canals (Wilson and Melvill Jones, 1979;

Shinoda et al., 1993). These data suggest that the vestibulo-collic reflex pathway is a

short latency pathway involving a relay neurone located in the MVN.

Cerebello-vestibular and vestibulo-cerebellar projections
The activity of vestibular neurones and therefore the vestibular reflexes, are continually
influenced by the area of the cerebellum known as the vestibulo-cerebellum which includes
the flocculus, nodulus, uvula and ventral paraflocculus. The MVN receives an extensive

projection from the cerebellum. Axons from the nodulus terminate in the caudal region of
the MVN, whereas floccular fibres terminate in the rostral MVN (Angaut and Brodal,

1967; Brodal, 1970, 1974; Langer et al., 1985; Buttner-Ennever, 1992). Axons from

dentate and fastigial cerebellar nuclei also project to the MVN. The caudal area of the

fastigial nucleus projects to the contralateral MVN, in contrast to fibres from the rostral

region which project to the ipsilateral MVN (Ito et al., 1970d). The Purkinje cells of the

flocculus and nodulus have an inhibitory action on MVN neurones (Fukuda et al., 1972;
Baker et al., 1972). Lisberger and Pavelko, (1988) demonstrated that the ventral

paraflocculus monosynaptically inhibits MVN neurones. In contrast, the fastigial nucleus
has a tonic facilitatory influence on MVN neurones (Ito et al., 1970d; Shimazu and

Smith, 1971).
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Studies using silver impregnation and labelling with horseradish peroxidase (HRP)

indicate that both primary vestibular nerve afferents and axons of caudally located second
order MVN neurones, as well as the other vestibular nuclei, reach the cerebellum by the

mossy fibre route (Brodal, 1974; Kotchabhakdi and Walberg, 1978b; Brodal and Brodal,

1985; Carpenter, 1988). Anatomical evidence using HRP shows that primary vestibular
nerve and second order vestibular nuclei axons project to the fastigial nucleus, whereas

only second order fibres project to the dentate nucleus (Kotchabhakdi and Walberg,

1978b). In agreement with the anatomical studies, monosynaptic evoked field potentials
are recorded in the nodulus and flocculus following electrical stimulation of the vestibular

nerve and vestibular nuclear afferents (Eccles et al., 1967; Precht and Llinas, 1969;

Shinoda and Yoshida, 1975). Shinoda and Yoshida, (1975) demonstrated using field

potential studies that afferents from the rostral area of the MVN reach the

vestibulocerebellum. There are no anatomical data indicating specifically that MVN

neurones project to the fastigial nucleus, however electrical stimulation of the caudal area

of the vestibular nuclei monosynaptically excites fastigial neurones (Furuya et al., 1975).

Intrinsic connections between vestibular nuclei

Anatomical studies using axon degeneration techniques and the retrograde and anterograde

axoplasmatic transport techniques have demonstrated the presence of intrinsic connections
between the ipsilateral vestibular nuclei and the reticular formation (Ladpli and Brodal,

1968; Rubertone et al., 1983; Carleton and Carpenter, 1983; Carpenter and Cowie, 1985;

Ito et al., 1985; Epema et al., 1988). These latter studies demonstrated that axons from
the MVN project reciprocally to the other three vestibular nuclei, and the gigantocellular
and parvocellular nuclei of the reticular formation bilaterally. Similar studies have

demonstrated the presence of a vestibulo-thalamic projection from the caudal area of the
MVN to the ventral nuclei of the thalamus (Kotchabhakdi et al., 1980; Kevetter et al.,

1982). Several other areas of the brain influence the activity of the MVN and these

include the serotonergic raphe nuclei (Steinbusch, 1981, 1991) and the histaminergic

tuberomammillary neurones of the thalamus (Panula et al., 1989; Steinbusch, 1991).

13



1.2.2 IN VITRO STUDIES OF THE MEDIAL VESTIBULAR NUCLEUS

Gallagher et al., (1985) were the first to demonstrate using extracellular and intracellular

recording techniques that rat MVN neurones fired spontaneous action potentials in a brain
slice preparation of the rostral medulla. They further showed that in their in vitro

preparation, rat MVN cells fired at discharge rates similar to those observed in vivo (cat,

Kirsten and Schoener, 1973; Kirsten and Sharma, 1976a; rat, Kubo et al., 1977; Lannou

et al., 1979). Since 1985, numerous in vitro studies using extracellular and intracellular

recording techniques have confirmed the finding of Gallagher and colleagues that MVN

neurones are spontaneously active when maintained in vitro, firing at discharge rates

ranging from 0.5-80Hz, with an average firing frequency of between 10-27Hz (rat, Lewis
et al., 1987; Ujihara et al., 1988, 1989; Lewis et al., 1989; Doi et al., 1990; Dutia et al.,

1992; Johnston et al., 1993; guinea-pig, Darlington et al., 1989; Smith et al., 1990;

Serafin et al., 1991a,b; Smith and Darlington, 1992; Darlington et al., 1993; refer to,

Gallagher et al., 1992; de Waele et al., 1995, for a review).

An intrinsic mechanism may generate a component of the spontaneous activity as it

persisted after the blockade of synaptic transmission with calcium channel blocking agents

(Ujihara et al., 1989; Darlington et al., 1989; Doi et al., 1990; Serafin et al., 1991a;
Dutia et al., 1992). This idea was further supported by intracellular studies of

spontaneously active MVN neurones where a gradual membrane depolarisation devoid of

conspicuous post-synaptic potentials prior to the spontaneous action potential was

observed, indicating that the spontaneous activity did not arise from synaptic potentials

(Gallagher et al., 1985; Lewis et al., 1987; Serafin et al., 1991a). Serafin et al., (1991b)
have demonstrated that in a proportion of spontaneously active MVN cells a sodium-

dependent plateau potential was observed, indicating that the voltage-gated non-

inactivating sodium conductance may continously drive the membrane potential to the
threshold for fast sodium action potentials and therefore underlie their spontaneous

activity.

From their intracellular recordings in the rat MVN, Gallagher et al., (1985) observed that

there were two types of spontaneously active neurones distinguishable by their different

afterhyperpolarisation (AHP) profiles. One cell type showed a single AHP, the other a
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double AHP profile. Ujihara et al., (1988) reported however only action potentials with a

single AHP in the rat MVN in vitro. In a more detailed study of spontaneously active

guinea-pig MVN neurones in vitro, Serafin and co-workers (1991a) classified MVN

neurones into three subtypes (types A, B and C) on the basis of their AHP profiles. Type
A MVN neurones were characterised by having a single deep AHP and constituted 32% of

the total population of spontaneously active neurones in their study. This cell type could
also be distinguished by its broad action potential (mean, 0.5ms at half-height). In

contrast, type B MVN neurones had a double AHP consisting of a fast AHP seen as the

undershoot to spike repolarisation which was followed by a delayed, slower AHP. Type
B cells consituted 47 % of the total population of spontaneously active neurones recorded
in Serafin and colleagues' study. This cell type was also distinguished by its narrower

action potential (mean, 0.29ms at half-height). There were no differences in the passive
membrane properties between cell types A and B. Type C MVN neurones (21% of the

sample of cells recorded) were an intermediate cell type which was not readily included in
the other two groups and were therefore not studied in detail. In addition to the

differences in their action potential profiles, Serafin et al., (1991a,b) suggested that the

two main cell types A and B were also distinguishable on the basis of their intrinsic
membrane properties. Type A neurones had small high threshold calcium spikes but did
not show calcium or sodium dependent plateau potentials, the single deep AHP was

reduced by cobalt ions but was resistant to apamin, and a 4-AP resistant A-like
rectification was observed in this cell type. In contrast, type B cells had large high
threshold calcium spikes, calcium-dependent plateau potentials in all cells tested, sodium

dependent plateau potentials in 71.5% of cells, a low threshold calcium spike in 33% of

cells, and the slow AHP was blocked by cadmium ions and sensitive to apamin which
induced a voltage-dependent burst-like behaviour (Serafin et al., 1991a,b; de Waele et al.,

1993). However, these conclusions were based on the analysis of a selected subset of
MVN cells of each type, rather than a systematic survey.
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1.2.3 NEUROTRANSMITTERS IN THE VESTUBULAR NUCLEAR COMPLEX

AND REFLEX PATHWAYS

Early in vivo studies of neurotransmitter actions in the vestibular nuclear complex

suggested that several putative neurotransmitters modulated the activity of vestibular
neurones. The development of the mammalian brainslice preparation (Gallagher et al.,

1985) and the amphibian brainstem explant containing the vestibular nuclear complex

(Kasik et al., 1986; Knopfel, 1987), and their increased use by vestibular researchers has
led to a clearer understanding of the effects of many of the putative neurotransmitters and
modulators in the vestibular complex and the receptor subtypes which mediate their
actions (refer to, Gallagher et al., 1992; de Waele et al., 1995, for a review).

Glutamate

Immunocytochemical and autoradiographic studies have suggested that an excitatory amino

acid, probably glutamate, is a major excitatory transmitter in the MVN (Raymond et al.,

1984; Touati et al., 1989; Walberg et al., 1990; Reichenberger et al., 1993). This

hypothesis is supported by physiological studies. Electrical stimulation of the ipsilateral
vestibular nerve evokes a monosynaptic EPSP in MVN neurones recorded intracellular^
in vitro. The evoked EPSP consisted of a fast rising component which was unaffected by

cholinergic or histaminergic antagonists, but was blocked by application of glutamate

receptor antagonists indicating that synaptic transmission between primary vestibular
afferents and second order MVN neurones is exclusively glutamatergic, and that glutamate

acts on the non-NMDA receptor subtype (frog, Cochran et al, 1987; rat, Lewis et al.,

1989: Doi et al., 1990; Carpenter and Hori, 1992). Recently, patch clamp studies on

immature MVN neurones from young rats 5 to 25 days old have shown that the ipsilateral
vestibular afferent evoked EPSP also contains a slowly rising component which is blocked

by NMDA antagonists, and that the NMDA component of the evoked EPSP may normally
be shunted by GABAergic inhibition in the MVN through feedforward activation of

GABAergic MVN neurones (Kinney et al., 1994; Takahashi et al., 1994).

The EPSP recorded intracellularly from ipsilateral MVN neurones evoked by electrical
stimulation of the commissural fibres from the contralateral MVN is composed of a slowly

rising component in the frog which is blocked by antagonists of the NMDA receptor
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subtype, but not cholinergic antagonists and is therefore mediated by glutamate acting on

the NMDA receptor (Cochran et al., 1987; Knopfel, 1987), whereas in the rat both

NMDA and non-NMDA subtypes of glutamate receptors mediate excitatory synaptic
transmission from the contralateral MVN (Doi et al, 1990).

Glutamate may also modulate the activity of MVN neurones. The application of NMDA

glutamate receptor antagonists decreased the resting discharge rate of MVN neurones

recorded in vitro (Smith et al., 1990; Lin and Carpenter, 1993), indicating that the tonic

release of glutamate acting on NMDA receptors modulates the spontaneous firing of MVN

neurones. Application of NMDA and non-NMDA agonists depolarised the membrane

potential with an apparent decrease in membrane input resistance of second order rat

MVN neurones in vitro (Lewis et al., 1987, 1989). Similar effects were reported for

guinea-pig MVN neurones following the application of the agonist, NMDA in vitro

(Serafin et al., 1992). A few in vivo studies have examined the effects of glutamate and

related agents on vestibular function. Chronic infusion of an NMDA, but not a non-

NMDA antagonist in the vestibular nuclei of guinea-pigs in vivo, resulted in postural and

ocular deficits (de Waele et al., 1990). These results were interpreted by de Waele et al.,
to suggest that NMDA receptors may be involved in the static vestibular reflexes. A

corollary of the lack of effect of the non-NMDA antagonist was to suggest that this

glutamate receptor subtype is not involved in modulating the tonic discharge of vestibular
neurones (de Waele et al., 1990).

Gaba and Glycine
Immunohistochemical studies have suggested that GABA and glycine may act as inhibitory
transmitters within the vestibular reflex pathways. Such studies have demonstrated using

specific antisera raised against protein-gluteraldehyde conjugates of the amino-acids, that

GABA and glycine are co-localised and that GABA- and glycine-containing cells are

scattered throughout the MVN comprising approximately 10% of the total cell number,
these immuno-positive cells being small- to medium-sized for both transmitters (cat,

Walberg et al., 1990). In earlier studies in the guinea-pig MVN using the same technique,

similar results were reported for GABA and demonstrated that the highest concentration of

GABA-containing cell bodies was found in the MVN (Kumoi et al., 1987), whereas a

weaker immunoreactivity for glycine was observed (Peyret et al., 1987). The distribution
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of GABA-containing neurones in the MVN in the above studies agrees with those using

antisera raised against the GABA synthesising enzyme, glutamic acid decarboxylase

(Nomura et al., 1984).

Exogenous application of GABA and glycine to guinea-pig MVN neurones in vitro
inhibited the tonic discharge of approximately 50% of cells tested (Smith et al., 1991).
The agonist induced inhibitions were blocked by either GABAyy or glycine receptor

antagonists, suggesting that MVN neurones possess either GABA or glycine receptors but
not both. In a subsequent study in rat MVN neurones, Dutia et al., (1992) demonstrated
that the tonic activity of all neurones tested was inhibited by GABA. The inhibitions
caused by GABA and its selective agonists were blocked by antagonists of GABAyy and

GABAg receptor subtypes, indicating that both subtypes of the GABA receptor are

involved in regulating the firing behaviour of MVN neurones. In this study, following the

application of GABA^ antagonists an increase in the firing rate of most MVN neurones

was observed, indicating that MVN neurones are tonically inhibited by GABAergic
inhibition. The differences in the number of MVN neurones responding to GABA and

related agents between the two studies is likely to be a result of the different thickness of

slice used. Dutia et al., (1992) used thinner slices in their study (250pm to 350pm)

compared to the 500pm thick slice used by Smith et al., (1991). In support of this

suggestion, Dutia and colleagues reported that in thicker slices, in the presence of a

GABA uptake inhibitor, an enhancement of the GABA response was observed. This is

presumably because of the greater uptake and metabolism of GABA in the thicker slice.

As well as modulating the activity of MVN neurones, it has been suggested that GABA
and glycine are involved in synaptic transmission at inhibitory synapses of MVN
neurones. The tonic discharge of ipsilateral second order vestibular neurones in mammals
is inhibited by electrical stimulation of the contralateral vestibular nerve through the
commissural fibre system linking the bilateral vestibular nuclei (see above). Precht et al.,

(1973b) demonstrated that the field potential evoked by electrical stimulation of the
contralateral vestibular nerve and recorded in the ipsilateral vestibular nuclei of the cat in

vivo, was blocked by intravenous application of either GABA^ or glycine antagonists

indicating that both GABA and glycine receptors mediate commissural inhibition of type I
MVN neurones. In contrast, in a recent study commissural inhibition of type I vestibular
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neurones was blocked by GABAyy but not glycine antagonists in the cat in vivo (Furuya et

al., 1992).

Felpel (1972) demonstrated that intravenous injection of antagonists of glycine, but not

GABA, depressed the amplitude of the disynaptic IPSP recorded in neck muscle

motoneurones following a single electrical shock to the vestibular nerve in vivo in the cat.

This result was interpreted as suggesting that the inhibitory synaptic transmitter of the

caudally projecting VCR pathway was glycine. In a similar series of experiments in the

cat in vivo, it was demonstrated that antagonists of GABAa receptors blocked a

component of the field potential recorded in the trochlear nucleus, which was interpreted
as indicating that GABA is the inhibitory synaptic transmitter of the rostrally projecting
VOR pathway (Precht et al., 1973a). However, using autoradiographic visualisation of
tritiated GABA and glycine injected into the abducens nucleus combined with

immunohistochemistry in which antisera was raised against protein conjugates of GABA
and glycine, Spencer et al., (1989) demonstrated that the distribution of the two amino-
acids differed. Glycine showed a dense distribution in the abducens nucleus but was

sparse in the trochlear and oculomotor nuclei. In contrast GABA showed a sparse

distribution in the abducens nucleus and a dense distribution in the trochlear and

oculomotor nuclei. In the same study, the disynaptic IPSP recorded in the abducens
nucleus following stimulation to the ipsilateral vestibular nerve was blocked by glycinergic

but, not GABAergic antagonists. This anatomical and physiological evidence suggested to

the authors that glycine is the inhibitory synaptic transmitter of the horizontal VOR

pathway which involves the MVN, whereas GABA serves a similar role in the VOR

pathway from the anterior and posterior vertical semicircular canals which project to the
trochlear and oculomotor nuclei via the SVN (Spencer et al., 1989; Spencer and Baker,

1992).

Acetylcholine
The central cholinergic and histaminergic systems have received considerable attention for
their possible role in vestibular related disturbances such as motion sickness, following the

discovery that anticholinergic and antihistaminergic drugs are among the best therapeutic

agents preventing motion sickness. However, their precise site and mechanism of action

remain elusive. Immunocytochemical and autoradiographic studies have revealed the

presence of the acetylcholine synthesing enzyme (cholineacetyltransferase), and the
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acetylcholine inactivating enzyme (acetycholinesterase), and the detection of a high density
of muscarinic and nicotinic cholinergic receptors in the MVN (Clarke et al., 1986;

Swanson et al., 1987).

Electrophysiological studies using extracellular recording techniques in vivo have shown
that muscarinic but not nicotinic antagonists inhibited neuronal discharge, and that

acetylcholine primarily excites MVN neurones responding to and those not responding to

horizontal rotation of the head through activation of a muscarinic cholinergic receptor

linked mechanism (cat, Kirsten and Schoener, 1973; Kirsten and Sharma, 1976a,b).

Studies using single unit recording techniques in vitro agree with the latter conclusion that

a muscarinic cholinergic receptor mediated mechanism is involved in modulating the tonic

discharge of MVN neurones (Ujihara et al., 1988, 1989; Dutia et al., 1990). Dutia et al.

(1990), added that the muscarinic acetylcholine receptor is not of the Ml-subtype. In the

most thorough investigation of the effects of acetylcholine and its analogues on MVN

neurones to date, Phelan and Gallagher (1992) using intracellular recording techniques in

vitro, have demonstrated that cholinergic agonists predominantly depolarise the membrane

potential of MVN neurones by activating muscarinic and nicotinic cholinergic receptor

linked mechanisms. In a minority of neurones a membrane hyperpolarisation was

observed following the application of cholinergic agonists, which the authors suggested
results from an indirect presynaptic effect of cholinergic receptor activation of intrinsic

GABAergic interneurones or GABAergic afferent terminals, as the inhibitory response

was blocked by application of antagonists to the GABA^ receptor subtype.

Histamine

Histochemical studies have demonstrated that the caudal region of the MVN receives a

descending projection from the tuberomammillary histaminergic neurones of the thalamus
and have identified a moderate to low density of immunoreactive fibres and terminals to

histamine in this nucleus (rat, Panula et al., 1989; Steinbusch, 1991). Ligand binding
studies have demonstrated a high density of the histamine Hj receptor subtype in the
MVN (guinea-pig, Bouthenet et al., 1988). Single unit recording studies of the effects of

iontophoretically applied histamine in vivo, reported that the tonic discharge of MVN

neurones was inhibited by activating a mechanism linked to the H2 subtype of histamine

receptor (cat, Kirsten and Sharma, 1976b). In contrast, electrophysiological studies using
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intracellular recording techniques in vitro, have demonstrated that histamine

predominantly depolarises the membrane potential and increases the firing frequency of
MVN neurones by activating the H2 subtype of histamine receptor (rat, Phelan et al.,

1990; guinea-pig, Serafin et al., 1992). Recently however, using extracellular recording

techniques, histamine has been shown to excite rat MVN neurones by activating both Hj-
and H2-receptor linked mechanisms in vitro (rat, Inverarity et al., 1993; Wang and Dutia,
1995).

Serotonin

Immunohistochemical studies have shown that MVN neurones receive a prominent

innervation from the raphe nuclei, and have demonstrated the presence of serotonin or 5-

hydroxytryptamine (5-HT) containing cells in the MVN (Steinbusch, 1981, 1991). In a

survey of the 5-HT2 ligand binding sites in the rat brain, a low but significant binding

density was reported in the MVN (Pazos et al., 1985). Application of 5-HT to rat MVN
cells recorded intracellularly in vitro depolarised their membrane potential (Gallagher et

al., 1992). Extracellular recordings from MVN neurones in vitro, have revealed that bath

applied 5-HT excites the majority of MVN neurones through a 5-HT2 receptor linked

mechanism, and inhibits the spontaneous discharge of a minority of cells through a

5HTia receptor linked mechanism (Johnston et al., 1992; Johnston et al., 1993). In vivo

experiments have demonstrated similar effects of serotonin on MVN neurones in the rat

(Licata et al., 1990, 1993). Intracerebroventricular injection of 5-HT has been shown to

increase the amplitude of the VOR in the alert rat (Ternaux and Gambarelli, 1987)

possibly through its effects in part on MVN neurones (Johnston et al., 1993).

Dopamine

The application of dopamine in vitro depolarised MVN neurones in the rat (Gallagher et

al., 1992) and guinea-pig (Vibert et al., 1993). In the guinea-pig MVN, the dopamine
induced depolarisation was mimicked by a selective dopamine D2-receptor agonist but not

a dopamine Dj-receptor agonist. In this study, when synaptic transmission was blocked

by calcium-substituted media the depolarising effect of the D2-receptor agonist was

changed to a hyperpolarisation, indicating to the authors that the activation of the

postsynaptic D2-receptor may mediate a hyperpolarisation, but that the D2-receptor
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agonist may mediate a depolarising response through presynaptic inhibition (Vibert et al.,

1993).

Noradrenaline

Noradrenaline caused a decrease in the rate of firing of MVN neurones in the cat in vivo,

whereas in the LVN an increase in firing frequency was observed (Kirsten and Sharma,

1976a). In the only in vitro study to date, Gallagher et al., (1992) reported that
noradrenaline depolarised the membrane potential of rat MVN neurones.

Opioids

There are few data relating to the effects of opioids on vestibular neurones. The opioid

agonists, morphine and enkephalin which are selective for p.- and 5-receptors, caused an

increase in the firing rate of rat MVN neurones in vitro (Carpenter and Hori, 1992; Lin

and Carpenter, 1993) which was blocked by the opioid antagonist, naloxone ( Lin and

Carpenter, 1993).

Summary

The tonic spontaneous activity of MVN neurones appears to be modulated by most of the

major putative neurotransmitters. Excitatory receptors include, acetylcholine (muscarinic
and nicotinic), glutamate (NMDA and non-NMDA), histamine (Hj and H2), 5-

hydroxytryptamine (5-HT2), noradrenaline and p- and 5-opioid receptors. Inhibitory

receptors include, Gaba (GABAyy and GABAg), glycine, dopamine (D2), and 5-

hydroxytryptamine (5-HTi^y).
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1.2.4 IONIC CONDUCTANCES IN MAMMALIAN CENTRAL NERVOUS

SYSTEM NEURONES

Our understanding of the ionic basis of the action potential came initially from the work of

Hodgkin and Huxley (1952a-d) who established that the action potential is composed of

just two voltage-gated ionic currents or conductances in the squid giant axon. A fast
inward regenerative sodium current produces the rising phase of the action potential, and a

delayed outward potassium current, the delayed rectifier, plays a key role in repolarising
the action potential and in generating the afterpotential following the spike. A few years

later, Coombs et al., (1955) concluded that in mammalian spinal motoneurones the ionic

basis of the action potential was the same as that described by Hodgkin and Huxley.

Today, the number of ionic currents identified in the neuronal membrane has increased
due largely to in vitro studies with brain slices and cultured nerve cells. In the following I
shall describe the major currents which shape the action potential and the firing behaviour
of mammalian central neurones. For a more comprehensive and wide ranging description

of neuronal membrane currents the following reviews are available, Llinas, 1988;

McCormick, 1990; Aidley, 1991; Hille, 1992. For a detailed description of the functional
role of individual membrane currents in a particular class of neurone refer to, Brown et

al., (1990) and Storm, (1990) for a description of the ionic currents of hippocampal

pyramidal neurones, and to Schwindt, (1992) who discusses the function of the membrane
ionic currents of layer V pyramidal neurones in the sensorimotor cortex.

Types of ionic currents

Sodium currents

Several different sodium currents have been identified in neuronal preparations (see Hille,

1992). In this section I shall mention the two voltage-gated sodium currents which are

common to and have been well characterised in mammalian neurones; the fast and the

slow voltage-gated TTX-sensitive sodium currents, which are distinguished by their rates

of activation and inactivation, their activation threshold and amplitude. The most

commonly used agents which aid the pharmacological identification of the voltage-gated
sodium currents are tetrodotoxin (TTX), a virulent nerve poison found in the tissues of the

Japanese puffer fish, and saxitoxin (STX) which is a poison produced by a dinoflagellate

protozoan. These compounds act by blocking the passage of sodium ions and are most
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effective when applied externally indicating that their site of action is on the outer surface

of the neuronal membrane (Narahashi, 1974; Aidley, 1991). The local anaesthetics,

procaine and lidocaine also block voltage-gated sodium channels when applied externally.
Unlike TTX and STX which are water soluble however, procaine and lidocaine are lipid-
soluble compounds and reach their binding site by first dissolving in the lipid phase of the

membrane. Derivatives of these compounds, e.g., the quaternary ammonium compound,

QX-314, act at the same site but because they are charged they are not lipid-soluble and
are only effective when applied intracellularly (Strichartz, 1973; Schwarz et al., 1977).

Fast sodium current

The fast sodium current shows rapid voltage-dependent activation at membrane potentials

around -60mV, and inactivation within a few milliseconds during depolarisation of the

membrane potential (Horn et al., 1981). All central neurones studied to date possess this

current, where its function is in generating the upstroke of the regenerative action

potential (see Llinas, 1988; Aidley, 1991; Kandel et al., 1991; Shepherd, 1991; Hille,

1992; Taylor, 1993). The fast sodium current is regarded as being somatic in origin

however, intracellular recordings from neuronal dendrites have revealed fast spikes similar
to those recorded from the soma which are sensitive to sodium channel blockers (Benardo

et al., 1985; Huguenard et al., 1989).

Slow or persistent sodium current

The slow sodium current does not generate the action potential, but is rapidly activated in
the voltage range subthreshold to action potential generation. It does not inactivate during

depolarisation of the membrane and its amplitude is smaller than that of the fast sodium

current (Hotson et al., 1979; Stafstrom et al., 1982; Stafstrom et al., 1985). The slow Na

current has been identified in many neuronal types (Llinas, 1988), and appears to have a

somatic location (Llinas and Sugimori, 1980; MacVicar, 1985). Like the fast sodium

current, the slow sodium current is blocked by agents which block voltage-gated sodium
currents (Llinas, 1988). The suggested functions of this current are reviewed by Taylor,

(1993) and include amplifying the response of the neurone to excitatory inputs which
would not otherwise reach action potential threshold. This function was suggested

following the observation that excitatory post-synaptic potentials (EPSPs) and responses to

exogenous glutamate are enhanced within the voltage range of the slow sodium current
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(Deisz et al., 1991). Because of its persistent nature, the slow sodium current also serves

as a 'pacemaker' current in cells which show spontaneously activity in the absence of

synaptic potentials by providing a steady inward current which drives the membrane

potential towards threshold for action potential generation (Stafstrom et al., 1982; Jahnsen

and Llinas, 1984).

Calcium currents

The opening of voltage-gated calcium channels makes an inward current which also

depolarise the membrane potential of neurones. Mammalian neurones express four types

of voltage-gated calcium currents; a transient and low-threshold current, a long-lasting and

high threshold current, and a transient and high threshold calcium current, which

correspond to the three groups of voltage-gated calcium channels categorised in sensory

neurones, transient (T-type), long-lasting (L-type) and neither (N-type) T- or L-type

respectively (Fox et al., 1987a,b). The fourth type of voltage-gated calcium channel is the
P-channel (Llinas et al., 1989). Since the L-, N- and P-type calcium channels are

activated over the same range, they cannot be distinguished by their kinetics alone but,

rely on pharmacological separation as evidence for their presence. The T-type calcium
channel is identified as it is selectively blocked by externally applied nickel ions, but

resistant to co-conotoxin-GVIA which selectively blocks N-type calcium channels and the

1,4-dihydropyridine class of antagonists which are selective to L-type calcium channels

(McCleskey et al., 1987; Tsien et al., 1988). The P-type calcium channel is selectively

blocked by toxins isolated from the venom of the American funnel web spider, FTX and co

-agatoxin-IVA, but resistant to the 1,4-dihhydropyridines and co-conotoxin-GVIA (Llinas
et al., 1989; Mintz et al., 1992). For a more detailed review of the calcium channels

described above and the differences between them refer to, Kostyuk, (1990), Tsien and

Tsien, (1990), and Hille, (1992).

