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ABSTRACT

The rostral ventrolateral medulla (RVL) contains a population of bulbospinal neurons which

are critically involved in the tonic and reflex control of blood pressure. They project to the

intermediolateral cell column of the thoracolumbar spinal cord and excite sympathetic

preganglionic neurons. The RVL region also contains the Cl adrenergic group of neurons,

some of which are also bulbospinal RVL vasomotor neurons. The objective of this study was

to investigate RVL neurons at the cellular and molecular level, to gain a better understanding of

the properties of this heterogeneous population of neurons. Two main approaches were used

to achieve this. The first studied the expression of several genes in RVL micropunches and

single acutely dissociated RVL neurons using the reverse transcription-polymerase chain

reaction (RT-PCR). The second utilised antisense oligodeoxyribonucleotides (aODNs) to

reduce expression of trvo adrenaline-synthesising genes, tyrosine hydrorylase (TH) or

phenylethanolamine N-methyltransferase (PNMT), in Cl adrenergic neurons in the RVL.

Semi-nested RT-PCR analysis of tissue micropunched from the RVL region of adult rats

established the expression of mRNA transcripts for glyceraldehyde 3-phosphate

dehydrogenase (GAPDH), neuron-specific enolase (NSE), TH, PNMT, the glucocorticoid

receptor (GR), mineralocorticoid receptor (MR), noradrenaline transporter (NET), glycine

transporter 2 (GLYTZ), neuronal glutamate transporter (EAACI) and glial glutamate

transporter (GLT). The expression of mRNA for glutamic acid decarboxylase (GAD67) and

the gamma-amino butyric acid (GABA) transporter (GAT-I) was also detected in rat

brainstem. The micropunch technique combined with RT-PCR offers a simple non-

radioactive way to identi$ genes being expressed in the RVL and other medullary regions.

Single neurons were acutely dissociated from the RVL of 13 - 2l day old rats, and classified as

spinally projecting or non-spinal by the presence or absence of retrogradely-transported

fluorescent beads injected into the upper thoracic segments. Dissociated bulbospinal RVL

neurons did not exhibit any spontaneous firing, and there was no evidence of any pacemaker-

like properties. A fast-activating (spike-like) inward current could be elicited by depolarising

voltage steps, and could be abolished by application of tetrodotoxin. Extracellular application

of eitherkainic acid or L-glutamic acid onto RVL cells under voltage-clamp conditions elicited

dose-dependent inward currents. Individual neurons were collected by aspiration into a glass
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micropipette and the cell contents analysed by RT-PCR. Detection of either GAPDH or NSE

mRNA was used as the criterion for selecting cells for frrther analysis, and 80% of the neuron

samples tested expressed one of these genes. A subpopulation of spinally-projecting neurons

expressed PNMT or TH (50%), indicating that they were catecholaminergic. Bulbospinal

RVL neurons were also found to express mRNA for the MR (45% of those tested), the GR

(5%), NET (10%), and EAACI (58%). GLT, GAD67 and GAT-I were not expressed in any

bulbospinal neurons, but they were detected in 5 - l0% of non-spinal neurons tested.

Expression of mRNA for MR, EAACI and NET was also observed in subpopulations of

PNMT-positive and -negative bulbospinal neurons. Expression of NET protein, assessed by

immunohistochemistry, was found to be similar to NET mRNA expression in Cl adrenergic

neurons in the RVL.

These results indicate that single-cell RT-PCR is a powerfrrl method for elucidating the

functional characteristics of a defined neuronal population, and that it is possible to perform

whole-cell patch-clamp recording prior to RT-PCR analysis, allowing linkage of the molecular

analysis of mRNA expression to the electrophysiological properties of these neurons. The

method is very sensitive, enabling low copy-number mRNA transcripts to be detected, and

can be used to provide key information about blood-pressure regulation at the molecular and

cellular level.

The final part of this study used aODNs to attempt to knockdown expression of TH or

PNMT in Cl neurons in the RVL. The aODNs were either injected or infused unilaterally

into the RVL of adult rats in vivo, and 4 - 14 days later the animals were sacrificed and the

expression of TH or PNMT protein assessed using immunohistochemistry.

Immunoreactivity for TH was unchanged by injection or infusion of an aODN targeting TH

mRNA. Immunoreactivity for PNMT was decreased in 2 out of l0 infusion experiments, but

this was achieved using an aODN with one base pair mismatch to the PNMT mRNA

sequence, and could not be repeated with aODNs of the correct sequence. This study was the

first aftempt to target the PNMT gene with aODNs. and although preliminary in nature, it
provided some useful information for future studies of this system. Antisense ODN

suppression of genes in the RVL may prove to be an interesting future avenue for

investigating the functional significance of specific genes being expressed in the RVL region.
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CORT corticosterone

CSF cerebro-spinal fluid

CVL caudal ventrolateral medulla

DAB diaminobenzidine

DEX dexamethasone

DNA deoxyribonucleic acid

dNTPs deoxyribonucleotide tri-phosphates

DTT dithiothreitol

EAACI neuronal glutamate transporter

EDTA ethylenediamine teta-acetic acid

EGTA ethyleneglycol-bis-(p-aminoethyl ether) N, N, N', N'-tefra-acetic acid

EPSP excitatory postsynaptic potential

fET frog adrenaline transporter

FITC fluorescein isothiocyanate

GABA ganrma-amino butyric acid

GAD glutamic acid decarborylase

GAD67 isoform of GAD

GAPDH glyceraldehyde3-phosphatedehydrogenase

GAT-I GABA transporter
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GLYT2 glycine transporter
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GRE glucocorticoid response element