Transient and low threshold calcium current or Ij

If is rapidly activated by depolarisation of the membrane potential at around -65mV. Fp

quickly inactivates with maintained depolarisation and will remain inactivated unless the

membrane potential is hyperpolarised to a level of negativity less than -65mV for at least
50-100msec (Carbonne and Lux, 1984; Nowycky et al., 1985; Fisher et al., 1990). Pp
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generates a low threshold Ca-spike at hyperpolarised membrane potentials as first

described in inferior olivary neurones by Llinas and Yarom, (1981a,b) and has since been

shown to be present in many neuronal types (Llinas, 1988) where it has a somatic location

(Schwindt and Crill, 1980a,b; Llinas and Yarom, 1981). The depolarising Ca-spike

triggers a high frequency burst of fast Na spikes, therefore affording the neurone with a

burst-firing or oscillatory firing pattern (Llinas and Yarom, 1981; Jahnsen and Llinas,

1984b; Fisher et al., 1990).

Long-lasting and high threshold current or II

II is activated at membrane potentials more positive than -20mV, such as occurs during
the action potential and shows slow inactivation (Fox et al., 1987; Fisher et al., 1990).

Il is present in all neuronal types studied and is found in the dendrites (Llinas, 1988).
Calcium influx through L-type Ca channels during the membrane depolarisation of the
action potential may influence the cells firing pattern by its depolarising influence (Llinas
and Yarom, 1981a,b; Lancaster and Nicoll, 1987; Storm, 1987) and contributes to the

repolarising phase and the afterpotentials by activating potassium currents (see Blatz and

Magleby, 1987; Marty, 1989; Shepherd, 1990; Hille, 1992).

Transient and high threshold current or Ipq

Ijq shows features of both Ij and II- Like Fp, Ijq rapidly activates and inactivates, but
requires large depolarisations of the membrane potential similar to II for activation, and

may therefore be activated during the depolarisation of the membrane potential caused by
the action potential (Fox et al., 1987; Fisher et al., 1990; Tsien et al., 1992). The N-type
calcium channel is found in the soma, dendrites and axon terminals and may be involved
in pre-synaptic release of neurotransmitter (Tsien et al., 1988; Takahashi and Momiyama,

1993). Recently, it has been demonstrated that calcium influx through N-type calcium
channels activates the calcium-activated potassium current which underlies the apamin-
sensitive medium AHP of hypoglossal motoneurones (Viana et al., 1993)
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P-type calcium channel

The P-type calcium channel is so called because it was first described on cerebellar

Purkinje neurones (Llinas et al., 1989). Like L- and N-type calcium channels, the P-type
channel is a high threshold voltage-activated calcium channel being activated at -50mV and

inactivates slowly (Llinas et al., 1989; Mintz et al., 1992). Calcium influx at the synapse

through the P-type channel may mediate transmitter release suggesting that it is located at

the presynaptic terminal and may therefore be co-localised with the N-type calcium
channel (Takahashi and Momiyama, 1993).

Potassium currents

Neuronal potassium currents form a large and diverse group (see Rudy, 1988; Halliwell,

1990). Potassium currents are sub-divided into voltage-gated calcium-independent

potassium currents (the delayed rectifiers) and calcium-dependent potassium currents.

Both groups have a hyperpolarising influence on the membrane potential.

Voltage-gated calcium-independent potassium currents

Delayed rectifier or Ir
The classic delayed rectifier or 1^ was first identified in the squid giant axon (Hodgkin
and Huxley, 1952). It was coigned the 'delayed rectifier' by Hodgkin and Huxley because
its activation kinetics were slower than those of the fast sodium current which underlies

the depolarising phase of the action potential. The delayed rectifier is activated by
membrane depolarisations positive to -40mV and shows slow inactivation. It is found in

mammalian neurones throughout the central nervous system (Llinas, 1988), where its
functional role appears to be in repolarising the action potential (Rudy, 1988; Hille,

1992). Recently, it has been suggested however, that because of the delayed rectifier's
slow activation it appears not to be the principal current involved in action potential

repolarisation in some neurones (Storm, 1987; Belluzzi and Sacchi, 1988). Action

potentials often show one or two and even three afterhyperpolarisations (AHPs) either

following the action potential or after a burst of action potentials which are referred to as

fast, medium or slow AHPs depending on their time course (see Storm, 1987; Williamson
and Alger, 1990; Sah and McLachlan, 1992). In some mammalian neurones, the fast
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calcium-insensitive AHP seen as the undershoot to action potential repolarisation may be
due to the delayed rectifier (e.g., Jahnsen, 1986; Yung et al., 1991; Viana et al., 1993).

Pharmacological separation of the delayed rectifier potassium current relies on the fact that

it is highly sensitive to externally applied TEA, but is less sensitive to 4-Aminopyridine

(4-AP), it is also blocked by caesium and barium ions (Llinas, 1988; Aidley, 1991; Hille,

1992), but is resistant to block of calcium currents, except at very high millimolar
concentrations (Sah et al., 1988b).

Transient potassium current or A-current

The A-current was originally observed in Onchidium neurones (Hagiwara et al., 1961),
and later characterised in Anisdoris (Connors and Stevens, 1971) and Helix neurones

(Gola and Romey, 1971; Neher, 1971). Its existence in mammalian neurones was first
demonstrated by Gustaffson et al., (1982) in hippocampal neurones and subsequently in
most neuronal types studied (Rogawski, 1985; Llinas, 1988; Rudy, 1988). The A-current

is pharmacologically recognised because it is highly sensitive to 4-AP (Thompson, 1977),
but is less sensitive to TEA (Segal et al., 1984) .

The A-current differs from the delayed rectifier potassium current in that it is a transient
current which shows extremely fast activation during membrane depolarisation positive to

-60mV, and rapidly inactivates with continued membrane depolarisation, remaining
inactivated unless the cell's membrane potential is hyperpolarised to a level of negativity
less than -50mV to remove inactivation, such as occurs during the hyperpolarisation

following an action potential (Rogawski, 1985; Rudy, 1988; Hille, 1992; Rutecki, 1992).
The A-current may have several functional roles which are discussed in detail by

Rogawski, (1985). The A-current may act by slowing the rate of depolarisation of the
membrane potential during recovery from the hyperpolarisation following the action

potential, and therefore serve to regulate the spacing between action potentials and hence

the firing frequency of neurones (Connors and Stevens, 1971; Segal et al., 1984). The A-
current may be involved in action potential repolarisation since the rate of repolarisation in
several types of neurones is reduced by 4-AP (Storm, 1990; Sah and McLachlan, 1992;
Viana et al., 1993). In some neurones, where the A-current has been studied in greater

detail, it has been suggested that it may sustain action potential repolarisation alone (Storm

1987; Belluzzi and Sacchi, 1988). The A-current may also be involved in modulating
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synaptic transmission at the presynaptic (Shimahara, 1983) or postsynaptic membrane

(Daut, 1973; Cassell and McLachlan, 1986).

A-like currents

A similar current to the A-current has been described in hippocampal pyramidal neurones,

the delay current or Ij), where it co-exists with the A-current (Storm, 1988a,b, 1990).

Iq differs from the A-current in that it is activated at a lower threshold of -70mV, shows
slower inactivation kinetics and is more sensitive to 4-AP than the A-current. The

functional role of Ip> is unclear. It may perform a similar role as the A-current suggested

by Connors and Stevens (1971) or be involved in action potential repolarisation, or

modulate synaptic potentials (Storm, 1990), or participate in dendritic processing

(Hounsgaard and Midtgaard, 1989). Currents similar to Ip> have been reported in several
mammalian neurones, including the inferior olive (Yarom and Llinas, 1987), cerebellar

Purkinje neurones (Hounsgaard and Midtgaard, 1988), neocortical pyramidal neurones

(Spain et al., 1988), and lateral geniculate relay neurones (McCormick, 1991).
A transient calcium-dependent potassium current has been described in mammalian

neurones which is very similar to the A-current (Bourque, 1988; Sanchez et al., 1988).
Unlike the A-current however, the calcium-dependent A-like current described in

periaqueductal grey neurones is not blocked by 4-AP (Sanchez et al., 1988), and may

therefore be similar to the transient, 4-AP resistant, calcium-activated potassium current

described in hippocampal neurones (MacDermott and Weight, 1982). In contrast, the

calcium-dependent A-like current described in supraoptic nucleus neurones is blocked by
4-AP (Bourque, 1988), and may therefore be similar to the calcium-dependent A-current

reported in Aplysia neurones (Junge, 1985).

Muscarine-sensitive current or M-current

The M-current was first described in bullfrog sympathetic ganglion neurones by Brown

and Adams (1980) and subsequently described in mammalian neurones (Halliwell and

Adams, 1982; Constanti and Sim, 1987). It is activated by membrane depolarisation

positive to -60mV but, shows little inactivation. The M-current is blocked by activation of
the muscarinic acetylcholine receptor from which it takes its name. It is also blocked by
TEA and barium, but not by 4-AP, caesium or Ca channel blocking agents (Halliwell and

Adams, 1982; Storm, 1989). One of the functional roles of the M-current is likely to be
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in stabilising the membrane potential, such that a depolarisation within its voltage range

activates the M-current which polarises the membrane back towards its resting potential.

And conversely, during an imposed hyperpolarisation, the M-current is turned off which
reduces the hyperpolarisation (see Storm, 1990). In hippocampal pyramidal neurones, the
M-current appears to be the main current mediating the medium duration AHP following
the action potential which contributes to the early phase of spike frequency adaptation

(Storm, 1989; Williamson and Alger, 1990).

Inward rectifier currents

Inwardly rectifying currents or anomalous rectification (Katz, 1949), are so called because
their properties contrast with the delayed rectifier, such that the conductance of the inward
rectifier increases with hyperpolarisation and decreases with depolarisation. Anomalous

rectification has been described in many mammalian neuronal types (see Llinas, 1988;

Halliwell, 1990). Two inward rectifiers have been described to date, the mixed Na / K

slow inward rectifier current which shows time- and voltage-dependent activation by

hyperpolarisation beyond -80mV. It is blocked by the external application of caesium, but
not barium ions and is seen as a 'sag' of the voltage response to hyperpolarising current

pulses in current clamp records (see Rudy, 1988; Halliwell, 1990). The slow inward
rectifier has been termed Ijq (hyperpolarisation-activated), Ip (funny), Iq (queer) and
(anomalously rectifying) by several authors (see Hille, 1992). A fast potassium inward
rectifier has also been demonstrated in mammalian neurones which may be partly activated
at resting potentials around -60mV (Constanti and Galvan, 1983; Owen, 1987; Spain et

al., 1987; Soloman and Nerbonne, 1993). In current clamp recordings it produces a non-

sagging voltage response to hyperpolarising current pulses and is pharmacologically

separated from the slow inward rectifier because it is blocked by both external caesium
and barium ions (Constanti and Galvan, 1983). The function of the inward rectifiers is

unclear, but they may be involved in stabilising the resting potential of a neurone by

resisting hyperpolarising deviations from rest, or shaping the pattern of action potential

firing, or as a pacemaker for rhythmic firing behaviour (McCormick and Pape, 1990;

Hille, 1992; Soloman and Nerbonne, 1993). The slow inward rectifier contributes to the

medium duration AHP following the action potential at hyperpolarised membrane

potentials in hippocampal pyramidal neurones (Storm, 1989; Williamson and Alger, 1990)
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and to a similar duration AHP following a burst of action potentials in cortical pyramidal
neurones (Schwindt et al., 1988).

Sodium-activated potassium current

A sodium-activated potassium current was first reported in chick and crayfish neurones

(Bader et al., 1985) and subsequently demonstrated in mammalian cortical neurones

(Constanti and Sim, 1987; Schwindt et al., 1988b). In mammalian cortical neurones the

sodium-activated potassium current is slowly activating, in contrast to that described in the

chick and crayfish which is fast activating and may be involved in repolarising the action

potential. The sodium-activated potassium current is seen as a long-lasting, slow AHP

following a burst of action potentials in cortical neurones and is therefore analogous to the

slow calcium-activated AHP (see Schwindt, 1991). The slow potassium current is TTX-

sensitive and is not due to electrogenic sodium extrusion, as it persisted following
inhibition of the Na / K pump (Schwindt et al., 1989). A similar duration prolonged AHP
is seen in hippocampal CA3 pyramidal neurones following tetanic stimulation which was

partly reduced by inhibition of the sodium pump, however, the remaining component may

be due to the activation of a sodium-activated potassium current (Gustaffson and

Wigstrom, 1983) Activation of this slow potassium current underlies the slow adaptation
of firing frequency seen in response to prolonged periods of membrane depolarisation in
cortical neurones (Schwindt et al., 1989).

Calcium-activated potassium currents

Meech, (1972, 1974) discovered that a consequence of the intracellular injection of

calcium ions into molluscan neurones was an increase in potassium conductance.

Calcium-activated potassium currents have been demonstrated in most mammalian
neurones studied since (see Llinas, 1988; Hille, 1992). There are two main types of
calcium-activated potassium channels which differ in their single channel conductance and

sensitivity to activation by both intracellular calcium and voltage. The first calcium-
activated potassium channel discovered was the large conductance calcium-activated

potassium channels, named 'BK' by Marty (1983), or 'maxi K' channels by Latorre and

Miller, (1983). Activation of BK channels requires a high intracellular calcium

concentration and shows voltage dependence being activated with depolarisation (Marty,

1981; Barrett et al., 1982). The BK calcium-activated potassium current underlies the C-
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current or Iq which is present in most mammalian neurones and is selectively blocked by
the scorpion venom protein, charybdotoxin and TEA (Castle et al., 1989; Reinhart et al.,

1989). The second type of calcium-activated potassium channel, is the small conductance
or 'SK' channel (Blatz and Magleby, 1986) which differs from BK channels in that the

single channel conductance is considerably smaller in SK channels (10-14pS compared to

200-300pS of BK channels), its sensitivity to intracellular calcium is greater, and the

activation of SK channels is independent of membrane potential (Blatz and Magleby, 1987;
Castle et al., 1989; Marty, 1989). The SK calcium-activated potassium current underlies
the voltage-insensitive IaHP current which is present in many mammalian neurones and is

selectively blocked by the bee venom protein, apamin (Blatz and Magleby, 1986) and the

scorpion venom protein, LqVIII (Castle and Strong, 1986). A third type of calcium-
activated potassium channel, the intermediate conductance or 'IK' channel is present in

molluscan neurones (Hermann and Erxleben, 1987), and human erythrocytes (Cecchi et

al., 1987), but has not as yet been observed in mammalian neurones.

Fast calcium-dependent potassium current or 1^

l£ was first described in frog sympathetic ganglion neurones (Adams et al., 1982b) and is
present in mammalian neurones where it is carried by BK calcium-activated potassium
channels which show rapid, voltage-dependent activation at -40mV and slow inactivation

(Adams et al., 1982; MacDermott and Weight, 1982). The function of 1^ may be to

repolarise the action potential and generate the fast AHP in some cell types, therefore

contributing to the frequency of action potential generation (Lancaster and Nicoll, 1987;

Storm, 1987; Sah and McLachlan, 1992). Recently, a TEA- and charybdotoxin-sensitive,

voltage and calcium-dependent potassium current has been described in mammalian

neurones which shows rapid activation and inactivation, and is insensitive to 4-AP and is
therefore not an A-like current (Zbicz and Weight, 1985; Schwindt et al., 1988).

Slow calcium-dependent potassium current or IAHP

A slow calcium-dependent potassium current was originally described in bullfrog

sympathetic ganglion neurones (Pennefather et al., 1985) which they called IaHP t0

distinguish it from 1^. IaHP shows slow activation and inactivation, is not voltage-
dependent, and is carried by SK-type calcium-activated potassium channels as it is

selectively blocked by apamin. A similar apamin-sensitive current has been described on
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mammalian neurones where it generates a medium duration AHP and therefore contributes

to spike frequency adaptation and slow repetitive firing (Bourque and Brown, 1987; Zhang
and Krnjevic, 1987; Schwindt et al., 1988; Szente et al., 1988; Aghajanian and

Rasmussen, 1989; Osmanovic et al., 1989; de Waele et al., 1993; Viana et al., 1993). In

hippocampal neurones, IahP generates the prolonged slow AHP following a burst of
action potentials and shares many of the properties of IahP described by Pennefather et

al., (1985). The hippocampal IahP 's activated by depolarisation, is dependent on the
intracellular Ca concentration, shows slow voltage-independent activation and inactivation,

is insensitive to charybdotoxin, and is reduced by muscarinic acetylcholine receptor

activation (Lancaster and Adams, 1986). In contrast to the original definition of IahP by
Pennefather et al., (1985), the hippocampal IahP's insensitive to apamin, and is therefore
not mediated by SK-type calcium-activated potassium channels (Lancaster and Adams,

1986; Storm, 1989).

Other membrane currents

Leak currents

There are voltage-independent and TEA-insensitive potassium channels which are open at

or near resting potential and constitute a leakage current in most neurones after

suppression of voltage- and calcium-activated currents. The leak currents have not been

intensively studied but, may be involved in stabilising the resting membrane potential (see
Brown et al., 1990; Hille, 1992).

Chloride current

A voltage-dependent slowly activating chloride current has been demontrated in
mammalian neurones (Selyanko, 1984; Madison et al., 1986). It is TEA- and calcium-

independent but, is reduced by cadmium ions and loading the cell with chloride ions and

may function to stabilise the resting dendritic potential (Madison et al., 1986).

Calcium-activated chloride current

A voltage-insensitive, calcium-activated chloride current has been observed in mammalian

neurones following the demonstration that the current is abolished after chloride-loading
and blocking calcium-activated potassium currents (Owen et al., 1984; Mayer, 1985).
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This current generates a slowly decaying activity-dependent after depolarising potential

(Mayer, 1985).

Calcium-activated cation current

Following the reduction of the prolonged slow AHP which is generated after a burst of

action potentials in hippocampal and cortical neurones with muscarinic acetylcholine

receptor agonists, a slow calcium-dependent, TTX-insensitive and chloride-independent
inward current is seen which appears as a slow afterdepolarisation (Benado and Prince,

1982; Gahwiler, 1984; Schwindt et al., 1988).

Summary
Our current view of the ionic basis of the action potential in the cell soma and dendrites of

neurones is much more complex than that described in axons by Hodgkin and Huxley in
1952. Whereas the main depolarising current in the region of the cell body and axon

appears to be the fast sodium current, voltage-gated calcium currents are also involved at

the cell soma and dendrites. A large number of different potassium and calcium-activated

potassium currents have been described in the cell soma and dendrites of neurones which
act to repolarise the membrane potential of the cell. The complex interactions between the

many ionic currents can subtly alter the firing behaviour of a neurone.
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1.3 METHODS

The preparation and maintenance in vitro of the dorsal brainstem slice containing the

MVN

All experiments were performed on slices obtained from adult male Sprague-Dawley rats

(5 to 6 weeks old, weighing lOOg to 200g). The animals were placed in a small air-tight
box linked via thick-walled rubber tubing to the MiniBoyle Fluotec3 anaesthetic apparatus

(Cyprane Ltd, UK) and anaesthetised by inhalation of a mixture of 3% halothane in

oxygen. A sufficient level of anaesthesia was determined by a lack of the limb withdrawal
relex to a paw pinch. Once anaesthetised, the animal was decapitated on a small animal

guillotine. The head was cleared of pelage and skin and a rapid craniotomy performed.
The brain was exposed by inserting fine bone ronguers into the occiput and carefully

prising away the occipital, parietal and frontal bones and cutting the meninges. The intact
brain was freed from the skull by cutting the cranial nerves and membraneous tissue with
a fine scalpel and tipped into cold (4°C) artificial cerebrospinal fluid [aCSF, for

composition see the section on Solutions] bubbled with a gas mixture of 95%C>2 and

5%CC>2. The brain was then placed on a cold dissecting stage and the brainstem

extending caudally from the inferior colliculus with the cerebellum still attached cut from
the cerebrum. The brainstem containing the overlying cerebellum was laid on its rostral
surface and the cerebellum removed by gently lifting it clear of the brainstem with the
blunt edge of a scalpel blade and cutting through the cerebellar peduncles thereby

revealing the MVN sitting prominently on the dorsal surface of the medulla. This

remaining block of tissue containing the MVN was cleared of adherent pia and trimmed by

making a transverse cut at the level of the obex. The block was then cemented with the

floor of the fourth ventricle uppermost to the advancing stage of a Vibroslice (Campden

Instruments Ltd, UK). The stage was secured into the reservoir of the Vibroslice and

submerged in cold (4°C) aCSF pre-bubbled with a mixture of 95%C>2 and 5%CC>2. This
part of the procedure was completed within five minutes from decapitation of the animal.

The block of tissue containing the MVN was cut in the horizontal plane approximately

parallel to the floor of the fourth ventricle. Thus, obtaining a slice which contained
almost the entire rostro-caudal length of the MVN. The first slice containing the top 100-

200pM of the nuclei was discarded. The next slice was cut to a thickness of 400pm and

was the slice used for all experiments. The slice was trimmed and each nucleus separated
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by making a cut down the midline of the fourth ventricle to obtain two preparations

containing each individual nucleus. Each nucleus was subsequently floated onto a

moistened fine hair paintbrush and transferred to a Haas ramp-style recording chamber

(Haas et al., 1979, Fig. 3) which was continously perfused with aCSF and gassed with a

mixture of 95% O2 and 5% CO2, and maintained at a temperature of 33 ± 0.2°C. Each
slice lay on a fine mesh in the recording chamber with its undersurface in contact with
aCSF delivered to (and removed from) the chamber at a rate of 1.5mls/min by means of a

2-channel peristaltic pump (Gilson, France). A continuous stream of 95%C>2 and 5%C02
gas saturated with water vapour was passed over the slice to provide the tissue with

oxygen and keep it moist. Each slice was incubated for at least 1 hour in the gas-liquid
interface chamber prior to commencing recording.

The preparation of the brainslice used for the intracellular injection of biocytin into
MVN neurones by iontophoresis
In a series of experiments, the intracellular marker biocytin (purchased from Sigma

Chemicals) was injected by iontophoresis into rat MVN neurones following intracellular

recording of their membrane properties to study each cell's somatic, dendritic and axonal

morphology. Biocytin was chosen in preference to other intracellular markers because of
its ease of injection, rapid diffusion within the cell and superior ability in staining the
neuronal morphology in vitro (Horikawa and Armstrong 1988).

Adult male Sprague-Dawley rats were anaesthetised as described above. The animal was

laid in a supine position on a dissecting board where it was maintained under a mixture of
1-3% halothane anaesthetic in oxygen with the aid of a nose-mask linked via thick-walled
rubber tubing to the MiniBoyle Fluotec3 anaesthetic apparatus. The chest area was

cleared of pelage and skin and an incision made just below the xiphisternum. By holding
the xiphisternum slighty up, the rib cage was carefully cut away to expose the heart.

During this part of the procedure the animal stopped breathing. The heart continued to

beat however. A fine guage needle connected to a 60ml syringe filled with cold (4°C)

oxygenated aCSF containing 2% heparin to prevent the blood clotting was inserted into
the left ventricle of the heart and manually held in position. The right atrium was

punctured and a trans-cardiac perfusion was performed which lasted for 2-3 minutes. This

procedure was undertaken to clear the brain of erythrocytes which contain endogenous
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peroxidases that react with the histochemical reagents used to reveal horseradish

peroxidase (HRP) during the immunoperoxidase procedure used in this study to visualise
the biocytin-filled cell. The animal was subsequently decapitated and a brainslice

containing the MVN was prepared and maintained as described above. In this series of

experiments 450pm thick slices were routinely cut and only cells located between 100-350

pM in depth in the MVN slice were filled with biocytin in an effort to conserve the intact

morphology of the neurone. Once cut, each slice was laid on a small square of lens tissue

placed on the nylon mesh in the recording chamber. Thus, the slice was easily removed
from the recording chamber without damaging it at the end of the experiment.
For reviews on the brainslicing technique refer to, e.g., Kerkut and Wheal, eds. (1981);
Jahnsen and Mosfeldt Laursen (1983); Dingledine, ed. (1984); Reid et al., (1988).

Intracellular microelectrode recording from rat MVN neurones

After the incubation period, recordings were made from MVN neurones using the

electrophysiological apparatus shown in the flow diagram in Fig. 4. The current and

voltage (xlO gain) outputs from an Axoclamp 2A (Axon Instruments, USA) high input

impedance amplifier (output bandwidth filter upper limit set at 3kHz) were connected to a

storage oscilloscope (Hameg, Germany) and monitored continuously. The voltage output

was also passed to an audio amplifier module of a Neurolog system (Digitimer, UK), and

to a CED 1401 Plus analogue-to-digital (A/D) interface (Cambridge Electronic Design,

UK) linked to a microcomputer (DCS 386, UK). Prior to entering the A/D interface, the

current and voltage signals were amplified with a gain of xlO and x2 respectively by

conditioning amplifiers to optimise digitisation of both signals. Current commands were

produced by the computer linked to a pulse generator (Digitimer D4030, UK). All

experiments were recorded on video tape using a TEAC X-30 cassette data recorder

(TEAC Corporation, Japan).

Microelectrodes were pulled on a Flaming-Brown P87 horizontal electrode puller (Axon

Instruments, USA) using borosilicate standard wall omega dot glass (o.d. 1.5mm, i.d.

0.86mm, purchased from Clark Electromedical Instruments, UK). The electrolyte used

was 3 Molar Potassium chloride (3M KC1). Electrode resistance ranged from 50-90MQ

when electrodes were filled with 3M KC1. The microelectrode was inserted into a perspex

microelectrode holder (which contained a silver/silver chloride pellet) and attached to the

unity gain headstage of the Axoclamp 2A amplifier mounted on a microdrive (Fig.4). The
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- manipulator

Figure 4. Flow diagram of the electrophysiological apparatus for
extracellular and intracellular recording.
The voltage and current signals are delivered to and digitised by the A / D
interface for the microcomputer.



recording electrode was positioned within the confines of the MVN under visual control

using a binocular dissecting microscope (Kyowa, Japan) with the border of the MVN with

the fourth ventricle as a landmark. A Burleigh 6000 piezoelectric motor microdrive

(Burleigh Instruments Incorporated, USA) was used to advance the recording electrode

into the MVN in 2pm steps.

Once in the tissue, extracellular potentials were offset using the calibrated offset

potentiometer control on the Axoclamp 2A amplifier so that the digital voltmeter display
read zero millivolts. The bridge balance was monitored continuously by injecting negative
DC current pulses (0.3nA amplitude, 100ms duration, every 0.6s) and the bridge was

balanced by rotating a calibrated potentiometer until the voltage drop across the electrode
to the current pulse was eliminated. This gave a measure of electrode resistance expressed
in megaOhms. The method of cell impalement was to press the electrode tip against the

cell soma and 'buzz' the tip into the cell using the remote buzz control of the Axoclamp
2A amplifier. This effect is thought to break down the membrane in the area of high
current density around the electrode tip, thereby allowing the tip to enter the cell (Silinsky

1992). For a detailed description of the theory and recording with intracellular electrodes

see, e.g., Finkel (1990); Stamford, ed. (1992). During the initial period of cell

impalement continuous negative DC current (0.2-0.5nA) was applied through the

recording electrode using the DC current command control of the Axoclamp 2A amplifier
to hyperpolarise the cell membrane potential to a level subthreshold to firing. Holding
current was gradually reduced to zero once a stable membrane potential was achieved. No
cell requiring holding current was used in this study.

Intracellular labelling with biocytin

The method of impalement and intracellular recording have been described above.

Recording electrodes were filled with a solution of 2% biocytin dissolved in a vehicle

consisting of 0.05M Tris (pH 7.4 at 37°C) containing 1M KC1. Electrode resistance

ranged from 120-150MQ. Following intracellular recording of their membrane

properties, MVN neurones were injected with biocytin by passage of depolarising current

pulses (0.7-lnA amplitude, 300ms duration, frequency 0.7Hz) in bridge mode for 10-15
minutes. Only 1 or 2 cells were injected in each nucleus to ensure spatial separation of
each neurone. No cells requiring holding current were filled and injection was stopped if

38



any deterioration of the membrane potential or of the amplitude of the spontaneous action

potentials occurring between current pulses was observed.

Histological processing of biocytin-filled MVN neurones

Following the iontophoresis of biocytin into MVN neurones, the slices were incubated for

2-4hours in the recording chamber to permit the diffusion of biocytin throughout the cell

(Horikawa and Armstrong, 1988). At the end of the experiment, each slice was removed

from the recording chamber and immersed in 20mls of a solution containing 4%

paraformaldehyde made up in 0.05M phosphate buffered saline (PBS, pH7.4). The slice
was stored at 4°C until it was processed, which could be 16-84hours post-experiment.
Each slice was processed as follows. Fixed slices were placed on top of a platform created

by laying ten 1cm square pieces of filter paper on top of one another onto the stage of a

freezing microtome. This procedure ensured that it was possible to section and recover

the entire dorso-ventral extent of the slice. The filter-paper platform and the slice were

saturated with 0.05M PBS and frozen to a temperature of -20°C. Serial sections of 70pm

in thickness were cut in the horizontal plane. Each section was placed in a small basket¬

like holder made from a fine mesh and placed in individual wells of a multi-well dish

filled with 0.05M PBS. Thus it was possible to remove the small baskets containing the

individual sections from one solution to the next without detriment to the section. After

two washes in 0.05M PBS, each lasting 5 minutes to wash off excess fixative, the sections

were bleached for 30-60 seconds in a solution of 1% hydrogen peroxide in methanol.
This procedure ensured that the background endogenous peroxidase activity of the

erythrocytes not removed by the trans-cardiac perfusion was quenched for the same reason

mentioned above. To permeabilise the neuronal membrane each section was incubated for
lhour in a solution of 0.4% Triton X-100 made up in 0.05M PBS. The sections were

subsequently incubated in a preformed avidin and biotinylated horseradish peroxidase

complex for 40 minutes prepared from a Vectastain Elite ABC kit (Vector Laboritories

Ltd, USA) made up in 0.05M PBS. After rinsing for 5 minutes in 0.05M PBS to wash

off excess avidin-biotin-peroxidase complex, each section was reacted for 3-5minutes with
diaminobenzidine (DAB) prepared from a DAB substrate kit for horseradish peroxidase

(Vector Laboritories Ltd, USA) made up in distilled water. The DAB reaction product

gave a reddish-brown stain. All sections were subsequently washed in 0.05M PBS for 5

minutes to wash off excess DAB, before being serially mounted onto gelatin-coated glass
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slides. After air-drying, the sections were dehydrated by immersing each slide for at least

60 seconds, firstly in 70% alcohol, then into 90%, and finally into absolute alcohol.
From the alcohol, each slide was immediately immersed in xylene to clear before a droplet
of DPX-mountant was placed on the slide, coverslipped and left to dry overnight before

microscopic observation was carried out.