GST glutathione-S-transferase
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i.v. intravenous

IA transient potassium current
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K" affrnity constant

K, Michaelis constant
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min minute(s)

MR mineralocorticoid receptor

mRNA messenger ribonucleic acid

MW molecularweight

NA nucleus ambiguus

NAD nicotinamide adenine dinucleotide

NET noradrenaline transporter

NET-IR NET-immunoreactivity

NMDA N-methyl-n-aspartate

NPY neuropeptide Y

NSE neuron-specific enolase

nt nucleotides
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phenylethanolamine u-methy ltransferase
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I. INTRODUCTION

I.1 TgN ROSTRAL VENTROLATERAL MEDULLA IN THE coNTExT oF cENTRAL BLooD
PRESSURE REGULATION

The importance of the rostral ventrolateral medulla (nucleus reticularis rostroventrolateralis;

RVL) in the regulation of cardiovascular function and control of blood-pressure has long been

recognised. In the latter half of the l9th century a "vasomotor cenfie" was proposed in the

ventrolateral medulla at about the level of the facial nucleus, as transection experiments had

showed that arterial blood pressure was not markedly affected until a cut was made at the

level of thepontomedullary border(Dithnar, 1873). Extensive pressor and depressor regions

in the reticular formation of the medulla oblongata were later described (Wang and Ranson,

1939). R. S. Alexander confirmed these results and further extended them, describing a

pressor regron in the lateral reticular system in the rostral two-thirds of the medulla, and a

depressor reglon in the medial reticular system of the caudal portion of the medulla

(Alexander,1946). His experiments also established the necessity of the medullary centers for

the maintenance of arterial blood pressure, as tansection at the spinomedullary border led to a

profound decrease in arterial pressure. Later it was shown that inhibition of a subregion of the

rostral medulla near the ventral surface caused a fall in blood pressure (Feldberg and

Guertzenstein,1972; Feldberg and Guertzenstein, 1976; Guertzenstein and Silver, 1974) and

blocked the cental cerebral ischaemic reflex (Dampney and Moon, 1980), and also that this

region contained neurons projecting to the intermediolateral cell column flML) in the spinal

cord (Amendtet al., 1978; Dampney et al., 1982; Ross et al., l98lc). The last two decades

has seen a steady increase of interest in this are4 and it is now generally accepted that

vasomotor neurons in this region are crucial to the tonic and phasic control of blood pressure.

l.l.l Location and cell composition of the RVL region

The RVL region" also known as the subretrofacial (SRF) nucleus in the cat, is located

bilaterally in the rostral medulla immediately behind the facial nucleus (Fig. l-lA). In

transverse sections through the rostral medulla of the rat the RVL is a triangular quadrant (Fig.

l-lB) bordered dorsally by the compact formation of the nucleus ambiguus (NArr), medially

by the rostral portion of the inferior olive and the nucleus gigantocellularis pars ventralis,

laterally by the ventral pole of the spinal rigeminal nucleus and tract, and ventrally by the
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ventral surface of the medulla (Ruggiero et al., 1989). It does not have distinct

cytoarchitectural features. whereas in the cat the SRF is a densely packed column of cells

easily identifiable as a nucleus in both longitudinal and transverse sections (Polson et al.,

1992), which lies immediately caudal to the facial nucleus, and ventral to the retrofacial

nucleus (which is equivalent to the NA.f in the rat).

Bregma
-11.80 mm

Figure 1-1. Location of the RVL region in the rat medulla oblongata. (A) Diagram of a

longitudinal section through the brain of an adult rat, showing the location of the RVL in
the brainstem. irnmediately caudal to the facial nucleus (Vll). and ventral to the nucleus
ambiguus (NA). (B) Diagram of atransverse section through the medulla at Bregma -l1.80
showing the location of the RVL. Abbreviations: NA, nucleus ambiguus; IO, inferior olive;
Sp5. spinal trigenrinal nucleus; sp5, spinal trigeminal tract; NTS, nucleus of the solitary
tract; pyr, pyramidal tract; Cl. Cl adrenergic cell group.

Bregma
-11.80 mm

Medulla
Oblongata
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In the rat, a detailed study of the cytoarchitecture of the nucleus paragigantocellularis lateralis

showed that it contained a heterogeneous population of many different types of neurons

(Andrezik et al., 1981). However, the region studied was somewhat larger than the specific

RVL region, and included nuclei located more medial thanthe RVL, and extended firther in the

rostrocaudal axis (Ruggrero et al., 1989). The RVL region does contain a wide variety of

neuronal types, and in the rat it also contains many myelinated fibres (Milner et al., 1987),

which may contribute to the relatively indistinct outline it produces in Nissl stained sections

(Ruggrero et al., 1989). The most important functionally distinct groups within this region

include neurons which regulate the cardiovascular system (reviewed in Chalmers and

Pilowsky, 1991; Dampney, 1994; Guyenet et al., 1990; Guyenet et al., 1996; Reis et al.,

1994; Reis et al., 1989) and respiration (reviewed in Duffin, 1994; Feldman and Ellenberger,

1988; Long and DuffirL 1984; Millhom and Eldridge, 1986).

1.1.2 Properties of RVL vasomotor neurons

1.1.2.1 Morphologt

The morphology of RW vasomotor neurons has been studied in both in vivo and in vitro

preparations (Kangrga and Loewy, 1995; Lipski et al., 1995b; Sun et al., l99l). They are

small to medium sized cells, with a multipolar, oval or fusiform shape and several (3 - 8)

dendritic processes extending up to 700 pm from the cell soma in various directions, including

to the ventral surface of the medulla. Axons generally leave the cell body or primary dendrite

and travel dorsomedially before changing direction to tavel to the spinal cord, and collateral

il(ons often branch offin the medulla.