The reconstruction and photomicrography of biocytin-filled MVN neurones

The reconstruction and photomicrography of MVN neurones labelled with biocytin was

acheived with the aid of a Leitz Diaplan microscope (Leitz, Germany) equipped with
camera lucida and photomicrography facilities. Using the camera lucida, biocytin-filled
cells were reconstructed from each 70pm thick section at a magnification of 600x, using a

60x objective and lOx eyepiece. Each section containing a part of the biocytin-filled cell
was drawn at the full magnification onto tracing-paper initially. This procedure aided the

final reconstruction of the cell as it was possible to overlay each section drawn on the

tracing paper to determine exactly where the sections of the cell joined. The whole cell
was subsequently reconstructed on a sheet of A3 paper in pencil using the camera lucida
and with reference to the individual sections drawn on the tracing paper. Once
reconstruction of a cell was completed, a sheet of A3 tracing paper was laid over the

drawn cell and the cell was traced in ink using small diameter pens. Photomicrographs
were taken of the individual sections of a cell using colour film at the magnification noted

in the legend accompanying each photomicrograph.

Solutions

The normal perfusion medium (aCSF) used throughout this project was made up fresh
each morning in accordance to the recipe for the standard medium outlined in Llinas and

Sugimori (1980), and contained the following (in mM); Sodium chloride 124; Potassium

chloride 5; Potassium dihydrogen orthophosphate 1.2; Magnesium sulphate heptahydrate

1.3; Calcium chloride 2-hydrate 2.4; Sodium hydrogen carbonate 26; D-(+) Glucose 10.
The aCSF was bubbled with a gas mixture of 95%C>2 and 5%CC>2 to oxygenate it and
maintain its pH at 7.4.
In a series of experiments the effects of blocking calcium conductances were studied by,

(1) reducing the extracellular calcium concentration to 0.5mM and adding cobalt ions in

the form of 0.5mM Cobalt chloride (Jahnsen 1980). I shall refer to this modified calcium
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medium as "low Ca/Co" aCSF . Or, (2) omitting calcium from the aCSF and adding

cadmium ions in the form of ImM Cadmium chloride (Llinas and Sugimori 1980). I shall

refer to this modified calcium medium as "Ca-free/Cd" aCSF. In experiments where Ca-

free/Cd aCSF was used, the Magnesium sulphate, Sodium hydrogen carbonate and

Potassium dihydrogen orthophosphate components were omitted to avoid precipitation of

their anions with the divalent cations. These components of the aCSF were replaced by
1.3mM Magnesium chloride, 25mM Tris hydrochloride, and an additional 1.2mM
Potassium chloride respectively. In experiments where low Ca/Co aCSF was used, the
medium was made up immediately before use to avoid precipitation as mentioned above.
All the chemicals mntioned above were purchased from BDH (UK).

Ion channel antagonists
In addition to the modified calcium media described above, the following ion channel

antagonists were also used in this study: (1) to block voltage-gated potassium

conductances, Tetraethylammonium (TEA, 5 or lOmM) in the form of TEA chloride

(purchased from RBI Chemicals, USA); caesium (3mM) in the form of Caesium chloride

(purchased from BDH, UK); Carbamylcholine chloride (Carbachol, lOOpJM); and 4-

Aminopyridine (4-AP, 0.5mM or 5mM). (2) to block SK-type Ca-dependent K channels,

apamin (0.1-0.3p.M) in the form of Apamin TFA salt was used. Carbachol, 4-AP and

apamin were purchased from RBI Chemicals. (3) to block voltage-gated sodium channels,

Tetrodotoxin (TTX, 0.5-1 pM) was used (purchased from Sigma Chemicals). Ion channel

modulators were made up from frozen aliquots of a stock solution thawed out a few
minutes before use or from freshly prepared stock solutions and dissolved at known
concentration in the aCSF. Carbachol was administered to the slice for a period of 60secs

whereas, all other drugs were administered continously to the slice for 5-20minutes before
either increasing the drug concentration or applying the next one. All ion channel

modulators and modified calcium media were applied from a 10ml or a 20ml syringe
linked to the inflow of the interface chamber by a 3-way tap system. This permitted the
normal aCSF to be switched off whilst the aCSF containing the ion channel modulator

perfused the slice. Throughout the perfusion of drug-containing aCSF, the effects of the
ion channel modulators on the action potential waveform, spontaneous discharge rate and

membrane properties of MVN neurones were monitored on a storage oscilloscope

(Hameg, Germany) and data was collected every 3-5minutes.
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Data Collection and Analysis
All data collection and analysis programmes and current command protocols were written

by Dr MB Dutia on CED Spike2 software (Cambridge Electronic Design, UK) and

generated by an IBM-compatible microcomputer (DCS 386, UK) linked to a 1401 A/D
interface. All data analysis was completed off-line, except when measuring extracellular

firing rates which was done on-line. Data was reproduced by exporting selected data files

into Coreldraw software. Significant differences between results were evaluated using
the two-tailed Student's t test method, assuming unequal variances in Microsoft Excel.

All values in this section are given as means ± S.D.

The experimental protocol involved measuring the following:
The resting membrane potential
The majority of MVN neurones are spontaneously active, therefore it was not possible to

record a resting membrane potential for these cells. However, a measure of the average

integrated membrane potential, which is termed the "resting" potential in this study, was

obtained by adopting the following protocol. Prior to cell impalement extracellular

potentials were offset using the offset potentiometer control of the Axoclamp 2A amplifier

so that the digital voltmeter display continuously read zero millivolts. On impaling a

spontaneously active MVN neurone, continuous negative DC current (0.2-0.5nA) was

injected through the recording electrode to hyperpolarise the cell's membrane potential to

a level where the cell was no longer firing spontaneous action potentials. This level of

hyperpolarisation was maintained for 2-5 minutes until a stable membrane potential value
was observed on the voltmeter display. Holding current was then slowly reduced to zero,

and the cell allowed to resume its tonic activity. The resting membrane potential of

spontaneously active MVN neurones in the present study therefore refers to the value read

directly from the voltmeter display on the front panel of the Axoclamp 2A amplifier when
neither positive or negative DC current was injected through the recording electrode.
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The membrane input resistance

The method of estimating the membrane input resistance of spontaneously active MVN

neurones was as follows. Continuous negative DC current was injected into the cell

through the recording electrode to hyperpolarise the cell's membrane potential to a level

just subthreshold to spontaneous firing between -60mV to -65mV. In the majority of

spontaneously active MVN neurones anomalous rectification was present. To minimise
the error introduced by activation of anomalous rectification, the membrane input

resistance of a cell was measured as the amplitude of the voltage deflection at steady state

when a negative DC current pulse of small amplitude (0.2nA) and 100ms duration was

applied at the holding membrane potential. To obtain an estimate of membrane input
resistance therefore, firstly the value on the bridge balance potentiometer of the Axoclamp
2A amplifier was noted (1). The current pulse was applied and the potentiometer was

rotated until the voltage deflection at steady state was at the same level as the holding
membrane potential and this value was noted (2). Membrane input resistance was

calculated by subtracting (1) from (2) and expressed in megaOhms.

The averaged action potential shape and spontaneous discharge rate

In order to examine the spontaneous action potential and afterpotentials of MVN neurones

in detail, the intracellularly recorded membrane potential was digitised at 40kHz for a

period of two seconds whilst the cell fired spontaneous action potentials at resting
membrane potential and at different levels of membrane potential when constant negative
or depolarising DC current was injected through the recording electrode. Dividing the
number of action potentials sampled over the two second period by two gave a measure of
a cell's discharge rate expressed in hertz. The time of occurrence of each action potential

peak was located in the digitised data and the membrane potential across a 20msec window
around these times was averaged to give an averaged action potential shape synchronised
to the peak of the action potential. It was not possible to make an objective measurement

of the point of onset of the rising phase of the averaged action potential as the membrane

potential prior to the spontaneous action potential showed a continuous gradual

depolarisation. However, as shown in Fig. 5, all measurements of the averaged action

potential were calculated with reference to a baseline or "threshold1. Threshold was

determined by double differentiating the averaged action potential waveform and

evaluating the noise level on the second differential during a period when no voltage

change was occurring. Threshold was thus defined as the membrane potential at the point
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Peak

Figure 5. Analysis of the averaged action potential shape.
Uppertrace, averaged action potential shape obtained by averaging the
membrane potential over a 20ms window synchronised to the peak of each
successive spike in the resting discharge of one spontaneously active MVN
cell.
Middle and lower traces, First (middle trace) and second (lower trace)
differentials of the averaged spike shape, calculated by taking simple
differences between successive spikes. The horizontal dashed lines in the
lower trace indicate the level corresponding to twice the noise amplitude in the
last 5ms of this trace. The vertical dashed line indicates where the second
differential becomes greater than this level, and the corresponding point on the
averaged spike shape (upper trace) which is taken as the onset of the rising
phase of the action potential.



when the second derivative became twice as great as its own noise level. The rise-time of

the averaged action potential was measured as the average rate of change of voltage

expressed in volts/sec from threshold to the peak of the spike, and the fall-time was

measured as the average rate of change of voltage from the peak of the spike to return to

threshold. The amplitudes of the action potential spike (A^p) and afterpotentials (A/^p)
were also measured with respect to threshold (Fig.5). The spontaneous action potential

width was measured at half-height (W^) and at threshold (Wt, Fig.5). All averaged
action potential shapes illustrated in the results section were the result of averaging 10-38

sweeps.

Current and voltage profiles

Current and voltage (I/V) profiles were generated in discontinuous current clamp (DCC)
mode whilst negative DC current was applied continuously through the recording
electrode to hold the membrane potential at the required voltage below firing threshold.

Current/voltage profiles were examined therefore, uncontaminated by spontaneous action

potentials. The I/V protocol consisted of current pulses lasting for 120ms in duration.
The first pulse had an amplitude of -InA subsequently increasing stepwise in -1-O.lnA

steps through to +0.5nA. On switching to DCC mode, the capacity compensation,

sample frequency (3-5kHz) and anti-aliasing filter were finely adjusted by monitoring the

headstage voltage response displayed on a storage oscilloscope to ensure that voltage
transients across the microelectrode decayed fully before voltage sampling occured.

Therefore, the actual membrane potential of the cell should be the same as the sampled

membrane potential recorded in DCC mode.

Membrane Time Constants

The membrane time constant of a cell expressed in milliseconds was measured from the

voltage response of the membrane in response to a negative DC current pulse of -0.2nA

amplitude and 120ms duration as the time required to reach 66% of the steady-state

voltage deflection when the membrane potential was held just subthreshold to firing

spontaneous action potentials, between -60mV and -65mV.
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1.4 RESULTS

In the course of this study stable intracellular recordings of up to approximately 2 hours
were achieved. Of the 150 MVN neurones impaled, 130 cells fulfilled the criteria of

having a resting membrane potential more negative than -50mV and an action potential

amplitude of greater than 60mV (measured as the amplitude of the spike + the amplitude
of the AHP relative to threshold [Asp + A^jjp] see Methods, Fig. 5, the mean amplitude
was 73.5 ± 7.8mV), and were therefore included in the present data. The majority of
neurones recorded from the horizontal MVN slice (123/130, 94.6%) fired spontaneous

action potentials at their resting potentials and were the focus of my study. The remaining
7/130 (5.4%) did not show spontaneous activity and were not studied in detail.

There are two distinct types of spontaneous action potential in the rat MVN

From the averaged spontaneous action potential profiles, two distinct AHP types were

identified in the rat MVN as shown by representatives of each AHP type in Fig.6. Of the
123 spontaneously active MVN neurones included in the present data, 40 (33%) were

characterised by having a single deep AHP (Fig.6a, see also Figs. 1 ID, 12D, 16D, 20C,

22C, 24C, and 27A), ranging from 15 to 27mV in amplitude, with a mean amplitude of

20.4 ± 3.0mV (n = 40). In all MVN neurones showing the single deep AHP, the decay
of the AHP decreased at an inflexion point (arrow in Fig.7a) which slowed the rate of

depolarisation of the membrane potential leading to the next spontaneous action potential.

Following Gallagher et al., (1985) and Serafin et al., (1991a), MVN neurones having a

single deep AHP were characterised as type A.

The remaining 83 of 123 (67%) spontaneously active MVN neurones were characterised

by having a double AHP (Fig.6b-d, see also Figs.7b, 13D, 14, 18D, 21C, 23C, 26C, and

27B), which consisted of a fast transient AHP ranging from 6mV to 18mV in amplitude,

with a mean amplitude of 12.2 ± 3.4mV (n=83). The fast AHP (Fig.6b-d) was seen as

the undershoot to spike repolarisation. The fast AHP was followed by a second, slower
AHP (Fig.6b-d). The amplitude of the slow AHP was dependent on the cell's membrane

potential as described below. Separating the fast and slow AHPs was a small 'hump-like'

potential which did not vary in amplitude when the cell's membrane potential was altered
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Figure 6. Spike shape averaging reveals two subtypes
of spontaneously active MVN neurones, cell types A (a)
and B (b-d). Averages are from four individual cells
taken at their respective resting membrane potentials.



by injection of hyperpolarising or depolarising current (Fig.7b). MVN neurones having a

double AHP were characterised as type B.

The slow AHP of type B cells is voltage-dependent
In the majority of MVN cells possessing a double AHP, both AHPs were visible without

spike shape averaging (54 of 83, 65%). However, in a number of cells it was only after

spike shape averaging that it became evident that either the fast AHP (4 of 83, 5%,

Fig.6c) or the slow AHP (25 of 83, 30%, Fig.6d) was also present. Slowing down the

rate of spontaneous discharge in cell type B by hyperpolarising the cell's membrane

potential resulted in an increase in amplitude of the second slower AHP with little effect

on the fast AHP (Fig.7b). Therefore, in those cells where there was a clear fast AHP but

where the slow AHP was difficult to see without spike shape averaging because of their

high spontaneous discharge frequency (arrows indicate slow AHP in Fig. 8),

hyperpolarising the membrane potential decreased the firing frequency and increased the

amplitude of the slower AHP so that now both fast and slow AHPs were visible without

spike shape averaging (Fig.8). This was a useful method for confirming that these cells

belonged to the type B group of cells showing the double AHP. In contrast,

hyperpolarising the membrane potential in the same way did not affect the amplitude of the

single deep AHP of type A MVN neurones (Fig.7a).
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10 mV, 1 ms
3

b.

Figure 7. Averaged action potential shapes from a type A cell
(a), and a type B cell (b), at different levels of membrane
potential. In (a), trace 2 was taken at the cell's resting
potential (-56mV) and traces 1 and 3 during injection of
depolarising (+0.2nA) and hyperpolarising (-0.15nA) current
respectively. Arrow in (a) indicates the inflexion point where
the rate of decay of the AHP slowed in type A cells. In (b),
trace 1 was taken at the cell's resting potential (-53mV) and
traces 2 and 3 during hyperpolarising current injection.
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Figure 8. Hyperpolarising the membrane potential reveals
more clearly the second slow AHP (arrow) in type B cells with
high spontaneous firing frequencies.
Upper trace, resting discharge. Note that the slow AHP
(arrow) is not clear in every action potential.
Middle and lower traces, the slow AHP appears to increase in
amplitude during a hyperpolarisation of the membrane
potential revealing more clearly the slow AHP after each
spontaneous spike.



Passive membrane properties
The mean values obtained for the membrane properties of the two cell types in this study
are given below in Table 1.

Table 1. The mean values (± S.D.) for the membrane properties of cell types A and B

identified in the rat MVN. NSD, not statistically different. NC, not compared.

cell type A B P value

width at threshold (ms) 0.84±0.17 0.6310.17 <0.001

width at half-height (ms) 0.4210.09 0.3010.07 <0.001

rate of rise (Vs"1) 120129 165145 <0.001
rate of fall (Vs"1) 149145 228165 <0.001

discharge rate (Hz) 32111 24113 <0.001

input resistance (MT2) 77137 55127 <0.01

time constant (ms) 10.515.4 12.215.2 NSD

resting potential (mV) -5312.5 -5412.7 NSD

AHP1 amplitude (mV) 20.413.0 12.213.4 NC

Action potential duration

To test the hypothesis that the two neuronal types observed in this study also differed in
the duration of their respective action potentials, the duration of the averaged spontaneous

action potential of MVN neurones was measured at half-height (Wjj), and at spike
threshold (Wt). The action potential duration of type A cells had a mean width at half-
height of 0.42 ± 0.09ms (n=40), and a mean width at spike threshold of 0.84 ± 0.17ms

(n=40). Type B cells had a mean width at half-height of 0.30 ± 0.07ms (n=83), and a

mean width at spike threshold of 0.63 ± 0.17ms (n = 83). The values obtained for the
duration of the action potential measured at half-height and spike threshold varied over a

wide range and overlapped considerably between cell types (as shown for action potential
duration at spike threshold in Fig.9A). The mean action potential duration of type A cells

was however, significantly (p< 0.001) wider than that of type B cells when measured both
at half-height and spike threshold.
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Figure 9. Histograms showing the distribution of
action potential widths at threshold (A), and the
resting discharge rates (B) of type A and type B
MVN cells.



Rates of rise and fall of the spike

The rate of rise of the action potential (measured as the rate of change of voltage from
threshold to the peak of the spike, see Methods Fig.5) of type A cells had a mean rate of

rise of 120 ± 29Vs_1 (n = 40). The rate of fall of the action potential (measured as the rate

of change of voltage from the peak of the spike to return to threshold, see Methods Fig.5)

showed a mean rate of fall of 149 ± 45Vs_1 (n = 40). The rate of rise of the action

potential of type B MVN neurones had a mean rate of rise of 165 ± 45Vs_I (n=83), and

the rate of fall of the action potential showed a mean of 228 ± 65Vs_1 (n = 83). Both the

mean rates of rise and fall of type B cells were significantly (p< 0.001) faster than those
of the cell type A. Therefore, the broader action potentials of type A cells were the result
of having significantly slower rates of rise and fall than type B cells.

Spontaneous discharge frequency

The mean discharge rate of type A rat MVN neurones (32 ± 11Hz, n=40) was

significantly (p< 0.001) higher than that of type B neurones (24 ± 13Hz, n = 83). The

firing rates of both cell types varied over a wide range as shown in Fig.9B, with type A

cells showing firing frequencies ranging from 7-57Hz, and type B cells ranging from 3-
58Hz.

Resting potentials

There was not a significant difference between the mean values of the resting potentials of

type A cells which showed a mean resting potential of -53 ± 13mV (n=40) and type B

cells with a mean resting potential of -54 ± 12mV (n = 83). The values of the resting

potentials for both cell types ranged from -50mV to -60mV.

Membrane input resistance and time-constants

The mean value of the membrane input resistance of type A cells (77 ± 37MQ, n=30) was

significantly greater (p<0.01) than for type B cells (55 ± 27MQ, n=64). In contrast,

there was no difference between the means of the membrane time-constants of types A

cells (10.5 ± 5.4ms, n=21) and that of type B neurones (12.2 + 5.2ms, n = 42).
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Figure 10. Schematic representation of the medial vestibular
nucleus showing the distribution of recording sites for cell types A
and B.



Cell distribution

There was no indication of regional variation within the MVN, as both cell types were

found throughout its rostro-caudal length (Fig. 10).

The pharmacology of spike repolarisation and the AHPs
The effects of selective ion channel modulators added to the aCSF perfusing the MVN

slice were investigated by analysing the changes in the averaged action potential shape in
order to determine which specific conductances were important to type A and type B cells.

The emphasis of this study was to determine which ionic conductances were involved in
action potential repolarisation and in generating the AHPs.

Effects of TEA on action potential repolarisation and the AHPs

To determine if voltage-activated potassium currents contributed to action potential

repolarisation and the AHPs of both cell types, the potassium channel antagonist TEA

was administered to block voltage-activated potassium currents (Hille, 1992). In the first

instance, 5mM TEA was applied and its effects on both cell types compared. The

concentration of TEA was subsequently increased to lOmM, because in preliminary

experiments on type B cells, increasing the concentration of TEA to lOmM had greater

effects on the spontaneous action potential than 5mM TEA.

Type A cells

Bath application of normal aCSF containing 5mM TEA was tested on 4 type A cells. In
all 4 cells, 5mM TEA prolonged the duration of the action potential when measured both
at half-width and spike threshold (Figs. 1 ID, 17D). The increase in duration started at the

peak of the spike, was constant over the falling phase of the action potential and was not

interrupted by a shoulder as seen, e.g., in rat supraoptic nucleus neurones (Bourque et al.,

1986), and hippocampal CA1 pyramidal neurones (Lancaster and Nicoll 1987; Storm

1987) exposed to TEA. At half-width, the spike width increased from a mean width of
0.42 ± 0.02ms to 0.71 ± 0.05ms, an increase on average of 69.0 ± 17.4%. At spike

threshold the width increased from a mean width of 0.84 ± 0.04ms to 1.61 + 0.11ms, an

average increase of 88.4 ± 13.9%. The increase in duration of the action potential of type

A cells resulted from a decrease in the mean rate of repolarisation of the action potential

from 135.9 ± 4.6Vs_1 to 61.3 ± 15.6Vs_1. The amplitude of the single deep AHP was
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A. control
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B. 5mM TEA

C. 10 mM TEA

D. averaged spikes superimposed
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Figure 11. The cumulative effects of 5mM and 10mM TEA on the resting
discharge and the averaged spike shape of a type A cell.
A. spontaneous resting discharge in normal aCSF.
B. after 7 minutes in 5mM TEA.
C. resting discharge 10 minutes after increasing the concentration to
10mM TEA.
D. Averaged spontaneous action potential shapes from A, B and C
superimposed. Note that the effect of 5mM TEA is slightly less than that
of 10mM TEA.



reduced in 5mM TEA (Figs.llD, 17D) on average by 36.0 ±7.1%, from a mean of 21.1

± 1.5mV to 13.6 ± 2.4mV. Type A cells continued to fire spontaneously at a regular rate

of discharge at rest in TEA as shown for the example in Figs. 1 IB and 17B.

In 3 experiments the concentration of TEA bathing the MVN slice was increased to lOmM

to determine if the observed effects of 5mM TEA were maximal. In all 3 type A MVN

neurones where the cumulative effects of 5mM and lOmM TEA were tested a further

small increase in spike width and decrease in the amplitude of the deep AHP was observed

(Fig. 1 ID). Spike width measured at half-height increased from a mean width of 0.63 ±

0.15ms in 5mM TEA, to 0.69 ± 0.17ms in lOmM TEA, an average increase of 9.4 ±

0.1%, and at spike threshold increased from a mean width of 1.36 ± 0.19ms in 5mM TEA

to 1.65 + 0.14ms in lOmM TEA, an average increase of 21.5 ± 7.0%. The amplitude of

the deep AHP was reduced on average by a further 11.8 ± 1.5% in lOmM TEA

(Fig. 1 ID), from a mean amplitude of 12.2 ± 0.9mV in 5mM TEA to 10.8 ± 0.9mV in
lOmM TEA. The slightly smaller effects on the rate of repolarisation and the amplitude
of the deep AHP by 5mM compared to lOmM TEA, indicates that the effects of 5mM
TEA were indeed near maximal. Type A cells continued to fire spontaneously at a regular
rate of discharge at rest in lOmM TEA (Figs. 11C, 12B).

In a further 4 cells the effects of lOmM TEA were tested without prior application of

5mM TEA. In all 4 cells an increase in spike width was observed when measured both at

half-width and spike threshold (Fig.l2D). The spike duration at half-height increased

from a mean width of 0.42 ± 0.04ms to 0.93 ± 0.11ms, an average increase of 119 ±

6.2%, and at spike threshold from a mean width of 0.87 ± 0.05ms to 2.14 ± 0.38ms, an

average increase of 144.2 ± 32.9%. The increase in spike duration resulted from a

decrease in the rate of repolarisation of the action potential from a mean value of 149.0 ±

14.3Vs_1 to 38.3 ± 7.7Vs"\ The deep AHP of type A cells was reduced (Fig.l2D) on

average by 38.4 ± 8.8%, from a mean amplitude of 22.3 ± 1.52mV to 13.6 ± 1.50mV in
lOmM TEA. As in 5mM TEA, when type A cells were discharging spontaneously at their

resting potentials in lOmM TEA there was no indication of a shoulder interrupting the

repolarising phase of the spike (Fig.l2D). However, when the membrane potential of

type A cells was hyperpolarised to just subthreshold to firing and a small depolarising
current pulse was applied, a short duration plateau was observed occurring approximately
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D. averaged spikes superimposed

Figure 12 A-D. The effects of 10mM TEA and calcium-free aCSF
containing 1mM cadmium ions on the resting discharge and action
potential shape of a type A cell.
A. spontaneous resting discharge in normal aCSF.
B. after 10 mins in 10mM TEA.
C. after 22 mins in Ca-free/Cd aCSF containing 10mM TEA.
D. averaged action potential shapes from A, B and C superimposed.



E. control F. 10mM TEA G. Ca-free/Cd
+ 10mM TEA

Figure 12 E-G. The effects of 10mM TEA and Ca-free/Cd aCSF on the
responses of the same cell as illustrated in Fig.12A-D to current pulses
E. responses to current pulses in normal aCSF.
F. after 10 mins in 10mM TEA. Note the short duration plateau and
secondary spike (arrow) in response to a small amplitude depolarising
current pulse.
G. after 22 mins in calcium-free aCSF containing 10mM TEA. Note that
the plateau potential and secondary spike seen in TEA persist in
calcium-free aCSF.
The membrane potential was held at -60mV in E, F and G.



half way through the repolarising phase of the spike and lasting 5-10ms often with a

smaller amplitude secondary spike superimposed (arrow in Fig.l2F). This short duration

plateau was seen in normal aCSF containing lOmM TEA but not in 5mM TEA. In

response to larger current pulses the short duration plateaux and secondary spikes were

not observed, but instead the cell showed spike amplitude accomodation (Fig,12F). The

effects of TEA were accompanied by an increase in membrane input resistance as seen by
the increased amplitude of the voltage deflection in response to injection of

hyperpolarising current pulses (Fig. 12F) when compared with that seen in normal aCSF

(Fig. 12E). A small increase in the amplitude (3-5mV) of the spontaneous action potential

was also observed in type A cells exposed to TEA, which was presumably due to the
inactivation of a voltage-activated potassium conductance involved in repolarising the

action potential.

Type B cells
Bath application of TEA affected the spontaneous action potential shape of type B MVN

neurones in quite a different manner from that described for type A cells. In normal aCSF

containing 5mM TEA, the action potential duration of all 6 type B cells tested was

prolonged when measured both at half-height and spike threshold, and the fast AHP was

abolished after approximately 5 minutes in TEA (Figs.BD, 18D). The increase in action

potential duration started at the peak of the spike, was constant over the falling phase of
the action potential and was not interrupted by a shoulder. After only a few minutes in
TEA and immediately following spike repolarisation there ensued a period of l-3ms when
the membrane potential was not changing (Fig. 14). This period of isopotentiality was

subsequently followed by a slow, gradual hyperpolarisation of the membrane potential

presumably resulting from the onset of the slow AHP of type B cells. Following the

complete abolition of the fast AHP by TEA the period of isopotentiality was not observed,
instead the decay of the membrane potential following spike repolarisation appeared

exponential in shape (Fig.l3D, 18D). The spike width measured at half-width increased

from a mean value of 0.28 ± 0.02ms to a mean width of 0.48 ± 0.06ms, an average

increase of 66.9 ± 9.9%, and at spike threshold from a mean value of 0.62 ± 0.15ms to a

mean width of 1.23 ± 0.23ms, an average increase of 100.0 ± 20.1%. The increase in

spike duration resulted from a decrease in the rate of repolarisation of the action potential

of type B cells from a mean value of 239.1 ± 29.0Vs_1 to 81.9 ± 23.TVs"1.



A. Control

B. 5 mM TEA

C. 10 mM TEA

D. Action potentials superimposed

10 mV, 1 ms

Figure 13. The cumulative effects of 5mM and 10mM TEA on a type B cell.
A. resting discharge in normal aCSF.
B. after 10 mins in 5mM TEA.
C. after 10 mins in 10mM TEA. Note the spike now shows a plateau potential
half-way through its repolarising phase. Occasionally these plateau potentials
lasted for approximately 1 second.
D. averaged action potential shapes from A and B and single action potentials in
10mM TEA superimposed. Action potential were not averaged in 10mM TEA
because their shapes varied between spikes (see for example C). Note that the
fast AHP is readily abolished in 5mM TEA, with little effect on the slow AHP.
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Figure 14. Averaged action potential shapes
superimposed from a type B cell before (control) and
after 3 mins in 5mM TEA. Note that the fast AHP is
abolished after only a few minutes in TEA.



Whereas the fast AHP was abolished in 5mM TEA, there was no measurable change in
the amplitude of the slower AHP (Figs.l3D, 18D). All type B cells continued to fire at a

steady rate of discharge in 5mM TEA (Figs.l3B, 18B).

When the concentration of TEA was increased from 5mM tolOmM in 4 experiments, the

duration of the action potential of type B cells was increased further. However, the
increase in spike width was not constant over the falling phase of the action potential.
After a few minutes in lOmM TEA, the spontaneous action potentials now contained a

shoulder occurring half way through the repolarising phase and often showing a smaller

secondary spike superimposed (Fig.l3D). With continued exposure to lOmM TEA, the
shoulder developed into a short plateau lasting 25-120ms measured at firing threshold

(Fig,13D). At this point it was no longer possible to obtain an averaged action potential

shape because of the variation in the plateau potential in successive spikes, and therefore
the duration of the plateaux was estimated from data recorded on video tape and analysed
offline. As shown in Fig.l3C, infrequently the duration of the plateau lasted up to one

second and was followed by a larger amplitude but slowly developing AHP which

interrupted an otherwise regular pattern of discharge at the cell's resting potential.

Hyperpolarising the cell's membrane potential to just subthreshold to firing and applying

depolarising current pulses at this point however, always elicited plateaux which did not

terminate when the current pulse had ended (Fig. 15).

A further 11 type B cells were exposed to lOmM TEA without prior exposure to 5mM
TEA. In 7 of the 11 cells, after exposure to lOmM TEA each cell behaved in a similar
manner to that described above (Figs.l3C, 19B). The remaining 4 type B cells responded

to lOmM TEA in the following manner. After a few minutes in lOmM TEA, a slow,

ramp-like depolarisation of the membrane potential was observed (Fig.l6B). As the

membrane gradually depolarised the cell fired several action potentials with short duration

plateaux lasting 25-30ms at increasing frequency eventually culminating in an action

potential with a plateau lasting 1.75-2 seconds (filled arrows in Fig.l6B indicate plateaux).
This was followed by a large slow AHP . Following the spontaneous action potential with
the longer plateau potential the above sequence of events was repeated as shown in

Fig.l6B. With continued exposure to lOmM TEA, the firing behaviour of these cells at

their resting potential eventually changed to one where only single spontaneous action

52



Figure 15. Responses to current pulses in a type B cell
after 8 mins in 10mM TEA. The membrane potential is held
at -65mV. Note that a plateau potential outlasting the current
pulse was observed in response to depolarising current
pulses at this time.



A. Control

B. 10mM TEA (after 5 mins)

C. 10mM TEA (after 12 mins)
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Figure 16 A-D. Effects of 10mM TEA and calcium-free aCSF containing 1mM
cadmium ions on a type B cell.
A. spontaneous resting discharge in normal aCSF.
B. resting discharge after 5 mins in 10mM TEA. Arrows indicate broad spikes
firing at an increasing frequency and culminating in a spike with a plateau
potential lasting approximately 250ms (filled arrow).
C. spontaneous action potentials after 12 mins in 10mM TEA. The cell at this time
only fired a spike showing a plateau potential lasting 1sec.
D. spontaneous resting discharge after 25 mins in Ca-free/Cd aCSF. Note that the
duration of the plateau potential has been markedly reduced.



E. control F. 10mM TEA G. 10mM TEA
+ Ca-free/Cd
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0.1 nA
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Figure 16 E-G. Responses to current pulses in normal aCSF, 10mM
TEA and calcium-free aCSF containing cadmium ions on the same
type B cell as illustrated in Fig.16A-D.
E. responses to current pulses in normal aCSF.
F. after 10 mins in 10mM TEA. Arrows indicate low threshold
depolarisations with fast spikes superimposed.
G. after 20 mins in Ca-free/Cd aCSF containing 10mM TEA. Note that
the low threshold reponses and the plateau potentials which outlast the
depolarising current pulses observed in F, are no longer present.
The membrane potential was held at -65mV in E-G.



potentials with a plateau lasting 1.75-2 seconds was observed (Fig.l6C). As shown in

Fig. 16, in normal aCSF containing lOmM TEA (Fig.l6F), 2-4 fast action potentials

superimposed on a depolarising potential (arrows in Fig.l6F) were evoked following

hyperpolarising pre-pulses in these type B cells which were not observed before exposing
these cells to TEA (Fig. 16E).
The effects of TEA were accompanied by a 5-1 lmV increase in action potential amplitude

and an increase in membrane input resistance as seen by the increased amplitude of the

voltage deflection in response to injection of hyperpolarising current pulses (Fig.l6F)
when compared with that seen in normal aCSF (Fig.l6E).

Effects of calcium-substituted aCSF containing TEA on spike repolarisation and the

AHPs

To determine if the calcium-activated potassium currents were involved in action potential

repolarisation and the AHPs of types A and B MVN neurones, calcium ions were replaced
with the inorganic calcium channel blockers cadmium or cobalt in several experiments to

prohibit calcium influx and therefore block the generation of any calcium-activated

potassium currents. In a series of experiments the cumulative effects of low Ca/Co aCSF

acting in the presence of 5mM or lOmM and Ca-free/Cd aCSF containing lOmM TEA
were examined on the spontaneous action potentials of types A and B MVN cells.

Type A cells

The effect of low Ca/Co aCSF containing 5mM TEA and Ca-free/Cd aCSF containing

lOmM TEA was tested on 2 and 3 type A cells respectively. After 15-20 minutes

exposure to the inorganic calcium channel blockers, the duration of the action potential
was increased over and above that observed in normal aCSF containing TEA, and the

remaining component of the single, deep AHP was abolished (Figs.l2D, 17D). The
increase in spike width started at the peak of the spike, was constant over the repolarising

phase of the action potential and was not interupted by a shoulder at the cells resting

potential. In low Ca/Co aCSF containing 5mM TEA (Fig.l7D), the duration of the spike

when measured at half-width increased from a mean value of 0.71 ± 0.05ms in normal

aCSF containing 5mM TEA to 1.0 ± 0.07ms, an average increase of 40.3 ± 0.5%, and at

spike threshold increased from a mean value of 1.5 ± 0.3ms in normal aCSF containing
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5mM TEA to 2.3 ± 0.3ms, an average increase of 51.8 ± 8.2%. The increase in spike
duration resulted from a decrease in the rate of repolarisation of type A cells from a mean

value of 52.6 ± 4.7Vs_1 in normal aCSF containing 5mM TEA to 31.2 ± 3.0Vs_1.

In Ca-free/Cd aCSF containing lOmM TEA (Fig. 12D), the spike width at half-height

increased from a mean width of 0.9 ± 0.1ms in normal aCSF containing lOmM TEA to

1.6 ± 0.1ms, an average increase of 85.7 ± 14.0%. At spike threshold the width

increased from a mean value of 2.0 ± 0.5ms in normal aCSF containing lOmM TEA to

4.1 ± 0.7ms, an average increase of 103.4 ± 15.9%. The increase in spike duration
resulted from a decrease in the mean rate of repolarisation of the action potential of type A

cells from 42.5 ± 9.2Vs_1 in normal aCSF containing lOmM TEA to 13.5 ± 2.7Vs_1 in Ca-

free/Cd aCSF containing lOmM TEA.

Type A cells continued to fire spontaneously at a steady discharge rate in calcium-
substituted aCSF containing TEA (Figs,12C, 17C), confirming that the spontaneous

activity is not synaptically generated. The short plateaux and secondary spikes evoked by
small depolarising current pulses when the membrane potential was hyperpolarised to a

level just subthreshold to firing, persisted in calcium-substituted aCSF containing TEA

(arrows in Fig.l2G), confirming that they are not calcium-dependent. In response to

larger depolarising current pulses complete action potential amplitude accomodation was

observed in calcium-substituted aCSF containing TEA (Fig.l2G). The effects of calcium-

subsituted aCSF were accompanied by an increase in membrane input resistance as seen by
the increased amplitude of the voltage deflection in response to injection of

hyperpolarising current pulses (Fig.l2G) when compared with that seen in normal aCSF

containing TEA (Fig.l2F). A 2-4mV depolarisation of the membrane potential was

observed in calcium-substituted aCSF, and a 2-3mV and 10-17mV reduction in the

amplitude of the action potential in low Ca/Co and Ca-free/Cd aCSF respectively was also
observed. The effect on action potential amplitude is presumably due to cadmium ions

partially blocking a sodium conductance as has been described, for example, in rat dorsal
root ganglion neurones (Kostyuk et al., 1981) and calf cardiac Purkinje fibres

(DiFrancesco et al., 1985).
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A. Control

B. 5mM TEA

C. 5mM TEA + Low Ca/Co

D. averaged spikes superimposed

Figure 17. Effects of 5mM TEA and low calcium aCSF containingcobalt ions on the resting discharge and action potential shape of a
type A cell.
A. spontaneous resting discharge in normal aCSF.
B. after 10 min in 5mM TEA.
C. spontaneous resting discharge after 20 min in low Ca/Co aCSF
containing 5mM TEA.
D. averaged action potentials from A,B and C superimposed.



Type B cells

The effects of low Ca/Co aCSF containing 5mM TEA and Ca-free/Cd aCSF containing
lOmM TEA were examined on 3 and 10 type B MVN neurones respectively. In low
Ca/Co aCSF containing 5mM TEA the action potential duration was increased further, and

the action potential developed a shoulder half-way through the repolarising phase in a

similar manner to that described above for normal aCSF containing lOmM TEA

(Fig.l3D). After 10-15min a short duration plateau potential measuring 5-25ms at

threshold with 1-3 smaller spikes superimposed was observed (Fig.l8C&D).

Of the 10 type B cells exposed to Ca-free/Cd aCSF containing lOmM TEA, after 5-10min
in normal aCSF containing lOmM TEA, three of the ten cells showed a slow, ramp-like

depolarisation of the membrane potential and behaved as described above and illustrated in

Fig. 16. The long plateaux following the spontaneous action potential in all 3 cells was

reduced in Ca-free/Cd aCSF containing lOmM TEA from 1.75-2s to a short duration

plateau lasting 25-100ms at their resting potential (Fig.l6D). As shown in Fig.l6F, and

as described above, in normal aCSF containing lOmM TEA, bursts of 2-4 fast action

potentials superimposed on a low threshold depolarising potential were evoked following

hyperpolarising pre-pulses (arrow in Fig.l6F). These low threshold bursts were not

present before the application of TEA (Figl6E) and were abolished in Ca-free/Cd aCSF

containing lOmM TEA (Fig.l6G), indicating that the low threshold depolarising potential
was due to a low threshold calcium conductance. The action potential now showed only a

short duration plateau occuring half-way down the repolarising phase of the action

potential and lasting 25-30ms (Fig,16D).

The remaining 7 of the 10 type B MVN neurones fired short duration plateaux measuring
25-120ms at a steady rate with an occasional longer duration plateau lasting 1 second in
normal aCSF containing lOmM TEA as shown in Figs,13C, and 19B. After 20min

exposure to Ca-free/Cd aCSF containing lOmM TEA, the plateaux increased in duration
so that each plateau now lasted between 7-9s (Fig.l9C). These cells continued to fire

spontaneously at a regular rate of discharge at their resting potential. The AFIP following
the plateau observed in normal aCSF containing TEA was abolished. However, the cell's
membrane potential began to depolarise in a ramp-like manner towards threshold once

repolarisation of the plateau was complete (Fig.l9C). The remaining spontaneous activity
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A. Control

10 mV 1
10 ms

B. 5 mM TEA

C. 5mM TEA + low Ca/Co

Figure 18. Effects of 5mM TEA and low calcium aCSF containing
cobalt ions on the resting discharge and action potential shape of a
type B cell.
A. spontaneous resting discharge in normal aCSF.
B. after 10 min in 5mM TEA.
C. after 15 min in low Ca/Co aCSF containing 5mM TEA. The arrows
here and in D, indicate secondary spikes superimposed on a plateau
potential occurring half-way through the repolarising phase of the
spike.
D. averaged spontaneous action potential shapes from A, B and C
superimposed.



A. Control

B. 10 mM TEA

| 10 mV. 250 ms

C. 10 mM TEA + Ca-free/Cd
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10 mV, 2000 ms

D. 10mM TEA + Ca-free/Cd + 0.5uM TTX

-1000 pA

Figure 19. Effects of TEA, calcium-free aCSF containing 1mM cadmium ions
and 0.5uM TTX on a type B cell.
A. resting discharge in normal aCSF.
B. after 12 min in 10mM TEA. Note the broad action potentials containing
plateau potentials lasting approximately 25-30ms (first two spikes) followed by
an action potential with aplateau lasting 1.25s.
C. spontaneous action potentials in Ca-free/Cd aCSF containing 10mM TEA.
Note that the cell only fires action potentials with plateau potentials lasting 7-9s.
Immediately following repolarisation of the plateau potential, the membrane
potential shows a ramp-like depolarisation leading to the next action potential.
D. responses to current pulses at the cell's resting potential in the same cell
after 5 mins in 0.5uM TTX. Note that the plateau potentials and spontaneous
activity were abolished in TTX.



and plateaux were abolished after the addition of TTX (0.5pm) to the medium in 3

experiments (Fig.l9D). The effects of Ca-free/Cd aCSF containing TEA were

accompanied by an increase in membrane input resistance as seen by the increased

amplitude of the voltage deflection in response to injection of hyperpolarising current

pulses (Fig.l6G) when compared with that seen in normal aCSF containing TEA

(Fig.l6F).

Effects of Ca-substituted aCSF on spike repolarisartion and the AHPs

The calcium-activated potassium conductance, 1^, is sensitive to TEA (MacDermott and

Weight, 1982; Zbicz and Weight, 1985). Therefore, the effects of TEA on types A and B
MVN neurones may be due to a blocking action on this conductance. To test this

hypothesis the effects of Ca-free/Cd aCSF on the spontaneous action potentials of types A
and B MVN neurones were examined.

Type A cells

After 15-20min exposure to Ca-free/Cd aCSF in 3 type A cells, the duration of the action

potential was increased slightly and the amplitude of the single, deep AHP was reduced

(Fig.20C). When measured at half-width the spike width increased from a mean value of

0.5 ± 0.03ms to 0.57 ± 0.03ms, an average increase of 15.0 ± 1.5%, and at spike

threshold the width increased from a mean width of 0.90 ± 0.03ms to 1.50 ± 0.08ms, an

average increase of 67.5 ± 3.5%, indicating that the calcium-substituted aCSF was mainly

having its effect on the second half of spike repolarisation. The increase in spike width

resulted from a reduction in the rate of repolarisation from a mean of 137.0 ± 37.2Vs_1 to

70.5 ± 25.1VS"1. The characteristic deep AHP of type A cells was reduced from a mean

value of 20.9 ± 3.7mV to 11.8 ± 2.8mV, an average reduction of 43.6 ± 4.8%. In Ca-

free/Cd aCSF, type A cells continued to fire spontaneously (Fig.20B), again confirming
that the observed spontaneous activity is not synaptically generated. The effects of Ca-
free/Cd aCSF were accompanied by an increase in membrane input resistance as seen by

the increased amplitude of the voltage deflection in response to injection of

hyperpolarising current pulses (Fig.20E) when compared with that seen in normal aCSF

(Fig.20D). In response to depolarising current pulses, type A cells fired a greater number
of action potentials (Fig.20E) probably as a result of the increase in membrane input
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A. Control

B. Ca-free/Cd

C. Averaged spikes superimposed

Figure 20 A-C. Effects of calcium-free aCSF containing 1 mM
cadmium ions on the resting discharge and action potential shape of
a type A cell.
A. resting discharge in normal aCSF.
B. after 15 mins in Ca-free/Cd aCSF.
C. averaged action potential shapes from A and B superimposed.
Note that Ca-free/Cd aCSF mainly affects the AHP and the lower half
of the repolarising phase of the action potential.
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Figure 20 D-E. Responses to current pulses in calcium-free
aCSF containing 1mM cadmium ions on the same type A cell
illustrated in Fig.20A-C.
D. responses to current pulses in normal aCSF.
E. after 15 min in Ca-free/Cd aCSF.
The membrane potential was held at -65mV in D & E.



resistance combined with the reduction of the deep AHP. The membrane potential of type

A cells was depolarised by 2-4mV in Ca-free/Cd aCSF, and a decrease in action potential

amplitude of 8-12mV was observed, presumably as a result of the effects of cadmium ions
on sodium channels as suggested above.

Type B cells

The effects of Ca-free/Cd aCSF were tested on 4 type B cells. After 5-10min exposure to

Ca-free/Cd aCSF, in contrast to the regular rate of discharge observed in normal aCSF

(Fig.21A), in Ca-free/Cd aCSF all 4 type B cells tested showed burst-like behaviour which

was seen as 10-20 fast action potentials superimposed on a depolarising potential lasting

250-300ms (Fig.2IB). To determine if the calcium-substituted aCSF was having an effect
on the repolarising phase or the AHPs of the action potential of type B cells, the 10-20
action potentials superimposed on the depolarising potential were averaged. As shown in

Fig.21C, there was no change in action potential duration when spike width was measured
at half-height or threshold, indicating that there was no effect on the repolarising phase of
the action potential. The slow AHP was abolished in Ca-free/Cd aCSF, whereas the fast

AHP was reduced on average by 30.9 ± 10.6% (Fig.21C), from a mean amplitude of 15.4

± 0.2mV to 10.6 ± 1.6mV. The effects of Ca-free/Cd aCSF were accompanied by an 8-
llmV decrease in the amplitude of the action potential, presumably as a result of the
effects of cadmium ions on sodium channels as suggested above, and also by a slight

decrease in membrane input resistance as seen by the decreased amplitude of the voltage
deflection in response to injection of hyperpolarising current pulses (Fig.2IE) when

compared with that seen in normal aCSF (Fig.2ID). In response to depolarising current

injection, type B cells fired a greater number of action potentials (Fig.21E), presumably
because of the abolition of the hyperpolarising influence of the slow AHP.
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A. Control

10 mV 100 ms

B. Ca-free/Cd

—J#
200 ms

C. averaged spikes superimposed

10 mV 1 ms

Ca-free/Cd

control

Figure 21 A-C. Effects of calcium-free aCSF containing 1mM
cadmium ions on the resting discharge and the action potential
shape of a type B cell.
A. resting discharge in normal aCSF.
B. after 15 mins in Ca-free/Cd aCSF. Note the the normal tonic
discharge seen in A, was replaced by a burst-like firing at the cell's
resting potential.
C. averaged action potential shapes from A and B superimposed.
Note that the fast AHP is reduced by approximately 30%, in
contrast to the slow AHP which was abolished in Ca-free/Cd aCSF.
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Figure 21 D-E. Responses to current pulses in calcium-free
aCSF containing 1mM cadmium ions on the same type B cell
illustrated in Fig.21A-C.
D. responses to current pulses in normal aCSF.
E. after 20 min in Ca-free/Cd aCSF.
The membrane potential was held at -65mV in D & E.

10mV 20ms



The slow AHP of type B cells is sensitive to apamin
Whereas a reduction of the deep AHP of type A cells and the fast AHP of type B MVN
neurones was observed in Ca-substituted aCSF, the slow AHP was completely abolished.
To determine if the calcium-dependent AHPs of types A and B MVN neurones were

mediated by different calcium-activated potassium currents, the selective SK-type calcium-
activated potassium channel inhibitor, apamin (Blatz and Magleby, 1986) was bath applied

to both cell types.

Type A cells

The effects of 0.1pm apamin were examined on 3 type A MVN neurones. There was no

measurable change to the averaged action potential shape of type A cells 20min after bath

application of apamin as shown by the superimposed averaged action potential shapes in

Fig.22C, indicating that the repolarising phase of the action potential was unaffected, nor

did it affect the deep AHP markedly. In 2 of the 3 cells a small decrease of approximately
5% in the amplitude of the deep AHP was observed however (Fig.22C), whereas there

was no effect on the amplitude of the deep AHP of the remaining type A cell. The regular

firing pattern of type A neurones was unchanged in 0.1pm apamin (Fig.22B) and the cells
continued to fire at the same rate of spontaneous discharge as observed in normal aCSF

(Fig.22A). In response to depolarising current pulses, however, type A cells fired at

higher rates of discharge (Fig.22E) when compared to that observed in normal aCSF

(Fig.22D), presumably as a result of an increase in membrane input resistance which is
seen by the larger voltage deflections in response to injection of hyperpolarising current

pulses in Fig.22E.

Type B cells

The effects of 0.1pm apamin were examined on 4 type B MVN neurones. As in type A

cells, there were no change to the shape of the repolarising phase of the spontaneous

action potential after 20min exposure to apamin (Fig.23C). In contrast, the slow AHP of

type B cells was completely abolished after lOmin, whereas the fast AHP was insensitive
to apamin (Fig.23C). Prior to bath application of apamin, all type B cells tested showed a

regular and steady rate of discharge as shown in Fig.23A. Blocking the slow AHP
resulted in a change in the spontaneous discharge pattern, so that the regular firing pattern

of type B cells was lost and each cell now fired irregularly spaced action potentials
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(Fig.23B). As in type A cells, the effect of apamin on type B cells was associated with an

increase in membrane input resistance which is seen by the larger voltage deflections in

response to injection of hyperpolarising current pulses in Fig.23E, compared to that
observed in normal aCSF (Fig.23D). In response to small depolarising current pulses of

sufficient strength to reach threshold, type B cells fired a pair of action potentials whereas

only one was observed before apamin blocked the slow AHP (Fig.23D&E). In contrast,

with larger depolarising current injection the cell fired repeatedly many more action

potentials compared to that seen in normal aCSF (Fig.23D&E).
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A. Control

B. 0.1 uM apamin

C. averaged spikes superimposed

Control

Figure 22 A-C. The effects of 0.1 uM apamin on the
spontaneous discharge and the action potential shape of a
type A cell.
A. spontaneous resting discharge in normal aCSF
B. after 12 min in 0.1 urn apamin. Note there is no change in
the resting discharge rate.
C average spike shapes from A and B superimposed.
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Figure 22 D-E. Responses to current pulses in 0.1 um apamin on
the same type A cell illustrated in Fig.22A-C.
D. responses to current pulses in normal aCSF.
E. after 15 min in 0.1um apamin. Note the increase in membrane
input resistance to hyperpolarising current pulses, and the
increase in discharge frequency in reponse to a small amplitude
depolarising current pulse in apamin.
The membrane potential is held at -65mV in D & E.



A. Control

10 mV I 100 ms

B. 0.1uM Apamin

C. Averaged spikes superimposed

Figure 23 A-C. The effects of 0.1 um apamin on the spontaneous
discharge and averaged action potential shape of a type B cell.
A. spontaneous resting discharge in normal aCSF.
B. irregular discharge pattern after 7 min in 0.1 um apamin.
C. averaged action potential shapes from A and B superimposed.
Note that the slow AHP is selectively abolished.
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0.5 nA

0.2 nA
-0.2 nA
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-1.0 nA

20 ms

Figure 23 D-E. responses to current pulses in 0.1 um apamin
on the same type B MVN neurone illustrated in Fig.23A-C.
D. responses to current pulses in normal aCSF.
E. after 10 min in 0.1 um apamin.
The membrane potential was held at -60mV in D & E..



Effects of 4-aminopyridine on spike repolarisation and the AHPs

To determine if A-currents were involved in spike repolarisation or in the AHPs of both

cell types, the selective A-current antagonist, 4-AP, was bath applied at a concentration

(0.5mM) which blocks the A-currents on hippocampal pyramidal neurones (Gustafsson et

al., 1982; Zbicz and Weight, 1985; Storm, 1987, 1988, 1990).

Type A cells

Bath application of 0.5mM 4-AP to 3 type A MVN neurones prolonged the duration of the

spontaneous action potential and reduced the amplitude of the single deep AHP (Fig.24C).

The increase in action potential width started at the peak of the spike and was constant

over the falling phase. At half-width, spike duration increased from a mean width of 0.47

± 0.10ms to 0.57 ± 0.03ms, an average increase of 27.8 ± 13.7%. At spike threshold the

width increased from a mean value of 0.81 ± 0.01ms to 1.06 ± 0.08ms, an average

increase of 26.7 ± 7.7%. The increase in spike duration resulted from a reduction to the

rate of repolarisation from a mean value of 152.5 ± 0.7Vs~' to 103.0 ± 5.6Vs_1. The

amplitude of the deep AHP was reduced on average by 19.8 ± 4.8%, from a mean

amplitude of 24.5 ± O.lmV to 19.8 ± 1.3mV. All type A cells continued to fire with a

regular discharge pattern, albeit at slightly higher rates of discharge in 0.5mM 4-AP as

shown in Fig.24B compared to that seen in normal aCSF (Fig.24A), presumably as a

result of the reduction in the amplitude of the deep AHP.

As indicated on the superimposed averaged action potential shapes of the type A cell in

Fig.24C, the inflexion (arrow) in the decay of the deep AHP was not abolished by 4-AP.

It is unlikely therefore, that this inflexion is the result of the activation of the 4-AP
sensitive A-current as postulated by Serafin et al. (1991a). However, it is possible that
the concentration used in this study (0.5mM) was not sufficient to block the A-current.

Indeed, in a voltage clamp study of A-currents in guinea-pig dorsal lateral geniculate
nucleus neurones, the transient A-current was not abolished until at least 5mM 4-AP was

used (McCormick, 1991). To investigate the effects of high concentrations of 4-AP, two

MVN cells were tested with 5mM 4-AP. Increasing the concentration of bath applied 4-

AP to 5mM resulted in spontaneous membrane potentials which interacted with the

existing spontaneous activity to create an irregular pattern of discharge as shown in
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A. Control

| 10 mV, 10 ms

B. 0.5mM 4-AP

C. Averaged spikes superimposed

Figure 24 A-C. Effects of 0.5mM 4AP on the resting dischargeand the action potential shape of a type A cell.A. spontaneous resting discharge in normal aCSF.B. after 10 minutes in 0.5mM 4AP.
C. averaged spontaneous action potential shapes from A and Bsuperimposed. Note that the infexion (arrow) in the decay of thesingle AHP characteristic of type A cells was not abolished by0.5mM 4-AP.
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Figure 24 D-F. Responses to current pulses in 0.5mM 4AP on a type
A cell.
D. responses to current pulses in normal aCSF.
E. after 10min in 0.5 mM 4AR Note the increase in the level of
PSP-like activity in 4AP.
F. current voltage relationship from A and B (arrow indicates where
measurements were made).
The membrane potential was held at -66mV in D & E..



G. Control

120 mV

50 ms

+0.2 nA

H. 0.5 mM 4-AP

120 mV

50 ms

+0.2 nA

Figure 24 G-H. Effects of 0.5mM 4AP on the delay to action
potential generation in a type A cell.
G. four sequential traces in response to a 0.2nA current pulse
in normal aCSF.
H. after 12min in 0.5mM 4AP. Note that the latency to the first
evoked action potential is unchanged. However, a greater
number of action potentials are evoked by the depolarising
current pulse.
The membrane potential was held at -65mV in both G and H.



A. Control

10 mV 100 ms

B. 5mM 4AP

L-AA/vA/V'AA^

Figure 25. Effects of 5mM 4AP on the
spontaneous discharge of a MVN neurone.
A. resting discharge in normal aCSF.
B. after 5 min in 5mM 4AP. Note the increase in
PSP-like activity.



Fig.25. Because of the increase in the background PSP activity, the analysis of the AHP

profiles of MVN cells in high concentrations of 4-AP was not possible.

In guinea-pig type A MVN neurones, the A-like rectification was seen as a delayed return

to threshold following a hyperpolarising pulse given from the cell's resting potential, or as

a delay to the first action potential evoked by a depolarising current pulse given when the

membrane potential was held at -65 mV, often with a characteristic notch at the start of

the voltage trace (Figs. 3B and D respectively, page 419, Serafin et al 1991a). The A-like

rectification as described above for guinea-pig type A MVN neurones was not observed in

rat type A or type B MVN cells. In contrast, the voltage trajectory in response to a 0.2nA

depolarising current pulse when the cell's membrane potential was held at -65mV showed

a gradual depolarisation to action potential generation (Fig.24G). Bath application of

0.5mM 4-AP did not affect the delay to the first evoked action potential for type A cells

markedly (Fig.24H). However, after exposure to 4-AP type A cells now fired three action

potentials consistently (Fig.24H) in response to the depolarising current pulse when

compared to the one, and occasionally two action potentials observed in normal aCSF

(Fig.24G). The observed increase in the number of action potentials evoked by the

depolarising current pulses following the application of 4-AP may be as a result of the
decrease in the amplitude of the deep AHP, rather than as a result of an increase in the

cell's membrane input resistance as there was no observed change in the current-voltage

plot measured at steady state after exposure to 4-AP as shown in Fig.24C.