L 1. 2. 2 Electrophysiological properties

Electrophysiological recordings from spinally-projecting RVL neurons in vivo reveal that they

are tonically active neurons locked to the cardiac cycle at appropriate blood pressure levels

(Brown and Guyenet, 1984; Lipski et al., 1996) and to sympathetic nerve discharge (Barman

and Gebber, 1985). Most neurons are inhibited by baroreceptor activation, but a small group

(-10%) can be stimulated by baroreceptor activation (Brown and Guyenet, 1984). They have

axonal conduction velocities rangmg from 0.5 - 8 m.s-l (Brown and Guyenet, 1984; Lipski et

al., 1996), and probably monosynaptically excite SPNs in the spinal cord (McAllen et al.,

1994). There seem to be two components to the spinal conduction pathway, a fast-

conducting (2 - 8 ms-l) myelinated projection and a slow-conducting (0.5 - 1.5 ms-l)
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unmyelinated projection (Allen and Guyenet, 1993; Morrison et al., 1988). RVL vasomotor

neurons can be excited or inhibited by application of glutamate or gamm&amino butyric acid

(GABA), respectively (Sun and Guyenet, 1985).

In vitro, RVL neurons have been reported to exhibit autodepolarising potentials resulting in a

regular pacemaker-like firing pattern, but convincng in vfvo evidence for pacemaker activity

has yet to be obtained, and there is ongoing debate regarding the extent to which RVL neurons

rely on pacemaker properties or synaptic input to tonically fire in vivo. The pacemaker-like

properties have been observed in slice and brainstem spinal-cord preparations (reviewed in

Guyenet et al., 1996; Sun, 1995), but have not been studied in isolated neurons. In slice

preparations, regular non-bursting discharges were recorded intracellularly from individual

RVL neurons, and there was no evidence of synaptic input to the cells (Lewis and Coote,

1993a1' Sun et al., 1988b). Similarly, extracellular recordings invivo revealed rhythmic firing of

RVL neurons following application of kynurenate to block synaptic transmission (Sun et al.,

1988a). However, careful analysis of RVL vasomotor neurons by infuacellular recordings in

yiyo revealed no evidence of pacemakerlike properties, and demonstrated that most RVL

neurons rely on synaptic input to fire (Lipski et al., 1996).

1.1.2.3 Projections of RVL neurons

One of the major projection sites for RVL vasomotor neurons is to sympathetic preganglionic

neurons (SPNs) in the IML in the thoracic and upper lumbar spinal cord (Amendt et al., 1979;

Barman and Gebber, 1985; Brown and Guyenet, 1984; Caverson et al., 1983; Guyenet and

Young, 1987; McAllen, 1986; Ross et al., 1984a; Stracket al., 1989a; Strack et a1., 1989b).

There are also RW projections to the nucleus of the solitary tract (NTS), locus coeruleus

(LC), lateral parabrachial and Kdlliker-Fuse nuclei, and the lateral hypothalamic area (Guyenet

and Young, 1987; Haselton and Guyenet, 1990). Numerous neurotransmitters and/or their

synthesising enzymes have been identified in the RVL, including the glutamate-synthesising

enzyme phosphate-activated glutaminase (Minson et al., 1991), the catecholamine

synthesising enzymes phenylethanolamine N-methyltransferase (PNMT) and tyrosine

hydroxylase (TH), (Armstrong et al., 1982; Ciriello et al., 1986; Kitahama et al., 1986; Lipski

etal., 1995b; Milneret al., 1989; Minson et al., 1990; Ross et al., l98la), serotonin (Loewy

and McKellar, 1981), glutamic acid decarboxylase (GAD), the GABA-synthesising enzyme

(Jones et al., 1991; Ruggiero et al., 1985), glycine, neuropeptide Y (Blessing et al., 1986;
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Blessing et al., 1987), and substance P (Milner et al., 1988b; Pilowsky et al., 1986). The

functional significance of many of these has yet to be determined.

1.1.2.4 Aferent inputs to RVL

Electrophysiological and anatomical studies have established a large number of inputs into

RVL vasomotor neurons from a wide range of sources. Inputs arise from various peripheral

and central systems, including baroreceptors, chemoreceptors and somatosensory receptors,

the cardiopulmonary system, central respiratory system, and also from many brain regions,

including the NTS, caudal ventrolateral medulla (CVL), area postrema (AP), LC, lateral

parabrachial and Ktilliker-Fuse nuclei, midbrain periaqueductal gray (PAG), lateral

hypothalamic area, and amygdala (Agarwal and Calaresu, 1993; Aicher et al., 1996; Carrive et

al., 1988; Dampney et al., 1982,1987; Haselton and Guyenet, 1989a; Koshiya et al., 1993;

Lovick 1985, 1986; McAllen, 1985, 1987; Morrison and Reis, 1989; Ross et al., 1985; Sun,

1992;' Sun and Guyenet, 1987; Sun and Spyer, l99la, l99lb, 1991c; Takayama et al., 1990;

Terui et al., 1986, 1987; van Bockstaele et al., 1989; Verbeme, 1996; Ve$erne and Guyenet,

1992b). Many neurotransmitters and neurornodulators are known to exert an effect on RVL

vasomotor neurons, including glutamate (Dampney et al., 1982; Ross et al., 1984b; Sun and

Guyenet, 1986), GABA (Dampney et al., 1988; Sun and Guyenet, 1985; Yamada et al.,

1984), acetylcholine (Arneric et al., 1990; Sundaram and Sapru, 1988; Wiltette et al., 1984b),

adenosine triphosphate (Sun et al., 1992b), serotonin (Helke et al., 1993; Lovick, 1989a;

Lovick, 1989b; Wang and Lovick, 19924 Wang and Lovick, 1992b), angiotensin II (Chan et

al., 1991b; Muratani et al., l99l), substance P (Sun and Guyenet, 1989; Urbanski et al.,

1989), vasopressin (Andreatta-van Leyen et al., 1990), neuropeptide Y (Tseng et al., 1989),

opioids (Punnen and Sapru, 1986; Punnen et al., 1984), and corticosteroids (Zhu et al., 1995).

1.1.3 The RVL and cardiovascular reflexes

RVL neurons are involved in a number of autonomic and somatomotor reflexes which integrate

cardiovascular frrnction with maintenance of normal levels of homeostasis and responses to

extemal perturbations. Central to the RVL vasomotor neuron functioning is its role in the

baroreflex, which is a negative feedback mechanism for contolling beat to beat arterial blood

pressure. Baroreceptors zue located in the aortic arch and carotid sinus, and afferent fibres

terminate centrally in the NTS (Ciriello, 1983; Kalia and Welles, 1980; Miura and Reis, 1972;

Wallach and Loewy, 1980). Barosensitive excitatory neurons in the NTS region project to the
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CVL (Loelvy and Burton, 1978; Somogyi et d., 1989), and synapse there on inhibitory

neurons which project directly to RVL vasomotor neurons (Agarwal and Calaresu, l99l;

Blessing and Li, 1989). When activated dwing increases in blood pressure, these inhibitory

CVL neurons suppress the activity of the RVL neurons (Cravo and Morrison, 1993; Jeske et

al., 1993), resulting in a decrease in sympathetic nerve activity, and likewise a decrease in

blood pressure.

RVL vasomotor neurons also appear to be sensitive to hypoxic conditions, either directly

(Sunet al.,l992a; Sunand Reis, 1993; Sun and Reis, 1994a), or via the peripheral carotid

chemoreceptors as part of the chemoreflex (Koshiya et al., 1993; McAllen, 1992; Sun and

Spyer, 1991c). Cardiovascular responses to cerebral ischaemia involve the RVL neurons

(Dampney and Moon, 1980; Guyenet and Brown, 1986), as do responses to stimulation of

vagal afferents and the Bezold-Jarisch reflex (Sun and Guyenet 1987; Thoren, 1979; Verbeme

and Guyenet, 1992a). The RVL region is an important integration point for cardiovascular

responses to a number of other cental and peripheral stimuli also, including the

somatosympathetic reflex response to nociceptive stimulation (Morrison and Reis, 1989;

Stornetta et al., 1989; Sun and Spyer, l99lb), defence arousal response (Hilton and Redfern,

1986), responses to emotion (Spyer, 1989), and sympathoexcitation following exercise

(Iwamoto et al., 1989).

1.1.4 Criteria for identification of RVL vasomotor neurons

It has been estimated that spinally-projecting barosensitive neurons in the RVL constitute

only a small fraction (4%) of the total number ofneurons in the area (Lipski et al., 1996). It is

therefore necessary to have a set of criteria for distinguishing vasomotor RVL neurons from

other cells in the area. These criteria can vary for in vivo and in vitro experimentel conditions.

Of primary importance of course is the correct location of the cell bodies, and projection to

the IML in the spinal cord (Sun, 1995). Criteria for in vfvo inbacellular identification of

vasomotor neurons include an inhibitory response to stimulation of the aortic depressor nerve

with short bursts of pulseso and antidromic stimulation from the upper thoracic segments

(Lipski et al., 1995a).
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I.2 OrgnR CNS NUCLEI INVOLVED IN CARDIOVASCULAR CONTROL

1.2.1 Spinal cord

Sympathetic preganglionic neurons (SPNs) represent the final step towards CNS regulation of

arterial pressure. They provide tonic excitatory drive to postganglionic sympathetic neurons

innervating peripheral blood vessels. SPNs are located in the thoracic and upper lumbar (Tl

to L3) spinal segments (Rando et al., l98l; Rubin and Purves, 1980; Schramm et al., 1975).

The distribution of SPN cell bodies in the spinal cord varies at different levels (Oldfield and

Mclachlan, l98l; Pardini and Wurster, 1984), but they are almost exclusively confined to the

IML in the upper thoracic (-T3) segments (Chung et al., 1979; Rando et al., 1981). In the cat

the dendrites of SPNs extend for 1.5-2.5 mm total lenglh in the longitudinal axis, and arise

primarily from the rostal or caudal poles of the SPN soma (Dembowsky et al., 1985b).