Type B cells

A similar increase in the duration of the action potential was observed in 4 type B cells

exposed to 0.5mM 4-AP (Fig.26C). The increase in action potential duration started at

the peak of the spike and was constant over the repolarising phase of the averaged action

potential shape. When measured at half-width, the duration of the action potential

increased from a mean width of 0.25 ± 0.03ms to 0.56 ± 0.02ms, an average increase of

126.7 ± 24.9%. At spike threshold the width increased from an average value of 0.47 ±

0.07ms to 1.27 ± 0.10ms, an average increase of 169.7 ± 17.8%. The increase in spike

duration resulted from a slowing of the rate of repolarisation from a mean of 322.1 ±

47.1Vs_1 to 84 ± 11.6VS1. The fast AHP of type B cells was abolished in 0.5mM 4-AP

(Fig.26C) in a similar way to that observed in 5mM TEA (Figs.l3D, 18D), whereas a
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A. control

fv«.

j 10 mV, 20 ms

B. 0.5mM 4-AP

C. averaged spikes superimposed

I 10 imV, 1 ms

Control

Figure 26 A-C. Effects of 0.5mM 4AP on the resting
discharge and action potential shape of a type B cell.
A. spontaneous resting discharge in normal aCSF.
B. after 10 minutes in 0.5mM 4AP.
C. averaged spontaneous action potential shapes from A and
B superimposed. Note that the fast AHP is abolished, and the
slight increase in amplitude of the slow AHP in 4-AP.



D. Control E. 0.5mM 4-AP

Figure 26 D-F. Responses to current pulses in 0.5mM 4AP on the same
type B MVN neurone illustrated in Fig. 26A-C.
D. responses to current pulse in normal aCSF.
E. after 10min in 0.5mM 4AP.
F. current / voltage relationship from A and B (arrows indicate where
measurements were made).
The membrane potential was held at -60mV in D & E..
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G. Control

H. 0.5 mM 4-AP

Figure 26 G-H. Effects of 4AP on the delay to action potential
generation on a type B cell.
G. four sequential traces in response to a 0.2nA depolarising
current pulse in normal aCSF.
H. after 12min in 0.5mM 4AP. Note that the latency to the first
evoked action potential was decreased in type B cells.
The membrane potential was held at -65mV in G & H.



5.8 +- 0.6% average increase in the amplitude of the slow AHP was recorded (Fig.26C).
As previously described and shown in Fig.23C, the slow AHP of type B cells is mediated

by an apamin-sensitive calcium-activated potassium current, therefore the augmentation
observed in 4-AP may possibly be due to 4-AP facilitating a calcium conductance through

voltage-sensitive calcium channels (Rogawski and Barker, 1983). Alternatively, this effect

may be the result of increased calcium entry during the action potential which was

prolonged due to the blockade of potassium channels by 4-AP (Segal and Barker, 1986).

In contrast to type A cells, in response to a 0.2nA depolarising current pulse when the
membrane potential of type B cells was held at -65mV, the delay to the first evoked action

potential was markedly reduced (Fig.26H) compared to that observed in normal aCSF

(Fig.26G). The observed reduction in the delay to the first evoked action potential cannot

be accounted for by an increase in the cell's membrane input resistance as there was no

shift of the current-voltage plot when measured at steady state in 4-AP compared to that

observed in normal aCSF (Fig.26C). The effects of 4-AP were accompanied by a 7-1 lmV

increase in the amplitude of the averaged spontaneous action potential of type B cells, in
contrast to that observed in type A cells where a smaller increase of l-3mV in spike

amplitude was recorded. Type B cells continued to fire with a regular discharge pattern,

but at slightly higher rates of spontaneous discharge in 0.5mM 4AP (Fig.26B) compared
to that observed in normal aCSF as shown in Fig.26A.

Effects of carbachol

To determine if the deep AHP of type A MVN neurones and the fast and slow AHPs of

type B cells involved the M-current, carbachol (100pm) was administered to

spontaneously active MVN neurones for a period of 60 seconds.
Bath application of carbachol depolarised the membrane potential of both cell types by 3-5
mV. To test if the agonist was affecting the action potential shape during the membrane

depolarisation, the membrane potential of the cell was monitored on a chart recorder and

artificially returned to its control level at the point where the drug was having its
maximum effect by intracellular injection of continuous negative DC current. The

superimposed averaged action potential shapes of representatives of both cell types are

shown in Fig.27. Carbachol had no effect on action potential duration or on the deep AHP
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Figure 27. Lack of effect of 100uM carbachol on the averaged actionpotential shape of cell types A and B.
A. Type A cell: averaged spontaneous action potential shapessuperimposed.
B. Type B cell: averaged spontaneous action potential superimposed.



A. Control B. 3mM Caesium

10 mV 20 ms

-500 pA -500 pA

Figure 28. Bath applied 3mM caesium ions blocks the inward rectification
(arrow) on MVN neurones.
A. response to a 0.5nA hyperpolarising current pulse in normal aCSF.
B. after 5 mins in aCSF containing 3mM caesium ions. Note that the 'sag'
(arrow in A) is no longer apparent.
The membrane potential was held at -60mV in A & B.



of type A cells (n=3, Fig.27A), nor the fast or slow AHPs of type B cells (n = 3,

Fig.27B).

Inward rectification

As shown in Figs.l2E, 16E, 20D, 21D, 22D, 23D, 24D, 26D, and 28A, a voltage- and

time-dependent sag in the voltage response to hyperpolarising current pulses (arrow in

Fig.28A) was observed in the majority of cell types A and B of the rat MVN and appeared

more prominent as the amplitude of the hyperpolarising current pulse was increased. The

prominence of the sag varied between cells with many cells showing a very pronounced

sag. Application of 3mM caesium to the aCSF blocked the sag in 3 cells tested (Fig.28B),
whereas it persisted in all type A and B cells following exposure to TEA, Ca-substituted

aCSF, apamin, 4-AP or 0.5pm TTX (Figs.l2F&G, 15, 16F&G, 19D, 20E, 21E, 22E.

23E, 24E, and 26E).

Summary

The results show that there are two electrophysiologically distinct spontaneously active
cell types in the MVN, type A cells and type B cells. Type A cells are characterised by a

single deep AHP following their spontaneous action potential. Type B cells on the other

hand, are characterised by a fast transient AHP which is followed by a second slower
AHP. Type A cells comprised 33% (40/130) of the spontaneously active cells sampled, in
contrast type B cells comprised 67% (83/130). Type A cells fired at a higher mean

frequency than type B cells. With the use of selective antagonists to block voltage-gated

potassium and calcium channels and calcium-substituted media, it was shown that the ionic
conductances involved in spike repolarisation and the AHPs of cell types A and B of the

rat MVN are different. In type A cells, TEA increased spike duration and reduced the

single deep AHP. A further increase in spike duration was observed in calcium-free
medium containing TEA and the AHP was abolished. Apamin and carbachol had little
effect on the action potential shape of type A cells. In contrast, the spontaneous action

potentials of type B cells developed plateau potentials in TEA. The fast AHP of type B
cells was unaffected by apamin whereas the slow AHP was abolished. Carbachol had no

effect on the biphasic AHP of type B cells.
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The morphology of types A and B rat MVN neurones revealed hy intracellular

injection of biocytin
A preliminary study was carried out to determine if there were systematic differences in
the morphology of cell types A and B. After recording intracellularly from 10 tonically
active rat MVN neurones, each cell was injected with biocytin for 10-15 minutes. Fig.29
shows photomicrographs of two representative biocytin-filled MVN cells. From the

averaged action potential shapes, 3 of the 10 cells injected with biocytin were classified as

type A, the remaining 7 cells were of type B.

Somatodendritic morphology
In the horizontal sections, the somata of 2 of the 3 type A cells appeared pyramidal shaped

with the primary dendrites emerging from each corner of the pyramid (Fig.30B&C). The

remaining type A cell showed primary dendrites radiating from a fusiform (elongated) cell

body (Fig.30A). Of the 7 type B MVN neurones injected with biocytin, the cell body of 4
of the 7 cells appeared oval in the horizontal sections and showed a multipolar dendritic

arrangement (Fig.31A,B,C&G). In the three remaining type B cells, a fusiform soma was

observed (Fig.31D,E&F). Two of these three cells showed a bipolar dendritic

arrangement (Fig.31D&F), whereas the remaining cell was multipolar (Fig.3IE). The

soma diameter of type A cells measured 10-15pm and 15-25pm in length. In contrast, the
soma diameter of type B cells measured 15-20pm and 20-35 pm in length, indicating that
the soma of type B neurones may be larger than the soma of type A cells.
The axon emerged from the cell soma in most MVN neurones (Fig.30A&B,

Fig.31B,D,E,F&G). However, in 1 of the 3 type A cells (Fig.30C) and 2 of the 7 type B
cells (Fig.31A&C), the axon arose from a primary dendrite.

Dendritic branching and spines
The number of primary dendrites on type A cells ranged from 3 to 5 (Fig.30A-C),
whereas on type B cells 4 to 6 primary dendrites were observed (Fig.31A-G). The length

of the primary dendrites of both cell types ranged from 10 to 200pm. The primary
dendrites branched into secondary dendrites which subsequently branched into tertiary
dendrites and further into quaternary dendrites in many cells (Figs.30A-B, 31A-G).

Secondary and tertiary dendrites were often the longest dendrites measuring up to 300-400

pm in some cells. As a result of these long dendrites, the dendritic field of MVN
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Figure 29. Photomicrographs of 70um thick sections of the MVN
containing the cell body and dendrites of two biocytin-filled MVN cells.
The border of the MVN with the IVth ventricle is indicated by the
arrowheads. Magnification is x200. Scale bar represents 100um.



neurones covered a wide area of the nucleus. In the horizontal slice, no particular

orientation of the dendritic field of MVN neurones was observed.

Dendritic spines similar in appearance to those described on superior vestibular nucleus

neurones following intracellular injection of HRP in anaesthetised cats (Mitsacos et al.,

1983a,b) were seen on rat type A and type B MVN neurones in the present study

(arrowheads in Fig.32). In agreement with Mitsacos and colleagues, very few spines
were observed on MVN neurones in the present study . The somas and primary dendrites
of MVN cells were free of spines. Spines were distributed distally on the secondary and

higher order dendrites.

Axonal projections

The axonal candidate in this study was a process of constant diameter and smooth

appearance similar to that described for other neuronal types recently, e.g., rat neostriatal
matrix neurones (Kawaguchi et al., 1990), and rat rostral medullary neurones (Sun et al.,

1991). Because of poor axonal diffusion of the intracellular marker, it was only possible
to follow the axon for 0.4-0.7mm in most cells. In one cell however, the axon was traced

for over 1.5mm. In three type B cells the intracellular dye did not diffuse for more than
0.1mm along the axon, therefore a description of their axonal trajectories is not possible.
The axon of one of the 3 type A cells filled with biocytin (Fig.30A) and 3 of the 4 type B
cells (Fig.31A,D&F) projected caudally in the direction of the spinal cord. The axon of
the second type A cell (Fig.30C) and the remaining type B cell (Fig.31C) projected

rostrally in the nucleus (towards the cerebrum). In the third type A cell, the axon

projected laterally in the direction of the inferior vestibular nucleus (Fig.30B). In all type

A and type B cells the axon did not show collateral branching or exit the nucleus.

Summary

The cell bodies of MVN neurones injected with biocytin in this study appear to be small to

medium sized (Mitsacos et al., 1983a; Newman et al., 1992b) and vary considerably in

shape in agreement with other morphological studies on mammalian vestibular neurones

(Karhunen, 1973; Sans and Chat, 1976; Mitsacos et al., 1983a; Newman et al., 1992).

The preliminary findings of this study suggest that, (a) the cell bodies of type B cells may

on average be larger than type A cells, and (b) type B cells have on average more primary
dendrites than type A cells.
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axon

Figure 30. Camera iucida reconstructions of the three type A MVN cells (A, B and C)
filled with the intracellular marker biocytin.
The insert is a schematic representation of the MVN drawn at a magnification of x40
to show the relative position of the cell (black spot) in the nucleus. The scale bar
represents 100um but does not relate to the scale of the insert,
p, primary dendrite; s, secondary; t, tertiary; q, quaternary; r, rostral pole; c, caudal
pole



 



Figure 31. Camera lucida reconstructions of the seven type B MVN cells (A -

G) filled with biocytin.
Insert is a schematic representation of the MVN drawn at a magnification of
x40 to show the relative position of the cell (black spot) in the nucleus. The
scale bar represents 100um but does not relate to the scale of the insert,
p, primary dendrite; s, secondary; t, tertiary; q, quaternary; a, axon; r, rostral
pole; c, caudal pole.
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Figure 32. Photomicrographs of an area of dendrite (arrows) of
two different biocytin-filled MVN cells showing the presumptive
spines (arrowheads).
Magnification is x630. Scale bar represents 50uM.



1.5 DISCUSSION

The present study has demonstrated that stable intracellular recordings can be obtained
from MVN neurones maintained in vitro in a horizontal slice preparation of the dorsal

brainstem. The majority of MVN neurones (94.6%) were spontaneously active firing at

frequencies of between 3 to 60Hz. In the transverse slice developed by Gallagher et al.,

(1985) the percentage of MVN neurones showing spontaneous activity was lower (70%),
and may reflect differences in the slice preparation.

Cell types in the rat MVN

Following a classification regime which had previously been adopted by Gallagher et al.,

(1985) in the rat, and Serafin et al., (1991a) in the guinea-pig, spontaneously active rat

MVN neurones in the present study were classified according to their AHP profiles. In

the studies of Gallagher et al. (1985) and Serafin et al. (1991a) single action potentials

were analysed, whereas in the present study the averaged action potential shape was

analysed which afforded a more precise analysis of the action potential waveform.

Using the spike shape averaging technique, spontaneously active MVN neurones were

classified into two distinct groups. The first group, type A cells (Fig.6a), characteristically
showed a single deep AHP which slowed at an inflexion point in its depolarising trajectory
therefore delaying the return to threshold for the generation of the subsequent spontaneous

action potential (arrow in Fig.7a). The second group, type B cells (Fig.6b-d),

characteristically showed a fast transient AHP which was seen as the undershoot to action

potential repolarisation and although it varied in amplitude between cells, the fast AHP
was not dependent on the cell's membrane potential (Fig.7b). The fast AHP was followed

by a longer, slower AHP whose amplitude was voltage-dependent and increased in

amplitude with hyperpolarisation (Fig.7b). Indeed, this feature was used to confirm the

presence of the slow AHP in some type B cells with high discharge rates and therefore
exclude the possibility of a third group of cells as has been found in the guinea-pig MVN

(type C, Serafin et al., 1991a). Separating the fast and slow AHPs of type B cells was a

'hump-like' potential which did not vary in amplitude when the membrane potential of the

cell was altered by injection of hyperpolarising or depolarising current or when either
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AHP was pharmacologically blocked, indicating that it is not an after depolarising

potential as observed in, e.g., inferior olivary neurones (Llinas and Yarom, 1981),

hippocampal CA1 pyramidal neurones (Storm, 1987), and basolateral amygdala neurones

(Rainnie et al., 1993). A similar potential to that described for type B MVN neurones has
been observed separating the fast and slow AHPs of deep cerebellar neurones (Jahnsen,

1986). It was concluded that the potential occurs where a voltage-dependent potassium
conductance generating the fast AHP inactivates before the calcium-dependent conductance

responsible for the slow AHP is fully activated (Jahnsen, 1986). A similar explanation is

plausible for the potential observed in rat type B neurones in the present study as

confirmed by experiments using calcium-substituted aCSF and apamin.

On the basis of their AHP profiles, cell types A and B correspond to the two cell types

suggested by Gallagher et al (1985) and cell types A and B respectively of the guinea-pig
MVN (Serafin et al 1991a). Neuronal types similar to type A have not been observed in

many areas of the mammalian CNS to my knowledge. Two areas where type A-like
neurones are to be found however, are the "autoactive" neurones of the solitary tract

(Paton et al., 1991) and the suprachiasmatic nucleus neurones (Kim and Dudek, 1993). In

contrast, neuronal types showing a double AHP similar to type B cells are found

throughout the mammalian CNS and include, spinal motoneurones (Schwindt and Crill,

1981), neocortical neurones (Stafstrom et al., 1982), deep cerebellar nuclei neurones

(Jahnsen, 1986), prepositus hypoglossi nucleus neurones (Rekling and Mosfeldt Laursen,

1989), hippocampal pyramidal cells (Storm, 1990), substantia nigra pars compacta

neurones (Yung et al., 1991), and hypoglossal motoneurones (Viana et al., 1993).

In the present study, type A MVN neurones comprised 33% of the total spontaneously
active cells sampled, which is a similar value to that found in the guinea-pig MVN

(32.3%, Serafin et al., 1991a). In contrast, type B cells outnumbered type A cells in an

approximately 2 : 1 ratio, comprising 67% of the total spontaneously active cell

population in the rat MVN. Serafin et al (1991a) reported that cell types A and B of the

guinea-pig MVN could be distinguished on the basis of their respective spike duration,
such that type A cells showed a broader action potential than type B cells. In the rat

MVN, there was a wide range of values for the spike width (Fig.9A), with considerable

overlap between the two cell populations. However, a similar difference to that described

67



by Serafin et al. was found between the means of the population of cell types A and B in
the rat MVN. This difference was the result of type A cells having on average slower
rates of rise and fall of the action potential than type B MVN neurones (Table 1). Since

action potential duration is partly determined by the ratio of sodium to potassium

conductances, a possible explanation is that there are differences in the ion channel density

and, or the activation / inactivation kinetics of the conductances underlying the rising and

falling phases of the respective action potentials of cell types A and B. Another difference
between cell types A and B of the rat MVN, but not reported for guinea-pig MVN
neurones (Serafin et al 1991a), was that type A cells fired spontaneously at a higher mean

frequency than that of type B MVN neurones. It has been suggested that a larger

persistent sodium conductance present in the non-pyramidal cells of the neocortex is

responsible for the higher discharge frequency of these neurones compared to the

neighbouring pyramidal neurones (Huguenard et al., 1988). It is possible therefore, that a

similar conductance or other pacemaker currents (see discussion below) generating the

spontaneous firing are larger in type A cells than type B cells. Alternatively, the slow
AHP of type B cells may be more effective in pacing successive action potentials.

Cell distribution and morphology in the rat MVN

The present study demonstrated that cell types A and B were distributed throughout the
rostro-caudal extent of the rat MVN and that there was no indication of regional variation

within the nucleus (Fig. 10). MVN neurones injected with biocytin in this study fall into
the small- to medium-sized category in agreement with other morphological studies of
vestibular neurones (Mitacos et al., 1983a; Newman et al., 1992). It was suggested that

type A cells in general had a smaller soma size and fewer primary dendrites than type B

cells, indicating that type B cells may be larger than type A cells. This suggestion is

supported by the fact that the mean values for the membrane input resistance of type A
cells was greater than that of type B cells (Table 1). However, type A and type B guinea-

pig MVN neurones injected intracellularly with lucifer yellow did not show marked
differences in their cell body size (Serafin et al., 1992). A more systematic investigation
is required to test the suggestion from the present study that spontaneously active type A

MVN cells differ from type B cells in their morphology as well as their electrophysiology.
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Action potential and AHP pharmacology

Type A MVN neurones

In type A cells, a uniform decrease in the rate of spike repolarisation starting at the peak
of the spike was observed following exposure to TEA, with a further uniform decrease

observed in calcium-substituted aCSF containing TEA (Fig.l2D). Repolarisation of the

action potential of type A cells followed an apparently exponential time-course in calcium-

substituted aCSF containing TEA, suggesting that spike repolarisation may now be due

only to leak current (Storm, 1987). Spike repolarisation was relatively insensitive to

calcium-substituted aCSF alone, whereas the deep AHP of type A cells was reduced by

approximately 50% (Fig.20C), in a similar way to that observed in "autoactive" neurones

of the solitary tract following exposure to cobalt ions (Paton et al, 1991). Spike

repolarisation and the rhythmic firing pattern of type A cells does not appear to involve
the SK-type of calcium-activated potassium channels as no change in these parameters was

observed in apamin (Fig.22A-C). However, an increase in membrane input resistance was

observed, indicating that SK-type calcium-activated potassium channels are present on type

A cells but their function is unclear. As observed by Phelan and Gallagher, (1992) and in
the present study (Fig.27A), muscarinic acetylcholine receptor activation by carbachol had
no effect on spike repolarisation or the deep AHP of type A cells, confirming that the re¬
current is not involved in their generation. These results are consistent with the idea that

a TEA-sensitive delayed rectifier type potassium conductance, 1^ (Hodgkin and Huxley,

1952b; also see reviews, Rudy, 1988; Halliwell, 1990; Hille, 1992), and a calcium-
activated potassium conductance, 1^ (Adams et al., 1982; MacDermott and Weight, 1982;
Brown and Griffith, 1983a) mediate spike repolarisation and the single deep AHP of type

A cells. At the soma, Ij£ appears to be the predominant conductance as spike

repolarisation was relatively insensitive to calcium-substituted aCSF, and it was necessary

to depress 1^ before the the contribution of 1^ to spike repolarisation was observed, in a

similar way to that reported for spinal motoneurones (Barrett et al., 1980; Schwindt and

Crill, 1981), neocortical neurones (Stafstrom et al., 1985), deep cerebellar neurones

(Jahnsen, 1986), and hypoglossal motoneurones (Viana et al., 1993).

Spike repolarisation and the AHP of type A cells was sensitive to 4-AP (Fig.24C)

suggesting that a 4-AP sensitive A-current may be involved in action potential

repolarisation. In support of this conclusion, it has been suggested that a 4-AP sensitive
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transient A-current is involved in action potential repolarisation in hippocampal CA1

pyramidal neurones (Storm, 1987, 1990), spinal motoneurones (Takahashi, 1990), vagal
motoneurones (Sah and McLachlan, 1992), and hypoglossal motoneurones (Viana et al.,

1993). However, considering the slow time course of the deep AHP of type A cells, it is

unlikely that the transient type of A-current is involved. A possible explanation is that a

slowly-inactivating A-current is responsible. A highly 4-AP sensitive slowly-inactivating
A-current has been described on hippocampal pyramidal neurones (Storm, 1988), thalamic

neurones (Huguenard and Prince, 1991), and vagal motoneurones (Sah and McLachlan,

1992). However, in each of these neuronal types the function of the slowly inactivating
A-current is to delay action potential firing in response to depolarising influences and is
not involved in action potential repolarisation. The slowly inactivating A-current does not

appear to be involved in delaying action potential generation in response to depolarising
current pulses in type A cells as no change in the delay to the first action potential was

observed after adding 0.5mM 4-AP to the perfusate (Fig.24G-H). Serafin et al.(1991b),
have argued that the inflexion in the depolarising phase of the AHP of type A cells may be
due to the inactivation of the A-current and therefore plays a key role in pacing successive
action potentials. This role for the A-current was originally suggested by Connor and

Stevens, (1971b) in molluscan neurones. In the present study and the study of Serafin and

colleagues, the inflexion and the A-like rectification respectively were not abolished by
0.5mM (Fig.24A-C) and 20mM 4-AP respectively, confirming that a 4-AP sensitive A-
current is not involved in its generation. The suppression of the inflexion in TEA and
calcium-substituted aCSF in the present study could suggest that the inflexion may be
mediated by a calcium-dependent A-current. Indeed, such a current has been reported in

periaqueductal grey neurones (Sanchez et al., 1988). Alternatively, the abolition of the
inflexion in TEA and calcium-substituted media may be due more to the blockade of Ij^
and 1^. Another possible explanation for the effect of 4-AP on type A cells is that it is
partially suppressing % as an increase in spike duration was observed (Galvan et al.,
1982; Segal et al., 1984; Nerbonne and Gurney, 1989; Ribera and Spitzer, 1990) .

However, it cannot be ruled out that 4-AP is suppressing other currents, for example a 4-

AP sensitive sodium-activated potassium conductance which is known to be involved in

spike repolarisation in chick brainstem neurones (Dryer et al., 1989). Further study of the
effects of 4-AP on type A cells is required.
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Type B MVN neurones

The fast AHP of type B cells was abolished but the slow AHP was unchanged in 5mM
TEA (Fig.l3D). The resistance of the slow AHP to blockade in TEA may in part be due
to increased calcium influx during the prolonged action potential. Following exposure to

lOmM TEA, the spontaneous action potentials of type B cells developed plateau potentials

(Fig.l3C-D). In two-thirds of the sample of type B cells tested, the duration of the

plateaux increased markedly in calcium-substituted aCSF containing TEA (Fig.l9C),

indicating that a calcium-activated potassium conductance may have been repolarising the

plateaux observed in TEA. In the remaining third of type B cells, the plateau potentials

observed in TEA were markedly reduced, but not abolished following exposure to

calcium-substituted aCSF containing TEA, whereas the membrane depolarisation and low

threshold calcium-spikes observed in TEA were abolished (Fig.l6A-G), confirming that

they were due to an inward calcium conductance. Spike repolarisation was insensitive to

calcium-substituted aCSF alone, whereas the fast AHP of type B cells was reduced by

approximately 30% and the slow AHP was abolished (Fig.21C). The reduction of the fast
AHP and suppression of slow AHP resulted in type B cells losing their tonic firing pattern

which was replaced by burst firing with 10-20 fast action potentials riding on each

depolarising event (Fig.21A&B). Spike repolarisation and the fast AHP were insensitive
to apamin, whereas the slow AHP of type B cells was abolished (Fig.23C), in a similar

way to that reported on supraoptic neurosecretery neurones (Bourque and Brown, 1987),
neocortical neurones (Schwindt et al., 1988), locus coeruleus neurones (Osmanovic et al.,

1989), vagal motoneurones (Sah and McLachlan, 1992), and guinea-pig type B MVN
neurones where it induced a voltage-dependent rhythmic burst firing (de Waele et al.,

1993), confirming that the slow AHP of type B cells is mediated by a SK-type calcium-
activated potassium conductance. Following the abolition of the slow AHP in apamin, the

rhythmic pattern of spontaneous discharge of type B cells was lost (Fig.23A&B),

indicating that the slow AHP of type B cells has an important role in maintaining a steady

discharge by regulating the the timing between successive action potentials. A similar role
has been suggested for the calcium-dependent slow AHP in spinal motoneurones

(Baldissera and Gustafsson, 1974), and hypoglossal motoneurones where the slow AHP is
also apamin-sensitive (Viana et al., 1993). As reported by Phelan and Gallagher (1992)
and confirmed in the present study, spike repolarisation and the fast and slow AHPs of

type B cells were insensitive to carbachol (Fig.27B), indicating that the M-current does
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not contribute to their generation. Taken together these results suggest that spike

repolarisation and the fast AHP of type B cells are mediated by Ij^ and I^, whereas the
apamin-sensitive IahP' ^rst described in frog sympathetic neurones (Pennefather et al.,
1985) underlies the slow AHP. IahP °f rat tyPe B MVN cells is different from that
observed in sympathetic neurones in that it is not reduced by muscarinic acetylcholine

receptor activation and it is voltage dependent. For the same reasons as discussed for type

A MVN neurones, is the principal repolarising conductance at the level of the soma in

type B cells. The slow time course of the single deep AHP of type A cells and the
transient nature of the fast AHP of type B cells, suggests that the apamin-insensitive Iq

possibly involved in their generation may also be different. In type A cells the non-

inactivating l£ (Adams et al., 1982; MacDermott and Weight, 1982) may mediate spike
repolarisation and underlie the single deep AHP, whereas a rapidly inactivating 1^
(MacDermott and Weight, 1982; Zbicz and Weight, 1985) may be involved in spike

repolarisation and the calcium-dependent component of the fast AHP of type B MVN
neurones.

Spike repolarisation was slowed and the fast transient AHP of type B cells was blocked

following bath application of 4-AP (Fig.26C), in a similar way to that observed in deep
cerebellar neurones (Jahnsen, 1986), suggesting that the transient A-current may be
involved in spike repolarisation and the fast AHP. As discussed above, the fast AHP may

be mediated by the TEA-sensitive Ij^ and a transient 1(3. Therefore, 4-AP may be weakly
suppressing I{£ as an increase in spike duration was also observed, as well as blocking the
transient 1^. The transient 1(3 originally described in a voltage-clamp study on

hippocampal CA3 pyramidal neurones is insensitive to 4-AP (Zbicz and Weight, 1985).

Therefore, this current is unlikely to be involved in the 4-AP sensitive fast AHP of type B
cells. A transient A-current which is calcium-dependent and 4-AP sensitive has been

described in cardiac purkinje fibres (Kenyon and Gibbons, 1979; Siegelbaum and Tsien,

1980), Drosophila flight muscle (Salkoff and Wyman, 1983), visceral ganglion neurones

of Aplysia (Junge, 1985), and rat supraoptic nucleus neurones (Bourque, 1988). A similar
current may therefore contribute to the fast AHP of type B MVN neurones. In contrast to

that observed on type A MVN neurones, the delay to action potential firing in response to

depolarising current pulses was markedly reduced by 4-AP in rat type B cells (Fig.26G-

H), which could not be accounted for by a change in input resistance, indicating that the
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4-AP sensitive slowly inactivating A-current, Ip> may also be present in type B cells. To
resolve these arguments it is therefore necessary to carry out voltage-clamp experiments

on both cell types to confirm the roles of the 4-AP sensitive currents suggested from the

current-clamp data.

A "persistent" sodium conductance

TTX-sensitive plateaux potentials have been described in several neuronal types following

application of extracellular TEA, e.g., cerebellar purkinje neurones (Llinas and Sugimori,

1980), sensorimotor cortex neurones (Stafstrom et al., 1982, 1985), deep cerebellar nuclei

neurones (Gardette, et al., 1985; Jahnsen, 1986), prepositus hypoglossi nucleus neurones

(Rekling and Mosfeldt Laursen, 1989), and in 71.5% of guinea-pig type B MVN neurones

(Serafin et al., 1991b). In these studies it was suggested that the slow inward non-

inactivating or "persistent" sodium conductance under normal conditions is masked by the

outward potassium currents (Llinas and Sugimori, 1980; Stafstrom et al., 1985). In the

present study, the spontaneous activity and plateau potentials observed in calcium-
substituted aCSF containing TEA were abolished after exposure to TTX in type B cells,

indicating that a persistent sodium current underlies the observed spontaneous activity and

plateau potentials in type B cells. Assuming the spontaneous activity observed in calcium
substituted aCSF containing TEA is abolished by TTX, the absence of plateau potentials
in type A cells at their resting potential even when both 1^ and 1(2 were blocked suggests

that the persistent sodium conductance may be of a weaker nature than that observed in
most type B cells or that it may be counteracted more effectively by residual outward

potassium conductances or a greater leak conductance in type A cells. The return of the

plateau potential before the fast sodium-dependent spikes during the recovery from
sodium-free aCSF in prepositus hypoglossi nucleus neurones (Rekling and Mosfeldt

Laursen, 1989), and the block of the plateau potential before the fast spikes following

intracellular injection of the sodium channel blocker, QX-314 into sensorimotor cortex

neurones (Stafstrom et al., 1982), suggest that different types of sodium ion channels
mediate the fast sodium spikes and the persistent sodium current generating the plateau

potentials in these neurones. It is possible therefore that in spontaneously active MVN

neurones, the rising phase of the fast action potential is generated by the fast voltage-

dependent sodium conductance originally proposed by Hodgkin and Huxley (1952b), and
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that the persistent sodium conductance may be the basis of the spontaneous activity in rat

MVN neurones.

In a subset of type B cells the duration of the plateau potential was markedly reduced in

calcium substituted aCSF containing TEA (Fig.l6D), in a similar way to that described
for inferior olivary neurones (Llinas and Yarom, 1981a,b), medial septal neurones (Segal,

1986), guinea-pig type B MVN neurones (Serafin et al., 1991b), and medullary

respiratory neurones (Richter et al., 1993). In this group of type B cells a low threshold
calcium spike was observed in TEA (Fig.3.1 IF). The remaining spontaneous activity was

TTX-sensitive. Taken together these results suggest that the low threshold calcium-
current as well as a persistent sodium conductance may have significant roles in generating

the rhythmic activity in this group of type B cells. It will be interesting to determine if the
observed rhythmic activity in this group of type B neurones is sensitive to Ni^ + , or if
Nj2 + -sensitive membrane oscillations are present in this group of type B MVN cells

following the block of the TTX-sensitive component as observed in the non-bursting
neurones of the substantia nigra pars compacta (Yung et al., 1991), confirming that I-p has
a role in generating the pacemaker activity of this group of type B MVN cells.

A possible mechanism generating the plateau potentials
It has been suggested that because they display a constant amplitude throughout their time-

course, the plateau potentials are the result of a state of equilibrium between inward and
outward voltage-dependent and leak conductances (Llinas and Sugimori, 1980; Stafstrom
et al., 1985). In cerebellar Purkinje neurones, the amplitude of the plateau potentials

measured approximately -20mV, and could therefore be generated in equal parts by inward
sodium and outward potassium conductances, assuming an Ejqa of + 40mV and an E^ of -

80mV (Llinas and Sugimori, 1980). In rat MVN neurones, secondary spikes and

oscillatory potentials were often superimposed on the plateau potentials, therefore it was

not possible to obtain an accurate measure of the amplitude of the plateaux. An estimate
of the amplitude of the plateau potentials ranged from -16mV to -22mV, and is therefore
consistent with the above proposal. The mechanism responsible for the eventual

repolarisation of the membrane potential at the end of the plateau remains unknown.
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Different pacemaker conductances in the two cell types

The results of the present study suggest that the pacemaker conductances in cell types A
and B may be different. In type A and type B cells, a persistent inward sodium
conductance appears to depolarise the membrane potential to firing threshold. When

outward potassium conductances are impeded by TEA, the persistent sodium current is

large enough in type B cells but not type A cells, to generate plateau potentials at the cells

resting potential. In type B cells the persistent sodium current is counteracted mainly by

% and IaHP- ^AHP underlies the slow AHP in type B cells which has an important role
in timing successive action potentials. In most type B cells therefore the interaction

between the persistent inward sodium current and the hyperpolarising influence of IaHP

during the slow AHP appear to be two principal pacemaker currents timing successive

action potentials. In 30% of type B cells a low threshold calcium conductance is also

present and may contribute significantly to the pacemaker mechanism. The low threshold

conductance causes an inward current carried by calcium ions which depolarises the

membrane potential towards firing threshold. It is possible that a weaker persistent
sodium conductance is present in this group of type B cells and along with the low
threshold calcium conductance interact and contribute to the pacemaker potential by

providing a strong depolarising current. In contrast, in type A cells the timing of
successive action potentials may be less dependent on the persistent sodium current and
more dependent on the inactivation of % and 1^.

Functional role for the inward rectifier

Although not studied in great detail in the present study, a caesium-sensitive inward
rectifier current was present in rat MVN cells (Fig.28). This cationic current has a

significant role in modulating the pacemaker activity in, e.g., cerebellar Purkinje cells

(Crepel and Penit-Soria, 1986), cardiac myocytes (Irisawa et al., 1993), and phasically

firing thalamic relay neurones (McCormick, 1992). It is possible that the inward rectifier

may also have a role in the pacemaker activity of MVN neurones. In combination with
the inactivation of outward potassium currents, the inward rectifier should exert a

depolarising influence which drives the membrane potential towards threshold for
activation of the persistent sodium conductance therefore reducing the time taken for the
membrane potential to return to firing threshold, in a similar way to the contribution of
the inward rectifier to the depolarising phase of the AHP of hippocampal CA1 neurones
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(Maccaferri et al., 1993), and thalamic relay neurones (McCormick and Pape, 1990). A

possible explanation for the faster firing rates on average in type A cells may be because
there is greater activation of the inward rectifier during the deep AHP of type A cells. A

paradoxical finding in the present study was the increase in amplitude of the apamin-
sensitive slow AHP of type B cells with hyperpolarisation. The inward rectifier may also

contribute to the voltage-dependency of the slow AHP of type B cells in a similar way to

that suggested for the medium AHP of neocortical neurones (Schwindt et al., 1988).

Functional significance of rhythmically firing neurones

A possible role for the intrinsic rhythmicity of MVN neurones is that they form part of a

central pattern generator (CPG) where the CPG is driven possibly by the pacemaker

activity. Central pattern generators have been described in the control of the sleep-
wakefulness rhythms (Steriade and Deschenes, 1984), motor output (Llinas, 1988),

sympathetic cardiovascular activity (Gebber, 1990), cardio-respiratory interactions

(Richter and Spyer, 1990), and respiratory rhythms (Paton et al., 1991). In CPGs the
nervous system uses the intrinsic rhythmicity of neurones to form an oscillator to

coordinate and produce a pattern of neuronal activity. However, there is no evidence to

date for a CPG rhythm in the vestibular system.

Alternatively, the background spontaneous discharge of MVN neurones may permit a

bidirectional response to input from the peripheral sensing elements of the inner ear or

from areas within the CNS, thus increasing the dynamic response range of MVN

neurones. A corollary of this is that information transduction within and outwith the
MVN may be linearly transduced rather than a graded response. Thus, MVN neurones

may have the capacity to carry a neural code which is closely analogous to an imposed
head movement.

Functional significance of two cell types in the MVN
The most obvious explanation for there being two cell types is that each cell type is
involved in a different vestibular reflex pathway. In the present study, it was not possible
to trace the axon over long distances because of poor axonal diffusion of the intracellular

dye used in the present study. Tracing the axon may have indicated whether either cell

type was involved in a particular vestibular reflex pathway. Since this was a preliminary
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study and dye fdls were only maintained for up to 15 minutes, it will be neccessary in
future to iontophorese the dye for longer periods of time to achieve better axonal fills.
Precht and Shimazu (1965) and Shimazu and Precht (1965) demonstrated that the majority
of vestibular neurones recorded in their in vivo studies show a type I response to

horizontal angular acceleration of the head. The type I vestibular neurones could be
divided into two groups which the authors termed, 'kinetic' and 'tonic'. The 'tonic' and

'kinetic' hypothesis has been adopted by Serafin et al. (1991b) to explain the existence of
cell types A and B in the guinea-pig MVN. They have suggested that type A neurones are

reminiscent of the 'tonic' type I cells as the influence of the characteristic deep AHP will
favour a regular discharge rate and render these cells less reponsive to excitatory inputs.
In contrast, type B neurones are more susceptible to excitatory inputs and resemble
therefore 'kinetic' type I neurones. Cell types A and B are tonically active in vitro in the

guinea-pig MVN (Serafin et al., 1991a,b) and in the present study, which supports the

idea of type A cells being the 'tonic' vestibular neurones which are indeed tonically active
in vivo, but contradicts the original classification of 'kinetic' vestibular neurones which

were silent in vivo (Precht and Shimazu, 1965; Shimazu and Precht, 1965). It is possible
that during the slicing procedure deafferentation leads to disinhibition of type B neurones

in the guinea-pig MVN which are normally tonically inhibited in vivo. Another important
consideration is the ionic composition of the aCSF used in slice studies of the MVN which
is different from CSF in situ. In particular, the concentration of extracellular K+ and

Ca^ + , which in in vitro studies are approximately twice the concentration present in CSF
in situ. In the olfactory cortex slice, Schofield (1978) reported that increasing the
concentration of extracellular K+ from 3mM to 6mM depolarised the resting membrane

potential by 8mV. Therefore, if the spontaneous activity observed in MVN neurones

results from the increased levels of extracellular K+, one would expect MVN neurones to

have resting potentials between -58mV to -68mV in vivo, and many may therefore be
silent at rest in vivo. This idea is negated for two reasons. Firstly, in vivo studies using

electrophysiological techniques in the vestibular nuclear complex have recorded similar
rates of spontaneous discharge to those observed in vitro (refer to Part 1.2.2 for a review).

Secondly, the nucleus prepositus hypoglossi is closely related to the vestibular nuclei.

Indeed, the membrane properties of nucleus prepositus hypoglossi neurones are similar to

those described for type B cells of the MVN. Nucleus prepositus hypoglossi neurones

show on average higher rates of spontaneous discharge in vitro in aCSF containing
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3.25mM K+ than that of MVN neurones recorded in the present study in aCSF containing
6.2mM K+. Taken together, these arguments suggests that the rhythmic behaviour of
MVN neurones in vitro is not a direct result of higher levels of K+ in the aCSF. It

would be an important exercise however, to alter the external K+ concentration and

evaluate its effects on the levels of spontaneously activity of MVN neurones in vitro.

Notwithstanding these arguments, there is still a considerable mismatch as regards the

percentage of 'tonic' (80% of cells sampled) and 'kinetic' (20% of cells sampled) type I
vestibular cells described by Shimazu and Precht, (1965) and the number of cells classified
as type A (32%) and type B (47%) by Serafin et al., (1991a) and in the present study

(33% and 67% respectively). The classification into 'tonic' and 'kinetic' cell types is
further complicated without information about the nature of the synaptic input to cell types

A and B. With the evidence to date, it appears unlikely that cell types A and B

correspond to 'tonic' and 'kinetic' type 1 vestibular neurones as proposed by Serafin et

al., (1991b). In future experiments however, it will be important to test the 'tonic' and
'kinetic' hypothesis further. One possible method is to evaluate the effects of simulating
head movement on each cell type in vitro, by intracellular^ injecting sinusoidal current at

different frequencies. Alternatively, type A and type B cells may correspond to type II

cells and type I cells respectively described from in vivo studies (Precht and Shimazu,

1965; Shimazu and Precht, 1965). This hypothesis is supported by the fact that the

percentage of vestibular neurones showing a type I response (two-thirds of the cells

sampled) and a type II response (one-third of the cells sampled) in vivo (rat, Precht and

Shimazu, 1965; Shimazu and Precht, 1965; cat, Melvill Jones and Milsum, 1970) is

similar to the percentages of type B cells (67%) and type A cells (33%) respectively found
in the MVN slice in the present study. It is possible therefore, that type A MVN neurones

are ipsilateral inhibitory interneurones (the type II cells) which are excited by stimulation
of the contralateral VHIth nerve via the commissural fibres and subsequently inhibit

ipsilateral type I cells (the type B cells). To confirm this hypothesis the simplest

experiments to carry out are to determine the nature of the synaptic inputs from the

primary vestibular afferents and the commissural afferents to either cell type. Paired

recordings from type A and B cells will determine whether type A cells have an inhibitory
influence on type B cells. Another solution may be to label type A cells with an

intracellular dye followed by histochemical analysis for inhibitory neurotransmitters on the

biocytin labelled neurone.
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In summary, the results show that there are two electrophysiologically distinct

spontaneously active cell types in the rat MVN, type A cells and type B cells. Type A
cells are characterised by a single deep AHP following their spontaneous action potential.

Type B cells on the other hand, are characterised by a fast transient AHP which is
followed by a second slower AHP. With the use of selective antagonists to block voltage-

gated potassium and calcium channels and calcium-substituted media, it was shown that
the ionic conductances involved in spike repolarisation and the AHPs of cell types A and
B of the rat MVN are different. It will be important in future to carry out further

experiments using the voltage-clamp technique to look at these ionic differences in greater

detail.
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PART 2.

THE POST-NATAL DEVELOPMENT OF SPONTANEOUS TONIC ACTIVITY

AND THE ELECTROPHYSIOLOGICAL PROPERTIES OF MOUSE MEDIAL

VESTIBULAR NUCLEUS NEURONES IN VITRO.
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2.1 AIMS OF THE STUDY

The embryonic and post-natal development of the vestibular sense organs, the central

vestibular neurones and their innervation has been described in detail from anatomical

studies using histological and ultrastructural techniques in several different mammals

(refer to Anniko, 1983 for a review). Similarly, the post-natal development of the

function of the vestibular system has been studied in detail (refer to Curthoys, 1983;
Lannou et al., 1983 for a review). However, our knowledge of the development of the

physiological properties of the central vestibular neurones is still rather meagre. This may

be due to the technical difficulties involved in such experiments. To date, all that is

known of the electrophysiological development of central vestibular neurones extends to

two studies using extracellular single unit recording techniques in vivo. Lannou et al.,

(1979, 1980) showed in vivo in barbituate-anaesthetised albino rats and paralysed alert
brown rats that the mean resting discharge rate of spontaneously active vestibular neurones

gradually increased with age, reaching a steady level by the end of the first post-natal
month. Morphological studies of the development of the vestibular neurones using the

Golgi histological technique have shown that during the first two post-natal weeks the

neurones of the vestibular nuclei show a marked increase in length and in the number of

their dendrites in the rat (Karhunen, 1973) and cat (Sans and Chat, 1976). All neurones in

the rat LVN reached adult size by the end of the first post-natal month (Karhunen, 1973),
whereas in the cat the larger vestibular neurones continue to grow until the end of the

second post-natal month (Sans and Chat, 1976).

Since the early 1980s, studies in a number of regions of the mammalian central nervous

system have demonstrated the possiblity of using the in vitro brainslice technique to

investigate the post-natal development of the electrophysiological properties of central
neurones e.g., hippocampal pyramidal neurones (rabbit, Schwartzkroin, 1982; rat, Costa
et al., 1991; Spigelman et al., 1992); rat intracerebellar nuclei neurones (Gardette et al.,

1985a,b); rat cortical neurones (McCormick and Prince, 1987), and rat dorsal lateral

geniculate neurones (Ramoa and McCormick, 1994). These studies have revealed that

during neuronal maturation there are age-related changes in, e.g., the expression of ionic

currents, changes in action potential and AHP characteristics and increased excitability.
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From the many anatomical and functional studies, it is clear that a large part of the
maturation of the vestibular system occurs post-natally in mammals (refer to Part 2.2.1
and 2.2.2 for a review). Therefore, the use of the brainslice containing the MVN may be
a suitable preparation for studying the electrophysiological changes occuring at the level of
the neuronal membrane in MVN cells during post-natal development.

It is clear from studies of adult MVN neurones in several mammalian species that the

majority of MVN cells are tonically active in the brainslice preparation maintained in vitro

(refer to Part 1.2.2 for a review). The aim of the first part of this study therefore was to

examine the post-natal development of tonic activity in the brainslice preparation of the
mouse MVN at specific stages during the first postnatal month using extracellular single
unit recording techniques.

In the second part of this study the aim was to systematically analyse the averaged action

potential shapes of spontaneously active MVN neurones and to describe the post-natal

changes in the parameters of the spontaneous action potential and AHPs. An important

part of this study was to determine if adult cell types A and B characterised in the rat

MVN (see Part 1.4) were present in the immature mouse MVN.
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2.2 LITERATURE REVIEW

2.2.1 DEVELOPMENT OF THE VESTIBULAR SYSTEM

Anatomical development of the vestibular organs

The vestibular area of the mammalian inner ear arises from the otic placode which

invaginates to form the otocyst. Table.2 gives a summary of when the otocyst appears in
five different mammalian species.

Table 2

Species Time of

Appearance
Gestation

Period
Time of appearance as a
%age of gestation period

Human * day 28* 270 days 10%
Mouse^ E9 21 days 43%
Rat3 E12 22 days 54%
Hamster^ E9 16 days 56%

Opossum^ E10 13 days 77%

* refers to days post ovulation (4-6mm foetus).
1. Streeter (1945); O'Rahilly, (1963). 2. Sher, (1971); Theiler, (1972). 3. Altman and

Bayer, (1982). 4. Stephens, (1972). 5. Larsell et al., (1935)

The semicircular canals and vestibular organs are first detectable not long after the

formation of the otocyst. Table 3 gives a summary of when these structures appear in
four different mammalian species.

Table 3

Species Time of Gestation Time of appearance as a
Appearance Period %age of gestation period

Human 1 day 37* 270 days 14%
Hamster^ Ell 16 days 69%
Mouse3 E13 21 days 62%

Opossum^ E13 13 days 100%
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* refers to days post ovulation (12-17mm foetus).
1. Streeter, (1945); Bast et al., (1947); O'Rahilly, (1963). 2. Stephens, (1972). 3. Sher,

(1971). 4. Larsell etal., (1935).

Ultrastructural studies using the light and electron microscope have suggested that in the

mouse (Sher, 1971; Anniko, 1983) and marsupial cat (Gemmell and Nelson, 1992), the

semi-circular canals and vestibular organs are morphologically mature by the end of post¬

natal week three. In the opossum, the semi-circular canals are morphologically mature

slightly earlier, by the end of the first post-natal week (Larsell et al., 1935).

The non-cellular structures of the vestibular organs are the cupula and otoconia.

Histological and ultrastructural methods have indicated that the cupula starts to develop at

E14 in the mouse (Anniko and Nordemar, 1982), and hamster (Stephens, 1972). In

contrast, in the opossum the cupula develops post-natally (Larsell et al., 1935). In the

mouse, the cupula fills the whole space between the crista and the roof of the ampulla in

the E16 embryo (Anniko and Nordemar, 1982). The otoconia of the vestibular organs

have been shown to be present at E16-17 in the mouse (Sher, 1971; Anniko, 1980;
Anniko and Nordeman, 1982), and rat (Salamat et al., 1980), whereas the otoconia appear

earlier at E9 in the hamster (Stephens, 1972). The presence of the otoconia before birth

suggests that the newborn of the mouse, rat and hamster are capable of sensing gravity.
In contrast, the otoconia were not observed in the newborn marsupial cat (Gemmell and

Nelson, 1992) or newborn opossum (Larsell et al., 1935).

There is a lack of information relating to the early development of the hair cells of the

vestibular end organs in mammals. However, Table.4 shows the time at which the two

types of hair cells (types I and II) of the vestibular end organs can be distinguished in the

embryos of three different mammalian species as has been observed in ultrastructural
studies using the light and electron microscope.
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Table 4

Species Time of

Appearance
Gestation

Period
Time of appearance as a

%age of gestation period

cat* E57 63 days 90%
mouse^ E19 21 days 90%

guinea-pig^ E63 68 days 92%

1. Favre and Sans, (1978); 2. Sher, (1971); Van de Water et al., (1977); Anniko et al.,

(1979); Heywood et al., (1976); Sobin and Anniko, (1979).

Vestibular ganglion cell innervation of hair cells was first observed at E17 in the mouse

(Sher, 1971; Van de Water et al., 1977), E36 in the cat (Favre and Sans, 1978), and E38

in the guinea-pig (Heywood et al., 1976). However, in all three species hair cell types I

and II could not be distinguished at this time (see Table 4). Afferent innervation and

synapse formation of the vestibular hair cells was completed by the end of the first post¬

natal month in the cat (Favre and Sans, 1979), and by the second post-natal week in the
mouse (Nordemar, 1983), and guinea-pig (Heywood et al., 1973). There is a lack of
information relating to the development of the efferent innervation of the hair cells.

However, it has been suggested that in the mouse the first efferent nerve fibres to the hair
cells were observed one day after the appearance of afferent innervation in these cells
which occurs at E17 (Anniko, 1983).

The vestibular ganglion cells are born between El 1-13 in the rat (Altman and Bayer,

1982). The primary vestibular fibres first enter the brainstem by the vestibular root of
cranial nerve VIII at El 1 where they encounter but do not make contact with the first born
vestibular neurones, those of the LVN which are born between E10-12 in the rat (Altman

and Bayer, 1980; Morris et al., 1988). The primary vestibular fibres branch to form the
short ascending tract and longer descending tract. The primary vestibular fibres are the
first afferents to enter the cerebellum (Stein and Carpenter, 1967). The neurones of the

other three main vestibular nuclei, the MVN, SVN and IVN are born slightly later

between E12-15 in the rat (Altman and Bayer, 1980; Morris et al., 1988). Anatomical
studies using the Golgi technique have shown that the neurones of the vestibular nuclei
show considerable morphological maturation during the first two post-natal weeks in the
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rat (Karhunen, 1973), and cat (Sans and Chat, 1976). This maturation is mostly due to an

increase in the length and the number of dendrites. Vestibular nuclear neurones attain

their adult size by the end of the first post-natal month in the rat (Karhunen, 1973).

During the first two post-natal weeks there is considerable synaptic reorganisation in the

rat (Karhunen, 1973), and cat (Sans and Chat, 1976) vestibular nuclei. Anatomical studies

using the electron microscope have suggested that the earliest synaptic contacts are

observed at E17 in the rat LVN, but that the majority of vestibular nuclear neurones do
not synapse with the primary vestibular fibres until the end of the first post-natal week

(Morris et al., 1988).
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Functional development of the vestibular system

When the head is held stationary, the semi-circular canal afferents are spontaneously active
in the mammalian adult in vivo (e.g., gerbil, Schneider and Anderson, 1967; monkey,

Goldberg and Fernandez, 1971; cat, Estes et al., 1975; rat, Curthoys, 1979, 1983).

Primary vestibular afferents from the horizontal semicircular canals are spontaneously
active at birth in the rat in vivo, however their rate of discharge is low and most afferents
are of the irregularly firing type (Curthoys, 1979, 1983). The average resting rate of

discharge of the primary afferents increases gradually over the first three post-natal weeks,
as does the number of afferents showing a regular discharge compared to those having an

irregular discharge pattern (Curthoys, 1979, 1983) A similar result was reported in the
cat in vivo by Romand and Dauzat, (1982). In the cat, increases in the resting rate of

discharge of the primary afferents increased until post-natal day sixty.

In response to long-duration constant angular acceleration (velocity trapezoid) stimuli, the

magnitude of the primary afferent neural response (sensitivity) increased with age in semi¬
circular canal afferents, whereas the time constant of the neural response (the time from

acceleration onset until the neural response has reached 63% of its maximum increase)

decreased in rats (Curthoys, 1979, 1983).

Similarly, in response to controlled sinusoidal rotation, the gain of the primary afferent
neural response of the horizontal semi-circular canals increased during postnatal

development, whereas phase lag with regard to acceleration decreased (Curthoys, 1979)

A similar developmental change to that described above for the primary vestibular
afferents of the horizontal semi-circular canals was observed in second order neurones of

the vestibular nuclei assessed in vivo. In neonatal rats, neuronal resting discharge rates

were low and irregular. With age neurones developed higher and more regular discharge
rates reaching adult levels by the end of the first post-natal month (Lannou et al., 1979).

Type I vestibular neurones (which receive afferents from the ipsilateral labyrinthine

receptors, Shimazu and Precht, 1965) and type II vestibular neurones (which receive
afferents from the contralateral type I neurones via the commissural pathway, Shimazu and

Precht, 1965) were found in equal proportions throughout development. In response to

sinusoidal horizontal angular acceleration, the gain of the neuronal response of types I and
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II neurones increased with age, whereas the phase angle decreased (Lannou et al., 1979,

1983).

The time at which the eyes open, between postnatal days 13-15 in the pigmented rat, was

not characterised by sudden changes in the resting discharge rates of second order

vestibular neurones in vivo or in the sensitivity of the neuronal response to vestibular
stimulation (Lannou et al., 1979, 1980). Optokinetic responses of vestibular neurones to

constant rotation of the optokinetic stimuli (a black and white stripe pattern fully

surrounding the animal) were not found before post-natal day 24 in the rat in vivo and

developed to adult levels over the first week following eye opening (Cazin et al., 1980).
An optokinetic response to sinusiodal stimuli was observed slightly earlier at day 22

(Lannou et al., 1980). These results indicate that the optokinetic input to the vestibular

nuclei does not develop until the eyes have opened.

Conjugate eye movements were elicited in newborn rats by electrical stimulation of the
VHIth nerve, indicating that the vestibulo-ocular reflex (VOR) pathway is functional well
before the eyes open at post-natal day 15 in the rat (Curthoys, 1979b). In the cat, the
VOR was induced by natural vestibular stimulation (counterclockwise velocity steps and
sinusoidal rotations) in the youngest kittens tested which was at post-natal day 10 (the day
of eye opening). At this time the phase of the VOR was adult-like, whereas the gain

gradually developed to the adult pattern by the end of the second post-natal month

(Flandrin et al., 1979). The quick phases of the VOR developed before the slow phases.
A similar finding has been reported for newborn humans and dogs (Groen, 1963). The

post-natal development of the tonic vestibular reflexes of the eyes has been studied in the

rabbit, and have demonstrated that compensatory static vestibulo-ocular reflexes were

present at post-natal day one, but did not reach their maximal response until the end of the
second post-natal week (Tegetmeyer, 1981). Visual deprivation experiments in rabbits
dark-reared in early post-natal life for seven months indicated that were no major
differences to the components of the VOR in visually deprived and control rabbits

(Collewijn, 1977). The only recorded defect was to the gain of the VOR relative to head

velocity in the visually deprived rabbits. A similar result was reported for kittens by
Berthoz et al., (1975). These results suggest that the development of the VOR circuitry
occurs early in post-natal life, and that vision is not essential to the development of the
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VOR system. However, vision is required to acheive perfect compensatory eye

movements.

There is considerably less information on the development of the vestibulo-spinal reflexes.
It has been shown that stimulation of the horizontal semicircular canals by angular
acceleration elicited a head turning response which was present in newborn rats, but did

not mature to its maximum level until the end of the first post-natal week in two different

strains of rat (Parrad and Cottereau, 1977). This result may indicate that the vestibulo¬

spinal reflexes develop early in post-natal life .

Summary

At birth, the stage of maturation of the vestibular system varies considerably among

animal species, such that species with a short gestation period, e.g., opossum, mouse, and

rat, have a less well developed vestibular system than species with a long gestation, e.g.,

cat, guinea-pig, and human. Nevertheless, all mammals appear to have a similar sequence

of development of the vestibular system. It is also clear that the vestibular system matures

early in postnatal life and that neuronal development is closely linked to developmental

changes in the vestibular reflexes.
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2.2.2 DEVELOPMENT OF EXCITABILITY IN THE CENTRAL NERVOUS

SYSTEM

During the first few postnatal weeks, the nervous system undergoes considerable

developmental changes. In this section I shall examine the literature concerning the

developmental maturation of the electrical properties of the neuronal membrane and

excitability in the mammalian and other vertebrate nervous systems.