However, in the rat the dendritic arborisations are different, extending up to 500 pm from the

soma in both rostrocaudal and mediolateral directions (Forehand, 1990). SPNs do not exhibit

any pacemaker-like activity in vivo, although some has been recorded in vitro (Dembowsky,

1995). Invivo electophysiological recordings from SPNs revealed ongoing synaptic activity,

predominantly consisting of excitatory postsynaptic potentials (EPSPs), while inhibitory

postsynaptic potentials (IPSPs) were rarely observed (Dembowsky et al., 1985a). SPNs rely

on excitatory drive from supraspinal structures in the CNS to maintain tonic sympathetic

activity, as acute transection of the cervical spinal cord results in arterial blood pressure

dropping to -50 mmHg (Alexander,1946). They receive direct input from several different

supraspinal structures, but the dominant excitatory drive comes from the RVL region (SurU

1995). Other regions which contain neurons projecting directly to the SPNs include the

paraventricular nucleus in the hypothalamus, the ,A'5 cell group, caudal raphe nucleus and

rostral ventromedial medulla in the brainstem (Shack et al., 1989a; Strack et al., 1989b). SPNs

also receive input from spinal afferent nerr/es from skin, viscera, and skeletal muscle.

lmmunohistochemistry and electron microscopy have established a number of different types

of nerve terminals synapsing on SPNs. These terminals can contain one or several

neurotransmitters from the following: glutamate (Morrison et al., 1989a; Morrison et al.,

1989b), GABA (Bacon and Smith, 1988; Bogan et al., 1989), serotonin @acon and Smith,

1988; Chiba, 1989; Poulat et al., 1992; Ye.ra et al., 1990), glycine (Cabot et al., 1992),

noradrenaline or adrenaline (Chiba and Masuko, 1986), angiotensin tI (Lewis and Coote,
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1993b), enkephalin (Vera et al., 1990), substance P (Bacon and Smith, 1988; Pilowsky et al.,

1992; Poulat et al., 1992; Vera et al., 1990), neuropeptide Y (Chiba, 1989), somatostatin

(Chiba 1989) and thyrotropin-releasing hormone (Poulat et al., 1992). SPNs activity can be

influenced by exogenous application of most of these compounds (reviewed in Coote, 1988),

although the observed effects are often not consistent with the expected outcomes. As most

terminals synapsing on the SPNs are likely to contain more than one neurotransmitter, the

endogenous release of a substance is unlikely to be in isolation, and it is the combined effect

that will be important in vivo.

1.2.2 The caudal ventrolateral medulla

The caudal ventrolateral medulla (CVL) contains a group of neurons which respond to

stimulation by reducing arterial blood pressure and sympathetic nerve discharge (Drolet et al.,

1993; Gordon, 1987; Willette et al., 1984a; Willette et al., 1987). Lesions of the CVL prevent

responses to aortic nerve stimulation (Murugaian et al., 1989), and chemical blockade of
excitatory synaptic transmission leads to increases in arterial pressure and sympathetic nerve

discharge @lessing and Reis, 1983; Cravo and Morrison, 1993; Cravo et al., l99l; Drolet et

al., 1993; Guyenet et al., 1987). There is no direct projection from the CVL to the IML in the

spinal cord (Strack et al., 1989a; Strack et al., 1989b), but interneurons in the CVL which

project to the RVL have been electrophysiologically identified which may mediate these

responses (Agarwal and Calaresu, l99l; Gierobaet al., 1992; Jeske et al., 1993; Terui et al.,

1990). Inhibitory, probably GABAergic, neurons project directly from the CVL to the RVL

region (Agarwal and Calaresr:, l99l; Blessing and Li, 1989; Jeske et al., 1993; Li and Blessing,

1990; Masuda et al., 1992; Masuda et al., l99l), and stimulation of the CVL inhibits neurons

in the RVL (Agarwal et al., 1989b),

1.2.3 Nucleus of the solitary tract

The nucleus of the solitary tract (NTS) plays a key role in mediating cardiovascular reflexes

and regulating blood pressure. It extends throughout the dorsomedial medulla and in the rat

several different subnuclei have been described (Andresen and Kunze, 1994; Kalia and

Sullivan, 1982). It is the primary site for termination of a large number of afferent inputs to

the central nervous system (CNS), including the arterial baroreceptors and chemoreceptors,

gastrointestinal, visceral, gustatory and respiratory afferents (Andresen and Kunze, 1994;

Spyer, l98l ). Baroreceptor afferents terminate predominantly in the
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dorsolateraVcommissural or dorsaVmedial NTS (Kalia and Mesulam, 1980). Numerous

neurotransmitters have been identified in the NTS, with activation of several having an effect

on arterial pressure and the baroreflex. These include glutamate (Kubo and Kihara 1988b;

Talman et al., 1984), noradrenaline (Tsukamoto et al., 1994), GABA (Kubo and Kihara,

1988a), adenosine (Castillo-Meldndez et al., 1994), angiotensin II (Casto and Phillips, 1984)

and acetylcholine (Criscione et al., 1983). Besides receiving afferent baroreceptor neurons, the

NTS also receives input from various other brainstem regions, including the RVL, CVL, AP,

medullary raphe nuclei, A5 cell group, PAG, parabrachial nucleus, and also from the

hypothalamus and cortex (Bandler and Tork, 19871' Onai et al., 1987; Paton et al., 1991; Roder

and Ciriello,1992; Ross et al., l98lb; van der Kooy et al., 1984; van der Kooy et al., 1982).

Neurons project from the NTS to a number of areas, including RVL, CVL, IML, AP, NA,

dorsal motor nucleus of the vagus, medullary raphe nuclei, the A'5 region, hypothalamus, and

some forebrain nuclei (Dampney et al., 1987; Loewy and Burton, 1978; Otake et al., 1992;

Ricardo and Koh, 1978; Riche et al., 1990; Ross et al., 1985).

1.2.4 A5 noradrenergic cell group

The A,5 cell group in the venhal pons arc potentially involved in cardiovascular control and

blood pressure regulation (Drye et al., 1990; Loewy et al., 1979u Loewy et al., 1986), and

have been shown to project directly to the IML in the thoracic spinal cord (Byrum et al.,

1984; Loewy et al., 1979b; Strack et al., 1989a; Strack et al., 1989b). A5 cells also project to

the amygdal4 hypothalamus, PAG, parabrachial area, NTS, the K0lliker-Fuse nucleus, the

ventral medullary reticular formation in the areas of the Al and Bl cell groups, and also the

paraventricular nucleus of the thalamus, the bed nucleus of the stria terminalis, and possibly

the zona incerta and lateral and dorsal hypothalamic areas (Byrum and Guyenet, 1987). They

are inhibited by baroreceptor activation (Guyenet, 1984; Huangfu et al.o l99l), but do not

exhibit pulse related activity, and therefore may not be part of the baroreflex pathways

(Huangfu and Guyenet, l99l). They are excited by stimulation of the carotid sinus nerves

(Guyenet et al., 1993), and may form part of the neural circuit mediating sympathoexcitatory

responses to the chemoreflex (Koshiya and Guyenet,1994a; Koshiya and Guyenet, 1994b).

1.2.5 Locus coeruleus

Chemical stimulation of the locus coeruleus (LC), or 4,6 noradrenergic group, causes a

decrease inarterial pressure (Miyawaki et al., 1991; Sved and Felsten, 1987). LC neurons
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might be involved in vasopressin secretion in response to the baroreflex (Banks and Harris,

1984) and in cerebral blood flow (Adachi et al., l99l). The LC receives afferent inputs from

only two. nuclei - the paragigantocellularis (including the RVL) and the prepositus hypoglossi

in the rostral medulla (Aston-Jones et al., 1986). However, it projects to many nuclei

throughout the CNS, including the spinal cord (Foote et al., 1983; Jones and Yang, 1985), but

not to the IML (Strack et al., 1989a; Strack et al., 1989b). There is a reciprocal connection

between the LC and the RVL (Guyenet and Young, 1987; Pieribone and Aston-Jones, l99l;

Pieribone et al., 1988), and excitation of the LC chemically inhibits RVL vasomotor neurons

(Agarwal and Calaresu, 1993). However, it remains to be determined how LC neurons

contribute to cardiovascular regulation.

1.2.6 Midbrain and Forebrain nuclei

The midbrain periaqueductal gray (PAG) is an important cenhe in the regulation of pain

perception and antinociception, and also in the cardiovascular responses to pain @andler and

Carive, 1988; Bandler et al., l99l; Basbaum and Fields, 1984; Dennis and Meller, 1993), and

stimulation of the PAG directly elicits significant changes to blood pressure @ereiter and

Gann, 1990; Tan and Dampney, 1983; Verbeme and Struyker-Boudier, l99l). The major

projection of PAG terminates in the bulbospinal regions of the rostral ventomedial medull4

with other links to the RVL (including to Cl adrenergic neurons), LC, ,A,5 cell group, and the

paraventricular and lateral hypothalamic nuclei (Carrive et al., 1989; Chen and Aston-Jones,

1995; Farkas et al., 1998; Hudson and Lumb, 1996; van Bockstaele and Aston-Jones, 1992).

A reciprocal connection with the NTS has been reported (Bandler and Tork, 1987; Li et al.,

1992), and the PAG also receives innervation from the hypothalamus (Barman, 1990).

Various regions of the forebrain are involved directly or indirectly in cardiovasgular control,

and in the regulation of sympathetic outflow and blood pressure (reviewed in Sun, 1995). Of

particular importance is the paraventricular nucleus of the hypothalamus, which has

projections to several cardiovascular nuclei in the brainstem and spinal cord, including the

IML, RVL, NTS, PAG, and NA (Dampney et al., 1987; Luiten et al., 1985; Srack et al.,

1989a; Strack et al.o 1989b; Swanson and Kuypers, 1980).

t0
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I.3 RELATTONSHIP OF RVL VASOMOTOR NEURONS TO THE CI ADRENERGIC CELL

GROUP

1.3.1 Brainstem catecholaminergic cell groups

Noradrenergic and adrenergic neuronal cell groups are confined predominantly to the brainstem

(H6kfeltetal., 1984a; H<ikfelt et al., 1984b). The main noradrenergic cell groups are the LC

(46 cell group), nucleus subcoeruleus, A5 and A7 groups in the pons, and the medullary

groups AI and A2IAP (Dahlstrdm and Fuxe, 1964; Hitkfelt et al., 1984a; Hcikfelt et al.,

1984b). The main adrenergic groups are the Cl group in the rostral ventrolateral medulla

(RVL), the C2 group in the dorsomedial medulla, and the C3 group in dorsal midline areas of

the rostral medulla (H6kfelt et al., 1973; Hrtkfelt et al., 1974; Howe et al., 1980). Both

noradrenaline and adrenaline are recognised as classical neurotransmitters in the cental

nervous system, and they have been implicated in a number of pathological conditions,

including sudden infant death syndrome (Filiano and Kinney, 1995; Obonai et al., 1998),

hypertension (Sun, 1995), and Alzheimer's disease (Burke et al., 1994). The synthesis

pathway for catecholamines is shown in Fig. l-2.