Development of the action potential
A shortening in the duration of the action potential as a function of age has been described
in many studies, including Xenopus Rohon Beard neurones (Spitzer and Baccaglini, 1976;

Baccaglini and Spitzer, 1977), Xenopus spinal cord neurones (Spitzer and Lamborghini,

1976; Willard, 1980; Blair, 1983; O'Dowd et al., 1988), intracerebellar nuclear neurones,

(Gardette et al., 1985a), cortical pyramidal neurones (McCormick and Prince, 1987),

chick limb motoneurones (McCobb et al., 1990), hippocampal CA1 pyramidal cells

(Schwartzkroin et al., 1982; Costa et al., 1991; Spigelman et al., 1992), and dorsal lateral

geniculate neurones (Ramoa and McCormick, 1994), and is due to developmental changes
in the ionic dependence of the inward and outward currents which shape the action

potential. Exceptions to this rule are, lumbar spinal motoneurones (Fulton and Walton,

1986) and superior cervical ganglion neurones (Nerbonne and Gurney, 1989) were no age

related change in action potential duration was observed. The developmental changes

resulting in significant increases in the rising and the repolarising phases of the action

potential may result from changes in the type of ion channels involved, their activation or

inactivation kinetics, and / or the density of ion channels.

Rising phase of the action potential

The increase in rise-time of the action potential of Xenopus Rohon Beard neurones

(Spitzer and Baccaglini, 1976; Baccaglini and Spitzer, 1977), Xenopus spinal cord
neurones (Spitzer and Lamborghini, 1976; Willard, 1980; Blair, 1983; O'Dowd et al.,

1988), mouse and guinea-pig dorsal root ganglion cells (Baccaglini, 1978; Matsuda et al.,

1978; Fukuda and Kameyama, 1979), chick cortical neurones (Mori-Okamoto et al., 1983)
is attributed to a transition from a mainly calcium-dependent to a sodium-dependent action

potential. However, in rat intracerebellar nuclear neurones (Gardette et al., 1985b),
mouse spinal cord neurones (Westbrook and Brenneman, 1984; MacDermott and
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Westbrook, 1986), rat cortical neurones (McCormick and Prince, 1987), chick limb

motoneurones (McCobb et al., 1990), rat hippocampal CA1 neurones (Spigelman et al.,

1992) and ferret dorsal lateral geniculate neurones (Ramoa and McCormick, 1994), the

action potential is sodium-dependent throughout development. The increase in action

potential rise-time in these cells is due to an increase in sodium channel density resulting
in an increased sodium current amplitude, rather than developmental changes in sodium

channel activation and inactivation kinetics (MacDermott and Westbrook, 1986; Kreigstein

et al., 1987; Huguenard et al., 1988; O'Dowd et al., 1988; McCobb et al., 1990; Fukuda

and Prince, 1992). These data are supported by toxin binding studies (Baumgold et al.,

1983; Conraud et al., 1986) and in-situ hybridisation histochemistry (Brysch et al., 1991)
which show that sodium channel density increases to adult levels during the first post-natal
month.

Repolarising phase of the action potential
Increases in the rate of repolarisation of the action potential with age have been observed

in rat cortical pyramidal neurones (McCormick and Prince, 1987), Xenopus spinal cord
neurones (O'Dowd et al., 1988), chick limb motoneurones (McCobb et al., 1990), rat

hippocampal CA1 pyramidal neurones (Schwartzkroin et al., 1982; Costa et al., 1991,

Spigelman et al., 1992), and dorsal lateral geniculate neurones (Ramoa and McCormick,

1994), and may be due to progressive developmental increases in the density of potassium
channels (Harris et al., 1988; McCobb et al,. 1990) and the activation and inactivation

kinetics of the potassium currents rather than calcium-dependent conductances (Harris et

al., 1988, Lockerly and Spitzer, 1992). In Ambystoma (Barish, 1986) and Xenopus

spinal neurones (O'Dowd et al., 1988; Lockerly and Spitzer, 1992) developmental changes
in the delayed rectifier potassium current alone may account for the decrease in the rate of

repolarisation and the shortening in the duration of the action potential. Potassium
currents showing age related changes include, the classic delayed rectifier, calcium-
activated potassium currents and the A-currents (Bader et al., 1985; Blair and Dionne,

1985; Gardette et al., 1985a,b; Salkoff, 1985; Nerbonne et al., 1986; Harris et al., 1988;

Kreiger and Sears, 1988; O'Dowd et al., 1988; Pettigrew et al., 1988; Aguayo, 1989;
Nerbonne and Gurney, 1989; Fuchs and Sokolowski, 1990; McCobb et al., 1990; Ribera
and Spitzer, 1990; Spigelman et al., 1992; Kalia et al., 1993). The A-current appears to

be the last voltage-activated potassium current to develop in neurones (Nerbonne et al.,
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1986; O'Dowd et al., 1988; Ribera and Spitzer, 1990). Although calcium-dependent
conductances exhibit developmental changes in the calcium current expressed, for

example, in hippocampal pyramidal neurones (Yaari et al., 1987) and chick limb

motoneurones (McCobb et al., 1989) the density of the low threshold voltage-activated
calcium current decreases as a function of age, whereas the density of the high threshold

voltage-activated calcium-current increases, the total calcium current is sustained

throughout development. Exceptions to the rule are Ambystoma spinal neurones (Barish,

1986) and rat sympathetic ganglion cells (Nerbonne and Gurney, 1989) where an increase
and decrease respectively in total calcium current was observed.

Action potential afterhyperpolarisation
In the adult, calcium influx during the fast action potential activates calcium-dependent

potassium conductances which generate a biphasic AHP consisting of fast and slow

components (the fast and medium AHPs) separated by a depolarising after-potential (DAP)
in rat cortical pyramidal cells (Hotson and Prince, 1980; Brown and Griffith, 1983,
Lancaster and Adams, 1986; McCormick and Prince, 1987) and hippocampal CA1

pyramidal neurones (Lancaster and Adams, 1986, 1987; Storm, 1987, 1989). In immature
cortical neurones (McCormick and Prince, 1987) and between post-natal days 5 to 15 in

hippocampal CA1 pyramidal cells (Costa et al., 1991), only the medium AHP was

observed following a single action potential. A well-defined fast AHP was observed by

post-natal day 17, and an active DAP developed after post-natal day 10 with an adult-like

profile by post-natal day 16 in hippocampal CA1 pyramidal neurones (Costa et al., 1991).

Following a burst of action potentials in hippocampal pyramidal cells, the AHP is

composed of the medium (Storm 1987, 1989) and a slow AHPs (Lancaster and Adams,

1986, 1987) in the adult. In CA1 pyramids younger than post-natal day 17, less

pronounced medium and slow AHPs with longer time constants were observed (Costa et

al., 1991).

Action potential amplitude

Age related increases in the action potential amplitude have been observed in cortical

pyramidal neurones (McCormick and Prince, 1987), hippocampal CA1 pyramidal
neurones (Costa et al., 1991; Spigelman et al., 1992), and dorsal lateral geniculate

neurones (Ramoa and McCormick, 1994) and may be related to developmental changes in
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the sodium current underlying the rising phase of the action potential. In rat lumbar

motoneurones (Fulton and Walton, 1986) however, no age related change in amplitude

was observed.

Development of the passive membrane properties

Resting membrane potential
The resting membrane potential became more negative with age in chick cortical neurones

(Mori-Okamoto et al., 1983), hippocampal CA1 pyramidal neurones (Spigelman et al.,

1992), rat neostriatal neurones (Tepper and Trent, 1993), and dorsal lateral geniculate
neurones (Ramoa and McCormick, 1994), and may be due to an increase in the resting

potassium conductance in older cells or an increase in the chloride extrusion mechanism

resulting in a decreased permeability to chloride during development (Spigelman et al.,

1992), or from the increased activity of the electrogenic Na + /K+ ATPase (Fukuda and

Prince, 1992). However, no change in the resting potential with age has been observed in

mouse spinal cord neurones (Westbrook and Brenneman, 1984), rat intracerebellar nuclear
neurones (Gardette et al., 1985a,b), and cortical pyramidal neurones (McCormick and

Prince, 1987)

Membrane input resistance and time constants

Age related decreases in the membrane input resistance and time constant have been
described in several neuronal types including, mouse spinal cord neurones (Westbrook and

Brenneman, 1984), amphibian spinal neurones (Barish, 1986), rat lumbar motoneurones

(Fulton and Walton, 1986), cortical pyramidal cells (McCormick and Prince, 1987),

hippocampal CA1 pyramidal neurones (Schwartzkroin et al., 1982; Costa et al., 1991;

Spigelman et al., 1992), rat neostriatal neurones (Tepper and Trent, 1993), and dorsal
lateral geniculate neurones (Ramoa and McCormick, 1994), and may be due to neuronal

growth, particularly to the increase in surface area resulting from the development of the
dendritic arborisation (Millers and Peters, 1981), or from an increase in density of

voltage- and ligand-gated ionic channels (Spigelman et al., 1992).

Development of repetitive firing behaviour

Depolarising current pulses evoked a single action potential or a train of spikes at all post¬

natal ages studied in cerebellar neurones (Gardette et al., 1985b), cortical pyramidal
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neurones (McCormick and Prince, 1987), hippocampal CA1 pyramidal neurones (Costa et

al., 1991) and dorsal lateral geniculate neurones (Ramoa and McCormick, 1994). Trains

of action potentials evoked by increasing the stimulus intensity resulted in spike
inactivation or accomodation in immature neurones (Gardette et al., 1985b; McCormick

and Prince, 1987). These events were not observed in immature dorsal lateral geniculate

neurones, however the evoked train of action potentials showed no spike frequency

adaptation (Ramoa and McCormick, 1994).

Development of spontaneous activity

Age related increases in the number of neurones showing spontaneous activity and the
mean firing rate has been observed in cerebellar Purkinje neurones (Crepel, 1972), mouse

spinal cord neurones (Westbrook and Brenneman, 1984), rat locus coeruleus neurones

(Nakamura, Kimura and Sakaguchi, 1987), rat hypothalamic neurones (Ling, Petroski,
Chou and Geller, 1990), rat nigrostriatal neurones (Tepper, Trent and Nakamura, 1990;

Pitts, Freeman and Chiodo, 1988, 1990), and rat inferior olivary neurones (Bleasel and

Pettigrew, 1992). Adult levels of spontaneous activity were reached by the end of the first

postnatal month (Crepel, 1972; Nakamura et al., 1987; Pitts et al., 1988, 1990; Tepper

et al., 1990).

Summary

The use of intracellular and extracellular recording techniques mainly using in vitro

preparations has demonstrated the marked changes in the membrane properties of neurones

during the first postnatal month. An important feature of the development of the neuronal
membrane is the developmental changes to the ionic conductances which underlie the

action potential and firing behaviour of many neurones. What is clear is that although the

process is complex in nature, a similar pattern of development is observed in several
unrelated neuronal types.
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2.3 METHODS

Except for the following, the methods employed in Part 2 of this thesis are identical to that

described in the Methods section of Part 1. All values in this section are given as the

mean ± S.E.M.

The preparation of the mouse dorsal brainstem slice containing the MVN

The development of spontaneous activity and excitability of MVN neurones was

investigated in slices of the mouse dorsal brainstem maintained in vitro at specific stages

during the first post-natal month (see below) using both extracellular and intracellular

recording techniques. Experiments were performed on BALB/C mice at different

developmental stages. In the neonatal mouse brainstem (up to P3/4), the MVN were not

easily recognised as distinct nuclei even when viewed under the dissecting microscope.

By postnatal day 5 however, the MVN were clearly recognisable on the dorsal brainstem

using the IVth ventricle as a landmark. The preparation of the slice containing the

immature murine MVN was identical to that described for the rat in Part 1. However,

because of the small area of tissue being handled and the risk of damaging the slice, the

immature MVN slice was kept intact and individual nuclei were not separated down the

midline as described in Part 1 for the rat. The developmental stages examined in this

study were post-natal days 5 (P5), 10 (P10), 15 (PI5), 20 (P20) and 30 (P30). Postnatal

day zero was the day of birth.

Extracellular recording of spontaneously active mouse MVN neurones

Microelectrodes used for extracellular recording were filled with 2M NaCl. Resistance

ranged from 10-30MQ. The microelectrode was advanced into the tissue as described in

the Part 1 above until a spontaneous extracellular action potential was encountered which

appeared over and above the background noise and increased in amplitude as the
microelectrode approached the cell. The microelectrode tip was positioned so as to obtain
a high signal-to-noise ratio with an extracellular action potential of sufficient amplitude
which could be discriminated and digitised as described below. The voltage signal from

the Axoclamp 2A amplifier was delivered to a Neurolog System (Digitimer, UK, Fig.4)

containing a filters module (low frequency cut-off 500Hz; high frequency cut-off 5000Hz),
a high gain AC amplifier (set at a gain of 200), and an audio amplifier. The extracellular
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signal, filtered and amplified, was monitored on a 4-channel storage oscilloscope

(Tektronix) and fed to a spike discriminator/triggering module of the Neurolog System.
To distinguish the extracellular action potential from the background noise the

discriminator was set to a level of amplitude greater than that of the background noise but

below that of the extracellular action potential. TTL pulses were triggered each time an

action potential crossed the discriminated level and these were fed to a CED 1401 Plus

A/D interface (Digitimer, UK) linked to a microcomputer (DCS 386, UK) running a spike

collection and analysis programme (SCAP90). SCAP90 was written by Dr MB Dutia and
was used to display and analyse on-line the rate of discharge of the spontaneously active
MVN neurone in the form of rate/time histograms (binwidth lOOOmsecs). The mean

discharge rate was measured by computer during a 60 seconds period delineated by two

cursors two minutes after data collection began and expressed as hertz (Hz). For a

detailed description of the theory and recording with extracellular microelectrodes see

Millar (1992).
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2.4 RESULTS

Post-natal development of tonic spontaneous discharge in mouse MVN neurones

MVN slices prepared from mice aged between 5 and 30 days were explored for tonically
active cells using extracellular recording techniques. At P5 and P10, a number of cells

were encountered in the MVN which fired spontaneously at the start of recording but after

approximately 30-60 seconds their firing rate declined to zero. As a criterion, only MVN
cells which showed a sustained discharge for two minutes prior to, and during the two

minutes measuring period were included in the present study.

Tonically active MVN neurones were found throughout the rostro-caudal length of the

MVN at P5 (8 nuclei, 129 cells). The mean discharge rate of MVN cells at P5 was 3.6 ±

0.2Hz (mean ± S.E.M., Fig.33A). By P10 (8 nuclei, 149 cells), the mean discharge rate

was significantly higher (7.2 ± 0.4Hz, P<0.01, Student's t-test) than at P5 (Fig.33A). To

determine if the opening of the eyes at post-natal day 14 in the mouse had an effect on the

discharge rate of tonically active MVN cells, the MVN of mice just before (P13) and after

(PI5) the eyes opened were examined. At P13 (8 nuclei, 103 cells), the mean firing rate

(7.6 ± 0.6Hz) of MVN neurones was not significantly different from that recorded at P10

(Fig.33A). However, at P15 (8 nuclei, 166 cells) the mean discharge rate of MVN cells

was significantly higher (9.9 ± 0.5Hz, PC0.01). There was a further gradual increase in

the mean discharge rate of MVN cells between P20 (11.4 ± 0.7Hz, 8 nuclei, 132 cells)

and P30 (12.4 ± 0.6Hz, 8 nuclei, 131 cells, Fig.33A).

Initial results from the study described above indicated that tonically active MVN cells
located in the rostral part of the MVN appeared on average to have higher rates of

discharge than cells found more caudally. In order to test this possibility, the firing rates

of MVN cells at each time point were analysed further by taking the rostro-caudal location
of each recorded cell into account. The MVN was divided into three approximately equal

parts, namely rostral, middle and caudal. The mean firing rates of MVN cells located in
the rostral third were compared with that of cells in the caudal third of the MVN

(Fig.33B).
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Figure 33.
A. histogram showing the mean spontaneous firing frequency of all MVN
neurones recorded at various stages during the first month.
B. histogram showing the mean spontaneous firing frequency of MVN cells in
rostral and caudal thirds of the MVN during the first month.
Error bars represent the Standard Error of the Mean.



At P5, cells located in the rostral third of the MVN had a significantly higher mean

discharge rate (4.8 ± 0.4Hz, 59 cells, P<0.01) than cells in the caudal third of the MVN

(2.9 ± 0.3Hz, 37 cells, Fig.33B). Between P5 and P10, MVN cells in both the rostral

(8.4 ± 0.6Hz, 59 cells) and caudal (4.9 ± 0.4Hz, 50 cells) thirds of the MVN increased

their firing rates, such that the mean firing rate of MVN cells in both locations was

significantly higher than at P5 (P<0.01, Fig.33B). The significant difference between the
mean firing rates of cells in the rostral and caudal thirds of the MVN was maintained at

P10 (PC0.01, Fig.33B).

There was no further increase in the mean discharge rate of rostrally located MVN cells

over the period P13 to P15 (8.4 ± 0.8Hz, 46 cells, and 9.6 ± 0.8Hz, 59 cells

respectively). Cells located in the caudal third of the MVN at P13 had a similar mean

discharge rate (6.1 ± 1.1Hz, 27 cells) as caudal cells at P10 (Fig.33B). However, there

was a significant increase in the mean discharge rate of caudally located cells at P15 (10.5

± 1.0Hz, 59 cells, P<0.01, Fig.33B). As a result of the increase in the mean discharge
rate of caudal but not rostral MVN cells at P15, the mean discharge rate of caudal MVN

neurones reached a value close to that of rostral MVN neurones and consequently the
rostro-caudal difference in discharge rates was lost (Fig.33B).

There were no further changes in the mean discharge rate of cells in the caudal third of the

MVN at P20 (10.3 ± 1.1Hz, 56 cells) and P30 (11.2 ± 1.0Hz, 52 cells, Fig.33B),

indicating that the tonic discharge rate of caudal MVN cells reached their young adult
values soon after the eyes opened (Fig.33B). In contrast, the mean discharge rate of

rostral MVN neurones increased significantly at P20 (12.6 ± 1.2Hz, 54 cells, P<0.05,

Fig.33B), with a further increase at P30 (15.0 ± 1.3Hz, 52 cells, Fig.33B). As a result of
the increase in discharge rates of rostral but not caudal MVN cells, the significant

difference between the mean firing rates of rostral and caudal MVN cells was restored at

P30 (P<0.02, Fig.33B).
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Cell types in the young adult (P30) mouse MVN

Intracellular recordings were made from 21 MVN neurones in 6 nuclei obtained from mice

at P30. Of the 21 cells, 19 cells were spontaneously active and had resting potentials

ranging from -52mV to -60mV. The spontaneous action potentials arose from a gradual

membrane depolarisation preceding the spikes (open arrows in Fig.34A&B) and not post¬

synaptic potentials (PSPs), indicating that the spontaneous discharge observed in mice

MVN neurones at this stage is not the result of synaptic drive. The remaining 2 cells did
not show spontaneous activity and had stable resting membrane potentials of -63mV and -

65mV respectively. With the use of spike shape averaging, 4 of the 19 spontaneously
active MVN cells showed a single deep AHP (Fig.34A) having a mean amplitude of 19.5

± O.lmV which is identical to type A cells studied in detail in the rat (refer to Part 1.4).

The remaining 15 cells showed both fast and slow AHPs (Fig.34B) identical to type B

cells in the rat MVN (refer to Part 1.4). Tables 5 and 6 list the mean values of the

membrane properties of type A and type B cells recorded at P30 in the mouse MVN. The

mean spike duration of type A cells measured at threshold was 0.71 ± 0.05ms, and is

broader than type B cells which showed a mean spike duration of 0.55 ± 0.02ms at

threshold. The broader action potential of type A cells is a result of type B cells having a

faster mean rise-time (0.31 ± 0.01ms) and a faster mean fall-time (0.24 ± 0.01ms) than

type A cells (0.38 ± 0.02ms and 0.33 ± 0.03ms respectively). These values are similar to

those obtained for type A and type B cells in the adult rat MVN (refer to Table 1 of Part

1.4), and indicate that the ionic membrane conductances which underlie the spontaneous

action potential are adult-like by P30 in the mouse.

Developmental changes in the spontaneous action potential waveform
The majority (63 of 73) of MVN neurones recorded intracellular^ between P5 and P30
were spontaneously active at rest and showed a steady discharge. Examples of the

spontaneous action potentials of three MVN neurones at P5 are shown in Fig.35A&B and

Fig.36. As shown in Fig.35A&B, in many cells the spontaneous action potentials arose

from a gradual pacemaker-like membrane depolarisation preceding each spike (filled
arrows in Fig.35A&B, see also Fig.45A&D, Fig.47A and Fig.48A). However, in a

minority of cells there was no indication of a steady membrane depolarisation, instead
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Figure 34. The spontaneous action potentials of cell
types A and B present in the mouse MVN at P30
arise from a gradual membrane depolarisation
preceding the spike (arrows).
A. a type A cell showing the single deep AHP.
B. a type B cell showing both fast and slow AHPs



each spontaneous action potential in these cells arose from a PSP-like potential (arrows in

Fig. 36).

It was not possible to group the averaged action potential shapes of mouse MVN neurones

into either cell types A or B at P5. Nevertheless, two types of action potential shapes
were distiguishable at P5. The majority of spontaneously active MVN neurones recorded

at P5 (7 of 10, 70%) showed a single AHP having a near exponential voltage trajectory

(arrow in Fig.37A, see also Fig.35A, Fig.45A and Fig.47) and had a mean spike duration

at threshold of 1.98 ± 0.21ms, suggesting these cells were an immature form of type A
cells. This cell type was found throughout the rostro-caudal length of the nucleus at P5.

In contrast, in the remaining 3 cells (30%) the initial phase of the AHP showed a rapid

termination of the repolarising phase of the spike which was subsequently followed by a

slowly developing AHP (open arrow in Fig.37B, see also Fig.35B and Fig.45F). The
slow AHP was separated from the repolarising phase of the spike by a period of

isopotentiality (filled arrows in Fig.37B and Fig.38B). The mean spike duration at

threshold of these cells was 1.56 ± 0.26ms, and they were located in the rostral area of the
MVN at P5. The AHP profile of this cell type was reminiscent of the AHP waveform of

adult rat type B cells following the blockade of the fast AHP by 5mM TEA (Fig. 14, Part

1.4) suggesting they may be immature type B cells. As described below, the effects of
TEA and apamin on the two cell types confirmed the interpretation that they were

immature forms of adult type A and type B MVN neurones.

At P10, there was a change in the number of cells which could be assigned to each of the

two groups described at P5. Of the 20 spontaneously firing MVN cells recorded at PI0, 6
cells (30%) showed an immature type A averaged spike shape. The mean spike duration

at threshold of these cells was 1.63 ± 0.18ms which was less than that observed at P5.

The remaining 14 cells (70%) had an immature type B spike shape and a mean spike

duration at threshold of 1.56 ± 0.13ms. Both cell types were found throughout the rostro-

caudal length of the nucleus at P10.

MVN neurones showing fast and slow AHPs characteristic of adult type B cells were first
observed at P15. Of the 14 spontaneously firing cells recorded at P15, two cells had fast
and slow AHPs (Fig.38A). These cells were located in medial and rostral areas of the
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Figure 35. Two different spontaneosly active immature cell
types are seen in the MVN at P5.
A. immature type A cell which characteristically displayed a
single AHP.
B. immature type B cell which displayed a period of
isopotentiality immediately following spike repolarisation. The
isopotential was followed by the slow AHP.
In A and B, the arrows indicate the pacemaker-like membrane
depolarisation preceding each action potential.
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Figure 36. Four sequential traces showing action
potentials arising from spontaneous PSP-like
potentials (arrows) in a MVN cell at P5.
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Figure 37. The two types of action potential shapes
present in the MVN at P5 as revealed by spike shape
averaging.
A. immature type A cell displaying the characteristic
single AHP (filled arrow).
B. immature type B cell displaying isopotential followed
by slow AHP (open arrow).
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Figure 38. The three types of spike shape found in the
MVN at P15 as revealed by spike shape averaging.
A. type B cell showing characteristic fast and slow AHPs.
B. immature type B cell showing characteristic
isopotential and slow AHP.
C. immature type A cell showing characteristic single
AHP.



MVN. Ten of the 14 cells showed an immature type B AHP profile (Fig.38B), and had a

mean spike duration at threshold of 1.13 ± 0.07ms which was less than that recorded for

immature type B cells at P10. The remaining 2 cells had an immature type A spike shape

(Fig.38C).

Developmental changes to the parameters of the spontaneous action potential

Developmental changes to the parameters of the spontaneous action potential of immature

type A and type B MVN cells are illustrated in Table 5. The action potential of both cell

types became shorter in duration during the first post-natal month as a result of

developmental increases in both the rates of rise and fall of the action potential. There
was no change in spike amplitude of either cell type during development. In contrast,

there was a gradual increase in the amplitude of the deep AFIP of type A and the fast AF1P
of type B cells.

Developmental changes in the passive membrane properties
Between P5 and P30 there were no developmental changes in the input resistance and

membrane time-constant of immature cell types A and B as illustrated in Table 6. In

contrast, the resting membrane potentials of both cell types became more negative with

age. There was little change in the mean resting potential of immature A and B cells up to

P10. Between P10 and P15, the mean resting membrane potential of cell types A and B

became more negative by approximately -5mV, reaching the adult value of around -55mV
at P15 (Table 6).

Development of action potential firing ability in MVN neurones

Immature type A and type B cells were capable of firing a train of overshooting action

potentials in response to intracellular injection of depolarising current pulses at all ages

studied, as shown for 2 cells at P5 in Fig.39A and Fig.40A. In a minority of immature

type A cells (4 of 13) recorded between P5 and P10, spike amplitude accomodation was

observed in response to the larger amplitude current pulses, as shown for one cell at P5 in

Fig.40B. In contrast, secondary spiking (open arrows in Fig.39B) was seen in a minority
of immature type B cells (2 of 17) between P5 and P10. Bath application of the sodium

channel antagonist TTX (1pm) eliminated action potentials in 7 cells tested between P5
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asp aahp WT Rise-time Fall-time

(mV) (mV) (ms) (ms) (ms) n

p30

type a 52.0+2.40 -19.5±0.10 0.71±0.02 0.38+0.02 0.3310.03 4

type B 60.4±2.00 -13.3±0.90 0.55±0.02 0.31+0.01 0.2410.01 15

p15

imm. a 52.5±2.50 -20.5±1.50 1.15+0.15 0.55±0.05 0.5010.01 2

imm. B 62.9±2.60 -7.2+1.10 1.13+0.07 0.47±0.05 0.6810.05 10

type B 62.5±2.50 -10.0±1.0 0.70±0.10 0.4010.01 0.4010.01 2

p10

imm. a 48.3±2.30 -16.6+1.50 1,63±1.10 0.6510.07 1.0310.13 6

imm. B 61.2+2.70 -8.5+1.50 1.56+0.13 0.5710.04 1.0110.10 14

p5

imm. a 53.0±2.30 -15,3±1.30 1.9810.21 0.6410.06 1.3210.20 7

imm. B 61.6±1.20 -6.0±1.50 1.56±0.26 0.5010.05 1.1010.17 3

Table 5. Mean values (±SEM) of the parameters of the action potential of young adult
(P30) and immature tonically active MVN neurones.

Agp, spike amplitude; A/RP, amplitude of AHP; Wp. spike width at firing threshold;
rise-time, measured as the time taken from firing threshold to reach the peak of the spike; fall-
time, measured as the time taken from peak of the spike to return to firing threshold.



RMP

(mV)
xau Rm

(ms) (mO) n

P30

type A -55.0±0.4 11.14+2.30 71.2+10.8 4

type B -55.9+0.6 7.62+1.04 57.0+9.4 15

P15

imm. A

imm. B

type B

P10

imm. A

imm. B

P5

imm. A -48.5+0.8 8.67+1.31 75.7+16.4 7

imm. B -52.6+1.4 12.03+3.18 76.6+32.8 3

Table 6. Mean values (+SEM) of the passive membrane
properties of young adult (P30) and immature tonically
active MVN neurones.

RMP, resting membrane potential; Tau, membrane time
constant; Rm, membrane input resistance.

-55,0+1.0 7.85+0.45 52.5+7.5 2

-55.8+0.6 9.31+1.37 69.5+14.0 10

-55.0+3.0 10.15+1.92 42.5+7.5 2

-50.3+2.3 14.23+6.0 65.8+17.1 6

-51.0+1.1 10.46+1.44 82.5+14.6 14
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Figure 39. The effects on repetitive firing behaviour following intracellular
injection of depolarising current pulses in two different immature type B
cells at P5.
A. the majority of immature type B cells were capable of firing overshooting
action potentials in response to depolarising current pulses.
B. a minority of immature type B cells displayed secondary spiking (open
arrows).
In B, note the spontaneous PSP-like potential in the second trace (filled
arrow).
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Figure 40. The effects on repetitive firing behaviour following
the intracellular injection of depolarising current pulses in two
different immature type A cells at P5.
A. the majority of immature type A cells were capable of firing
overshooting action potentials in response to depolarising
current injection.
B. a minority of immature type A cells displayed amplitude
accomodation in response to large depolarising current pulses.



and P15 (Fig.43A&B), indicating that voltage-gated sodium channels are involved in their

generation.