1.3.2 Cl adrenaline neurons of the ventral medulla

The Cl neurons appear to be of particular importance for cardiovascular control. They

overlap functionally and anatomically with the RVL presympathetic vasomotor neuronsr

(Guyenet et al.. 1996; Sun, 1995). Approximately 40-80% of the RVL vasomotor newons

express TH and PNMT (Lipski et al., 1995b; Minson et al., 1990; Schreihofer and Guyenet,

1997), identifuing them as Cl adrenergic neurons. TH/PNMT-containing neurons project to

all levels of the IML in the thoracic spinal cord (Ross et al., 1984a; Strack et al., 1989b;

Wesselingh et al., 1989), and PNMT-containing terminals are known to synapse directly onto

SPNs (Milner et al., 1988a). Electrophysiological evidence for RVL vasomotor neurons

containing TH and PNMT was circumstantial for several years (Morrison et al., 1988), but

recent innacellular studies have confirmed that a proportion of descending tonically active

vasomotor RVL neurons do contain TH (Lipski et al., 1996), and are thus Cl newons that

also belong to the RVL vasomotor group .
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Figure l-2. Catecholamine synthesis pathway from tyrosine to adrenaline. Enzymes are
given in italics on the right side.
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1.3.3 Role of Cl neurons in cardiovascular control

The functional role of Cl adrenergic neurons in blood pressure regulation has yet to be

detemrined, and indeed even the phenotype of the neurons has been called into question by

some (Sved, 1989). As RW vasomotor neurons are tonically'active and excite SPNs,

adrenergic bulbospinal neurons would also be expected to be excitatory. However, several

studies have shown that SPNs are usually inhibited by adrenaline rather than excited (Coote et

al., l98l; Guyenetand Cabot, l98l; Guyenet and Stornetfa, 1982). Furthermore, preventing

adrenaline formation in Cl neurons by application of a PNMT inhibitor to the area does not

decrease the excitation of SPNs (Connor and Drew, 1987; Head and Howe, 1987), but rather

appears to increase the excitability of SPNs (Sangdee and Franz, 1983). Most Cl neurons

also contain the glutamate-synthesising enzyme phosphate-activated glutaminase, zuggesting

that glutamate is the major excitatory neuroftansmitter in these neurons (Minson et al., 1991),

and there is evidence of a glutamatergic innervation of the SPNs by bulbospinal RVL neurons

(Morrison et al., l99l). Adrenaline may act as a neuromodulator in RVL/CI neurons rather

than primary transmitter, but as yet evidence of the exact role of adrenaline remains elusive.

1.4 Gnr.rnRAL ArMs

This project sought to characterise the molecular properties of spinally-projecting RW

neurons, using the following approaches:

1. Use reverse transcription-polymerase chain reaction (RT-PCR) to analyse mRNA

expression from micropunches of the RVL, and other regions.

2. Use RT-PCR of single neurons acutely isolated from the RVL to analyse mRNA

expression of several neurotransmitter synthesising enzymes, receptors and transporters

which could potentially be involved in regulation of blood pressure by RW vasomotor

neurons.

3. Suppress TH and PNMT protein formation in Cl neurons in the RVL region by

administration of antisense mRNAs in vivo, as a first step towards investigating the role of

adrenaline in blood pressure regulation by the RVL.

l3
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IT. MATERIALS AI\D METHODS

2.1 Axnut s

Wistar Rats were obtained from the animal facility in the Faculty of Medicine and Health

Science, University of Auckland. Food and water were available ad libinm. Young animals

(under 3 weeks old) which were used in the dissociation experiments were housed with their

mothers until required for surgery/experimental use. Approval was obtained for all animal

experimentation from the University of Auckland Animal Ethics Committee (# N422).

2.2 CHEMIcALS, BUFFERS AND ANTTBoDTES

Analytical research grade chemicals were obtained from Sigrna unless otherwise noted. Water

for solutions and buffers was either single distilled or obtained from a MilliQ water

purification system. For molecular studies water was sterilised by autoclaving. A standard

phosphate-buffered saline (PBS) solution containing 123.2 mM NaCl, 10.4 mM Na2HPOa

and 3.2 mM KH2POa was used for many protocols.

Anti-rabbit and anti-mouse IgG antibodies conjugated to biotin, fluorescein isothiocyanate

(FITC) or tetramethylrhodamine isothiocyanate (TRITC) were obtained from Sigma Goat

anti-rabbit IgG conjugated to Texas Red was obtained from Jackson ImmunoResearch. Anti-

phenylethanolamine-N-methyl transferase antibody raised in rabbit (anti-PNMT) was

obtained from Incstar Corporation, and anti-tyrosine hydroxylase antibody raised in mouse

(anti-TH) was obtained from Boehringer Mannheim. An antibody to the noradrenaline

transporter (norepinephrine transporter; NET), which was raised in rabbit against a

glutathione-S-transferase (GST) fusion protein containing residues 184-233 of the predicted

extracellular region of the bovine NET (GST-NETM2), was obtained from Dr D.L. Christie of
the University of Auckland. The preparation of this antibody has been described in detail

elsewhere (Burton et al., 1998).
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2.3 Tnn PoLYMERASE cHAIN REAcTIoN

The polymerase chain reaction (PCR) was used for analysis of mRNA expression for a

number of genes in both micropunches and single isolated RVL neurons. This section outlines

the PCR procedure followed and the design of primers.

2.3.1 Semi-nested PCR

A semi-nested PCR protocol (Zhang and Ehrlich, 1994) was used to identiff mRNA species

present in tissue punches or single dissociated RVL neurons. The method utilises three

primers for each gene being investigated. The protocol involves two rounds of amplification,

where the second round of amplification uses one of the primers of the first round (either 5' or

3'), and anew specific primer that lies internal to the first round primers on the cDNA (Fig.

2-l). Asemi-nested design increases the sensitivity of the PCR amplification for low copy-

number mRNAs by using two rounds of amplification, and improves the specificity of the

amplification by using three specific primers rather than two.