A further 8 MVN neurones were impaled during the period from P5 to P10 which did not

fire spontaneously but had stable resting potentials. Five of the 8 cells had resting

membrane potentials ranging from -36 to -42mV, an input resistance of 30-45MQ, and

were located throughout the MVN. Intracellular injection of depolarising current pulses

into these cells evoked a single broad action potential (filled arrow in Fig.41) having an

amplitude of 25-45mV and a spike duration of 5-10ms at threshold. Following

hyperpolarising current pulses the anode break spike (open arrow in Fig.41) where present

had a much larger amplitude than the spike evoked during membrane depolarisation.

Hyperpolarising the membrane potential of this group of cells whilst simultaneously

applying a depolarising current pulse of constant amplitude resulted in the appearance of a

train of TTX-sensitive spikes on the depolarising pulse (open arrow in Fig.44A),

indicating that many sodium channels are in a state of inactivation, presumably because of
the depolarised resting membrane potentials of these cells.
The remaining 3 of the 8 cells were located in the rostral third of the MVN at this time.
Two of the 3 cells had resting membrane potentials of -63mV and -64mV respectively and
fired a train of overshooting action potentials in response to depolarising current pulses.

The remaining cell had a resting membrane potential of -49mV and fired 2-4 fast action

potentials in response to depolarising current pulses before spike inactivation was

observed.
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Figure 41. Intracellular injection of hyperpolarising and
depolarising current pulses from rest (-36 mV) in a very immature
MVN neurone at P5.
Intracellular injection of depolarising current pulses evoked a
single broad action potential (filled arrow). In contrast, following
hyperpolarising current pulses the anode break spike (open
arrow) had a larger amplitude than the spike evoked during
depolarising current injection.
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Fig.42. Response of the membrane to hyperpolarising and
depolarising current pulses in a spontaneously active immature
MVN neurone at P5. Note the depolarising spontaneous PSP-like
potentials (arrows). The membrane potential of the cell is held
subthreshold to firing to reveal the PSP-like events more clearly.



A. control C. control

B. 1 uM TTX D. 1 uM TTX

Figure 43. The effects of TTX on the action potentials of two different
immature MVN neurones.

A. membrane responses to depolarising current pulses from a cell in the
P15MVN.
B. same cell as (A) after 5 mins in 1uM TTX.
C. membrane responses to depolarising current pulses from a cell in the
P5 MVN.
D. same cell as (C) after 5 mins in 1uM TTX.



Developmental decrease in spontaneous PSP-like potentials

Spontaneous PSP-like potentials were observed in intracellular recordings from a number

of MVN cells between P5 and P30 as shown in Table 7.

Table 7

age P5 P10 P15 P30

number of cells

showing PSPs 9 of 14 8 of 24 4 of 14 1 of 19

percentage of
cells showing PSPs 64.3% 33.3% 28.6% 5.2%

The spontaneous PSP-like potentials consisted of a depolarisation having an amplitude of
2-8mV and a duration of 5-15ms at the cell's resting potential (e.g., Fig.36). The

amplitude and duration of the PSPs increased with membrane hyperpolarisation (filled
arrows in Figs.39B, 42 and 44A&B). As shown in Table 7, during development there
was a decrease in the percentage of MVN cells showing PSP-like activity. There was no

indication of regional variation within the MVN as cells showing the PSP-like potentials
were found throughout the nucleus between P5 and PI5. At P30, the one cell in which
PSPs were observed was located in the middle third of the nucleus. The PSPs were not

abolished after adding lpM TTX to the perfusate which abolished the evoked action

potentials in 2 cells tested at P5 (Fig.44B). As shown in Fig.44C for one cell at P5 in the

presence of TTX (lpM), the PSP-like activity had a reversal potential of approximately -

30mV.

Effects of TEA and apamin on immature MVN cells

To test the hypothesis that the two cell types observed as early as P5 may correspond to

immature forms of adult cell types A and B, the selective antagonist of voltage-gated

potassium channels, TEA and the SK-type calcium-activated potassium channel antagonist

apamin, were bath applied to MVN neurones.

As shown in Fig.45, bath applied lOmM TEA had different effects on the two immature
cell types. An increase in spike duration and a reduction in amplitude of the AHP was
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Figure 44. The effects of hyperpolarising the membrane potential on the
spontaneous PSP-like activity and the action potentials in a very immature MVN cell
at P5.
A. depolarising current pulses of 1nA amplitude at two different levels of membrane
potential in normal aCSF. Note, at the hyperpolarised membrane potential several
action potentials (open arrows) appear on the the depolarising current pulses. Note
also the appearance of spontaneous PSP-like potentials (filled arrows).
B. after 5min in TTX. Note, the evoked action potentials are abolished. In contrast,
the PSP-like potentials are insensitive to TTX.
C. the membrane potential of a different cell showing spontaneous PSP-like
potentials held at three different levels of voltage to show that the reversal potential
for the PSPs was at -30mV.
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B. 10mMTEA E. 10mMTEA
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C. Averaged spikes superimposed F. Averaged spikes superimposed

Figure 45. Effects of TEA on an immature type A cell (A, B and C) and an
immature type B cell (D, E and F) at P5.
A. and D. spontaneous resting discharge in normal aCSF.
B. and E. after 10 mins in aCSF containing 10mM TEA.
C. and F. averaged action potential shapes before and after exposure to
10mM TEA superimposed. Note the increase in spike duration and the
reduction of the single AHP in the immature type A cell following the
perfusion of TEA. In contrast, plateaux potentials are observed in the
immature type B cell (E & F).
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Figure 46. The effects of 0.3uM apamin on the spontaneous
discharge and spike shape of a type B MVN cell at P30.
A. spontaneous resting discharge in normal aCSF.
B. after 12 mins in 0.3uM apamin, the regular firing pattern
observed in normal aCSF (A) is lost and the cell is firing
groups of spontaneous action potentials.
C. averaged action potentials from (A) and (B)
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Figure 47. The effects of apamin on an immature type A cell.
A. spontaneous resting discharge in normal aCSF.
B. after 15 mins in 0.3uM apamin.
C. averaged spike shapes from (A) and (B) superimposed.
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B. 0.3uM apamin
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C. 0.3uM apamin + Ca-free/Cd
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D. 0.3uM apamin + Ca-free/Cd + 1 uM TTX
200 ms

Figure 48. The effects of apamin on the spontaneous discharge of an
immature type B MVN neurone.
A. spontaneous resting discharge in normal aCSF.
B. after 10 mins in 0.3uM apamin. Note the spontaneous burst-like
discharge.
C. after 15 mins in Ca-free/Cd aCSF containing 0.3uM apamin. Note that
the spontaneous bursting observed in apamin (B) persists in calcium-free
aCSF. However, the frequency and duration of the bursts were reduced.
D. after 5 mins in Ca-free/Cd aCSF containing 0.3uM apamin and 1uM
TTX.



observed (Fig.45C) with little effect on the spontaneous discharge (Fig.45A&B) of 2 cells

showing a single AHP at P5 and P10, in a similar way to that described for adult rat type

A MVN neurones (refer to Part 1.4). In the second cell type, plateau potentials were

observed (Fig.45E&F) following the superfusion of lOmM TEA which were not observed

before TEA was applied (Fig.45D&F) to 6 cells tested between P5 and P15, and were

similar in appearance to those seen in adult rat type B MVN cells (refer to Part 1.4).

Following the bath application of 0.3pM apamin to 4 type B cells in the young adult (P30)
mouse MVN, the slow AHP was selectively abolished (Fig.46C) and the regular discharge

pattern of these cells observed in normal aCSF (Fig.46A) was replaced with groups of

irregularly spaced action potentials (Fig.46B), in a similar way to that described in adult

rat type B MVN neurones (refer to Part 1.4). Bath applied 0.3pM apamin had no effect

on the averaged spike shape (Fig.47C) or the discharge pattern (Fig.47A&B) of 2 cells

showing a single AHP at P5, suggesting this cell type may be the immature form of type

A cells. In contrast, bath applied 0.3pm apamin to three presumed immature type B cells
resulted in their regular discharge pattern observed in normal aCSF (Fig.48A) being

replaced with a spontaneous burst-like discharge which consisted of several fast action

potentials superimposed on 200-300ms depolarising events at the cell's resting potential

(Fig.48B). Unlike type B cells at P30 however, it was not possible to obtain an averaged

action potential shape to determine if the slow AHP was abolished in these cells, as the

change in firing behaviour occurred before the membrane potential could be sampled. The

frequency of the spontaneous burst-like activity and the number of action potentials

superimposed on each burst observed in aCSF containing 0.3pM apamin was reduced but

not abolished in Ca-free/Cd aCSF (Fig.48C), indicating that an inward calcium

conductance contributed to the bursting behaviour. The remaining spontaneous activity
was abolished after addition of luM TTX to the perfusate (Fig.48D). Taken together, the

effects of TEA and apamin on the two cell types confirm that they are immature forms of
adult type A and type B MVN neurones.

Summary

The development of the tonic spontaneous activity and membrane excitability of MVN
neurones was examined using extracellular and intracellular recording techniques in
brainslices prepared from mice at specific stages during the first post-natal month. It was
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shown that there is a progressive increase in the spontaneous discharge rate of mouse

MVN neurones during the period between post-natal day 5 to 30, to reach adult values by
the end of the first postnatal month. There appeared to be a rostro-caudal gradient in the

timecourse of development of the tonic discharge, with rostral cells developing higher
rates of spontaneous discharge before caudally located cells. From the earliest time

studied at P5, spontaneously active MVN neurones were capable of firing overshooting
TTX-sensitive action potentials and showed the steady pacemaker-like membrane

depolarisation which gives rise to the spontaneous action potentials in these neurones.

With the use of spike shape averaging, immature forms of adult type A and type B action

potential shapes were recognised in the mouse MVN at P5. The duration of the action

potential appeared to decrease with age, presumably as a result of developmental increases
in the rise-time and fall-time of the immature cell types. All MVN cells recorded showed

mature spike shapes by P30.
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2.5 DISCUSSION

Post-natal changes in the tonic discharge rate of MVN neurones

Lannou et al., (1979, 1983) showed in barbituate-anaesthetised albino rats and paralysed
alert brown rats that the mean resting discharge rate of spontaneously active vestibular
neurones increased gradually with age, reaching a steady level by the end of the first post¬

natal month in vivo. This is in agreement with the results of the present study obtained
from a brainslice preparation of the mouse dorsal medulla containing the MVN maintained
in vitro (Fig.33A). A similar trend and time-course has been reported for spontaneously

firing locus coeruleus neurones in the rat (Nakamura et al., 1987) and rat nigrostriatal

dopaminergic neurones (Tepper et al., 1990). Lannou et al., (1979, 1983) also reported

that no abrupt changes to the mean firing rate of vestibular neurones were observed in
albino rats following eye opening on day 15 or at any other time. In contrast, in the

present study significant increases in the mean discharge rate of MVN neurones were

recorded between post-natal days 5 and 10, and following eye opening in the mouse at

post-natal day 14 (Fig.33B). In addition, the results of the present study indicate that
there is a marked rostro-caudal gradient in the time-course of the development of tonic

activity in the MVN, such that cells in the rostral area of the MVN developed higher rates

of tonic activity earlier than cells located in the caudal region of the nucleus during the
first two weeks following birth (Fig.33B). It is possible that the pattern of afferent
innervation in the MVN may be a contributing factor to the increases in tonic discharge
rate observed during these periods. Anatomical and physiological studies have shown that
the primary vestibular nerve afferents selectively innervate the rostral area of the MVN

(Stein and Carpenter, 1967; Wilson et al., 1968b; Gacek, 1969; Korte, 1979; Carlton and

Carpenter, 1984; Sato et al., 1989). The higher discharge rates observed in rostrally
located MVN cells between post-natal days 5 and 10 may be due therefore to the
establishment of monosynaptic excitatory connections between the primary afferents of the
vestibular nerve and rostral MVN neurones at this time. This conclusion is supported by

a study which demonstrated using parvalbumin immunohistochemistry to examine the

embryonic and post-natal growth of the vestibular afferents, that the majority of primary
vestibular afferents do not appear to synapse with second-order neurones of the LVN

before post-natal day 6 (Morris et al., 1988).
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The observed increase in the mean discharge rate of MVN cells at post-natal day 15

following eye opening in the mouse was in part due to a significant increase in the mean

tonic discharge rate of caudal but not rostrally located MVN neurones where no change in
the mean discharge rate was recorded at this time (Fig.33B). However, a further

significant increase in the mean discharge rate of rostrally located cells was observed

between post-natal days 15 and 20 (Fig.33B). The former result suggests that the opening
of the eyes for the first time influences the tonic discharge rate of caudal, but not rostral
MVN neurones. Since the VOR pathway is functional before the eyes open (rat,

Curthoys, 1979; cat, Flandrin, 1979), the observed increase in the discharge rate of caudal
second-order MVN neurones as soon as the eyes open may be a response in these
neurones to optokinetic stimulation. In support of this suggestion, Cazin et al., (1980)
have shown that the optokinetic responses of vestibular neurones to constant rotation of

optokinetic stimuli developed to adult levels over the first week following eye opening in
the rat in vivo. The subsequent increase in the mean discharge rate of rostral but not

caudal MVN cells at postnatal-day 20 may in part be due to the establishment of excitatory
connections between cells in the rostral MVN and the optokinetic input to the vestibular

nuclei.

Post-natal changes in action potential firing behaviour in MVN cells
The results of the intracellular study showed that the majority of MVN neurones sampled
at all post-natal ages are tonically active and have a regular rate of discharge. The

spontaneous action potentials arose from a gradual membrane depolarisation preceding the

spike in the majority of cells in a similar way to that described in adult MVN cells

(Gallagher et al., 1985, Serafin et al., 1991a; and refer to Part 1.4 of this thesis), and

suggests that the slow persistent sodium current which presumably depolarises the
membrane potential to firing threshold and therefore acts as an intrinsic pacemaker is

present in MVN neurones as early as post-natal day 5. In response to depolaraising
current pulses the majority of MVN cells were capable of firing trains of overshooting
TTX-sensitive action potentials from post-natal day 5 (Figs.39, 40 and 43), indicating that
the fast action potentials depend upon sodium influx through TTX-sensitive voltage-gated
sodium channels throughout post-natal development.
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Between post-natal days 5 and 10, a number of MVN neurones located throughout the

MVN did not show tonic activity at rest. These cells had depolarised membrane potentials

ranging from -33mV to -42mV, and only fired a single broad TTX-sensitive action

potential in response to depolarising current pulses (Figs.41 and 44A). A train of TTX-

sensitive action potentials were evoked however following continuous hyperpolarisation of
the membrane potential in this group of cells (Fig.44A&B). Tonic activity was not

observed under these conditions. This group of neurones may represent MVN cells at a

very early stage of development. Alternatively, it is possible that these cells have been

injured during the electrode impalement. However, their high input resistances (30-45MQ

) and the stability of the impalement in these neurones are indicative of cells in a healthy
state. The above results suggest therefore that the dominant ion acting as the carrier for

depolarisation during action potential generation is sodium throughout post-natal

development in MVN neurones and does not shift from calcium to sodium mediated action

potentials as has been found in other neuronal types (refer to Spitzer, 1982 for a review).

Secondly, that the fast voltage-gated sodium channels which generate the fast action

potential are in a state of inactivation in very immature MVN cells, presumably as a result
of their depolarised resting membrane potentials. Thirdly, that the slow persistent sodium
current which presumably contributes to the pacemaker activity in tonically active adult
MVN neurones (Serafin et al., 1991b; refer to Part 1.4 of this thesis) is expressed later

than the fast voltage-gated sodium current which underlies the fast action potential. A

similar result was reported for rat intracerebellar nuclei neurones (Gardette et al., 1985b).

During the first two post-natal weeks MVN cells exist in a more depolarised state than
adult cells (Table 6). The reason for this is unclear. The resting membrane potentials of
immature rat hippocampal CA1 pyramidal neurones were also reported to be more

depolarised in experiments using both potassium chloride and potassium gluconate filled
electrodes (Spigelman et al., 1992). This result indicates the depolarised resting potentials

of CA1 pyramidal neurones is not an effect of chloride ions on the resting potential as a

result of chloride loading in these cells. However, in neonatal animals the resting

potential was 34mV depolarised using potassium chloride in the recording electrode

compared with resting membrane potentials observed with potassium gluconate-filled
electrodes. In older cells only a 13mV difference between recordings using the two

electrolytes was observed. The large differences in the effects of chloride substitution
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between neonatal and older cells could result from a developmental decrease in the resting

permeability of chloride ions with age or that chloride ion extrusion mechanisms become
more active with development (Zhang et al., 1991; Spigelman et al., 1992). The activity
of the Na, K-ATPase which is the basis of the sodium pump, increases during the first 5

post-natal weeks in the rat brain (Fukada and Prince, 1992). Since the Na-pump has a

hyperpolarising influence on the cell membrane, the increased activity of the Na-pump
with development could also be a contributing factor to a less depolarised resting

membrane potential. Several in vitro studies including the present study, have

demonstrated developmental increases in the rate of repolarisation of the action potential

which may be due to changes in the density of voltage-gated potassium channels (e.g.,
Bader et al., 1985; Blair and Dionne, 1985; Gardette et al., 1985a,b; Salkoff, 1985;

Nerbonne et al., 1986; Harris et al, 1988; Kreiger and Sears, 1988; O'Dowd et al., 1988;

Pettigrew et al., 1988; Aguayo, 1989; Nerbonne and Gurney, 1989; Fuchs and

Sokolowski, 1990; McCobb et al., 1990; Ribera and Spitzer, 1990; Spigelman et al.,

1992; Kalia et al., 1993). Since the current carried by potassium channels has a

hyperpolarising influence on the cell membrane, the depolarised state of the membrane

potential observed in MVN cells may therefore result from the reduced density or function
of voltage-gated potassium channels.
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Post-natal development of the spontaneous action potentials of immature MVN cells

During the first 3 to 4 weeks of post-natal development, the sodium-dependent action

potential of neurones from different areas of the mammalian central nervous system show
a progressive decrease in spike duration which is a result of increases in the rise-time and

fall-time of the spike, e.g., hippocampal CA1 pyramidal neurones (Schwartzkroin, 1982;

Costa et al., 1991; Spigelman et al., 1992), spinal cord neurones (Westbrook and

Brenneman, 1984; MacDermott and Westbrook, 1986), intracerebellar nuclei neurone

(Gardette et al., 1985b), cerebral cortical pyramidal neurones (McCormick and Prince,

1987) and dorsal lateral geniculate nucleus neurones (McCormick and Ramoa, 1994).

Studies using the voltage-clamp intracellular recording technique have demonstrated that

the observed increase in action potential rise-time is due to an increase in sodium channel

density resulting in an increased sodium current amplitude, rather than developmental

changes in sodium channel activation and inactivation kinetics (MacDermott and

Westbrook, 1986; Kreigstein et al, 1987; Huguenard et al, 1988; O'Dowd et al., 1988;

McCobb et al., 1990; Fukuda and Prince, 1992). These data are supported by toxin

binding studies (Baumgold et al., 1983; Conraud et al., 1986) and in-situ hybridisation

histochemistry (Brysch et al., 1991) which show that sodium channel density increases to

adult levels during the first 3-4 post-natal weeks. The developmental increases in the fall-
time of the action potential may also be due to progressive developmental increases in the

density of potassium channels (Harris et al., 1988; McCobb et al,. 1990) and the
activation and inactivation kinetics of the potassium currents rather than calcium-

dependent conductances (Harris et al., 1988, Lockerly and Spitzer, 1992). Potassium
currents showing developmental changes include, the classic delayed rectifier, calcium-
activated potassium currents and the A-currents (Bader et al., 1985; Blair and Dionne,

1985; Gardette et al., 1985b; Salkoff, 1985; Nerbonne et al., 1986; Harris et al., 1988;

Kreiger and Sears, 1988; O'Dowd et al., 1988; Pettigrew et al., 1988; Aguayo, 1989;
Nerbonne and Gurney, 1989; Fuchs and Sokolowski, 1990; McCobb et al., 1990; Ribera
and Spitzer, 1990; Spigelman et al., 1992; Kalia et al., 1993). It is possible therefore that

similar developmental changes to the ionic currents underlying the rising and falling

phases of the action potential of MVN cells account for the progressive decrease in action

potential duration and increase in amplitude of the fast AHP of adult type B cells and the

deep AHP of type A cells during the first 4 post-natal weeks (Table 5). Further studies of
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the membrane ionic conductances are necessary to determine the ionic basis of the action

potential in immature MVN neurones.

In the present study, the majority of cells at post-natal day 5 had an immature type A spike

shape. The proportion of MVN cells showing the immature type B spike shape increased

compared to those showing the immature type A spike shape during the period from post¬

natal day 5 to 10. This finding suggests that the immature forms of the adult type A cells

develop ahead of those of adult type B cells. Alternatively, a proportion of the cells

having the immature type A spike shape at post-natal day 5, could in fact be early

developmental forms of the immature type B cells, possibly at a stage of development

before the expression of the ionic conductances underlying the fast AHP. A well defined
fast and slow AHP sequence characteristic of adult type B MVN cells was first observed at

post-natal day 15. This is in agreement with other developmental studies where a similar

biphasic AHP was observed in adult neurones. In immature cortical neurones

(McCormick and Prince, 1987) and up to post-natal day 15 in hippocampal CA1

pyramidal cells (Costa et al., 1991), only the medium AHP was observed following a

single action potential. A well-defined fast AHP was observed by post-natal day 17 in

hippocampal CA1 pyramidal neurones (Costa et al., 1991).

The effects of TEA and apamin on immature type A and immature type B cells were the

same as that reported for adult rat cell types A and B in Part 1.4. Following the

application of TEA, an increase in action potential duration and a decrease in amplitude of
the single AHP was observed in immature type A cells (Fig.45A-C), in contrast to

immature type B cells which showed plateau potentials at rest (Fig.45D-F). Apamin had
no effect on the repolarising phase of the action potential or the single AHP of immature

type A cells (Fig.47). However, immature type B MVN neurones showed calcium- and
sodium dependent bursting behaviour at rest in apamin (Fig.48), which was not seen in

type B cells at post-natal day 30 (Fig.46). Taken together, these results confirm that
immature type A and immature type B MVN cells are present in the MVN as early as

post-natal day 5. The effects of apamin on immature type B cells suggest that following
the blockade of the apamin-sensitive IahP> remaining outward current repolarising the
membrane potential may not be sufficiently developed in these cells to oppose the inward
current at this time. This finding also supports a point of discussion raised in Part 1.5,
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namely that the interaction between the slow depolarising inward currents and the

hyperpolarising influence of IahP are functionally important in pacing successive action

potentials.

Developmental decrease in spontaneous PSP-like potentials

During the first post-natal month, there was a decrease in the percentage of neurones

showing spontaneous depolarising PSP-like potentials in the MVN (Table 7). Like the

GABA-mediated spontaneous giant depolarising potentials (GDPs) observed in immature
CA3 pyramidal neurones during the first two post-natal weeks in the developing

hippocampus (Ben-Ari et al., 1989), the spontaneous PSP-like potentials in the MVN

increased in amplitude with hyperpolarisation and with electrodes containing potassium
chloride had a reversal potential of around -30mV, and therefore may also be GABA-
mediated. In contrast, the spontaneous PSPs observed in MVN cells were of smaller

amplitude than the GDPs in immature CA3 pyramidal neurones and they were TTX-

resistant, indicating that they are not dependent upon fast sodium currents and therefore
sodium spike-dependent release of GABA. In immature CA3 pyramidal neurones, smaller

amplitude TTX-resistant synaptic PSPs were also observed which were sensitive to

bicuculline, suggesting that they are due to tonic release of GABA. It is possible that the

spontaneous depolarising potentials observed in the MVN are also due to the tonic release

of GABA. Although further study is necessary to reveal the mechanism underlying the

spontaneous depolarising PSPs in immature MVN cells, their presence during the first few

post-natal weeks indicates that they may serve as an important signal to the developing
MVN.

Summary
The results of this study indicate that mouse MVN neurones are tonically active early in

post-natal life and undergo considerable developmental changes to their tonic discharge
rate and membrane ionic conductances during the first post-natal month. This time

interval coincides with a period of marked functional and morphological changes in the

vestibular system. The presence of immature forms of the adult type A and type B cells
as early as post-natal day 5 indicate that the two cell types develop independently of each
other. The possibility that a common precursor exists at an earlier stage or the factors
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which determine whether developing MVN cells becomes either type A or type B cells,
remain to be explored.
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RESUME AND FUTURE EXPERIMENTS

In conclusion, the work presented in this thesis has shown that the horizontal slices of the

dorsal brainstem containing the medial vestibular nucleus from the rat and mouse are

viable preparations in which to study the electrophysiological characteristics of the

spontaneously active neurones of the immature and adult MVN. Taken together, the

results indicate that there are two electrophysiologically distinct cell types in the MVN,

type A cells and type B cells. Type A cells are characterised by a single deep AHP

following their spontaneous action potential. Type B cells on the other hand, are

characterised by a fast transient AHP which is followed by a second slower AHP.

In Part 1, it was demonstrated using intracellular recording techniques that type A cells

comprised 33% of the total spontaneously active cells sampled in the rat MVN, in contrast

type B cells comprised 67%. Type A cells fired at a higher mean frequency than type B
cells. With the use of selective antagonists to block voltage-gated potassium and calcium

channels and calcium-substituted media, it was shown that the ionic conductances involved

in spike repolarisation and the AHPs of the two cell types are different. In type A cells,
TEA increased spike duration and reduced the single deep AHP. A further increase in

spike duration was observed in calcium-free medium containing TEA and the AHP was

abolished. Apamin had little effect on the action potential shape of type A cells. In

contrast, the spontaneous action potentials of type B cells developed plateau potentials in
TEA. The fast AHP of type B cells was unaffected by apamin whereas the slow AHP was

abolished. Thus, it was concluded that in type A cells spike repolarisation and the single

deep AHP involves a TEA-sensitive potassium current (Ij^) and an apamin-insensitive
calcium-activated potassium current (Iq), while in type B cells the apamin-sensitive
calcium-activated potassium current IahP responsible for the slow AHP.
Future investigations to explore further differences between adult cell types A and B and
to determine the function of either cell type are necessary. In the discussion of Part 1, the

possibility was raised that type A cells may represent type II vestibular neurones in situ,
whereas type B cells may represent type I neurones. Since type I and type II neurones

have been well characterised in vivo, this suggestion is readily testable in the slice

preparation by electrophysiologically analysing the synaptic inputs from the ipsilateral

primary vestibular afferents and commissural input from the contralateral MVN to type A
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and type B MVN cells in vitro. Further experiments using the intracellular dye filling

technique and tracing the axons of type A and type B cells may give an indication as to

whether the axons travel rostrally in the medial longitudinal fasciculus towards the

oculomotor nuclei or caudally in the direction of the spinal cord or in both directions,

indicating whether either cell type corresponds to vestibulo-ocular, vestibulo-collic or

vestibulo-ocular-collic cells described from in vivo experiments. Although many in vitro
studies in the MVN have already identified the receptor subtypes mediating the excitatory
or inhibitory effects of most of the putative neurotransmitters present in the CNS (refer to

Gallagher et al., 1992; de Waele et al., 1995 for a review), the effects of these

transmitters on type A and type B cells has not been systematically analysed. Recently, in
vitro techniques have been applied to the study of plasticity in the vestibular nuclear

complex such as occurs during the recovery of vestibular function after experimental
unilateral transection of the vestibular nerve, a process known as 'vestibular

compensation'. Information on the effects of the compensation process on the intrinsic

properties of vestibular neurones and the two cell types is lacking and therefore needs to

be addressed in detail.

In Part 2, the development of the tonic spontaneous activity and membrane excitability of
MVN neurones was examined using extracellular and intracellular recording techniques in

slices prepared from mice at specific stages during the first post-natal month. It was

shown that there is a progressive increase in the spontaneous discharge rates of mouse

MVN neurones during the period between post-natal days 5 to 30, to reach adult values by
the end of the first post-natal month. There appeared to be a rostro-caudal gradient in the
timecourse of development of the tonic discharge, with rostral cells developing higher
rates of discharge before caudally located cells. From the earliest time studied at P5,

spontaneously active MVN neurones were capable of firing overshooting TTX-sensitive
action potentials and showed the steady pacemaker-like membrane depolarisation which

gave rise to the spontaneous action potentials in these neurones. With the use of spike

shape averaging, immature forms of adult type A and type B action potential shapes were

recognised in the mouse MVN at P5. This finding was confirmed pharmacologically

using voltage-gated potassium channel blockers. The duration of the action potentials of
cell types A and B progressively decreased with age, as a result of developmental

115



increases in the rise-time and fall-time of their respective action potentials. By post-natal

day 30, all MVN cells impaled showed mature spike shapes.

Further investigations are necessary to determine the synaptic characteristics of each

immature cell type and the ionic mechanisms underlying their spontaneous action

potentials. Such a study may provide a clearer understanding of the mechanisms involved
in the processing of sensory information in the immature MVN. Taken together, the

experiments described above will extend our present knowledge of the cellular
mechanisms and organisation of the MVN.
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