2.3.2 Primer design

Sequence inforrration for the genes to be investigated was exFacted from GenBank using

GeneWorks@ Z.+SN (IntelliGenetics, Inc). Most primers were designed using the primer

design capabilities of the same program. Optimal primer characteristics were entered into the

computer as search parameters as follows: a lenglh of l8-22bp,45-55o/o GC content melting

temperature (Tr) of between 57-63"C (average 60"C), at least 3 G or C residues at the 3' end,

no more than 2 consecutive identical base pairs, and a preferred size of the amplified sequence

between 200 and 800 bp long. When these parameters failed to give a suitable primer pair, the

parameters were relaxed one by one until suitable primers could be obtained. ,This usually

began by decreasing the number of G or C residues at the 3' end of the primer to 2, or

increasing the allowed number of consecutive identical residues to 3. In the rare instance

where this still failed to give suitable primers, the GC content and T, were also rela,xed.

For genes which had genomic information available, primers were designed to span at least one

intron. This allowed for a built-in control for the presence of genomic DNA in the cDNA

sample, as amplification of the genomic DNA would give a larger product which contained an

intron not present in the cDNA. If no genomic sequence information was available for a

l5
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particular rat gene of interest, then genomic information for the same gene from another

species was sometimes used to infer the intronic strucfure of the rat gene, and the primers

designed to span a putative intronic region. When no genomic information from any species

was available for a gene, primers were designed to give a reasonably large amplification

product of greaterthan 300 bp. As most mammalian gene exons are small (less than 200 bp),

these largerPCR products should span at least one intron.

t6
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Figure 2-1. Schematic diagram depicting the semi-nested PCR amplification protocols.
(A) The more common situation where two 3' (antisense) primers are matched to a single 5'
(sense) primer through two rounds of amplification. (B) For some genes of interest two 5'
primers are usedto partner a single 3'primer for cDNA amplification.

\mplification Product

P(:R

+
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2.3.3 Genes investigated

Expression of mRNA for the catecholamine-synthesising enzymes TH or PNMT was used to

identiS cells with an adrenergic phenotype. The presence of a number of neurotransmitter

transporters and receptors was investigated, including the glucocorticoid receptor (GR),

mineralocorticoid receptor (MR), NET, the neuronal glutamate transporter (EAACI), glial

glutamate transporter (GLT), glycine transporter (GLYT2), and the GABA transporter

(GAT-I). Expression of mRNAfor one the GAD isoforms (GAD67) was used to identiff

GABAergic netuons. Two house-keeping genes were also tested for: glyceraldehyde 3-

phosphate dehydrogenase (GAFDH) is a metabolic enzyme present in all cells, and neuron-

specific enolase (NSE) is an isoform of the glycolytic enzyme enolase which is present only in

neurons. Positive expression of either of these two genes following PCR of cDNA samples

from micropunches or single neurons was used as an indicator of successful RNA extraction

and/or reverse tanscription.

The primers designed and used for PCR amplification of each gene are given in Table 2-1. The

nomenclature is consistent for most genes as follows: sense primers (sequence identical to

mRNA strand) are given the suffix '5', antisense primers (sequence complimentary to the

mRNA strand) are given the suffix '3'. Primers for the first amplification round (external

primers) have the additional suffix '-01'. The third primer for the second round of

amplification (internal primer) has the additional suffix'-02'.

2.3.4 Primer pair optimisation

Optimal conditions for successful PCR amplification were determined for each primer pair

using dilute (e.g. l:10 000) aliquots of reverse franscribed RNA which had been extracted from

a whole rat brainstem. The required magnesium (MgCl2) concentration was determined over a

range from 1.5 - 3.5 mM. As most primers had been designed to have a T, of 60"C, the first

annealing temperature tried was always 58"C. When this failed to give satisfactory results the

arurealing temperature was either raised (if there were exba bands) or lowered (if there was

weak or no product) until a suitable temperature was found. Optimal conditions for the

primers used ars given in Table 2-2.

t7
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Table 2-1. Primer sequences.

EAACI 3-OI

EAACI 5-OI

EAACI 5-02

GAPDH 3.OI

CAPDH 3-02

GAPDH 5-OI

6AT",'3-0ff:'tt,t

GAT-I s.OF

cAT-t 5-0ff;i,

GLT 3-OI

GLT 5.OI

GLT 5-02

GCTGATCGTGATGATCTGCC

AAGCGTGAAGAAGTGAAGCC

TCAATGCGTTGAGTGACGC

GAGTTGCTGTTGAAGTC AC AGG

CCCA GTG AGCTTCCCGTTCAGC

CCTGCACCACCAACTGCTTAGC

CCATGTTAATGGTTGCTCCG

AGGCCAATACAACCAAGGC

CAATGAGACCATGAATGAGGC

7

'7

6

x67857 1290 7 *

x67857 706 4'F

x67857 7 40 4'l

D63772
D63'172

D63772

ffi:6q|i!1:,t!,'i

x02231

x02231
x02231

t3ll
6r3
836

934

755

st7

'' .,*tn? 1;,1S"

F# 'tffi.rri'''
GR 3-01

GR 3-02

GR 5-0 |

ItR'3"01'' l

MR 3--02 ' ,

tfi.,s-ol
NET 3-OI

NET 5-O I

NET' 5-02

NSE 3-01 ,:,,

NSE 3:02 ,.',
NsE 5;ol ,;

PNMT 3-OI

PNMT 3-02

PNMT 5-OI

TH 3-01

TH'3-02
TH 5-02 .,..

AGGTAATTGTGCTGTCCTTCC 2I MI4053 IO9O

ACAT'CCTGAAGCTTCATCGG 20 MI4O53 I4I8
TTCATGGTGTCAGTACCTC'TGG 22 M I4053 1492

z0 M360r4 2lil4,:
g0 vf36074 r.: ,&$,,7{i,,', 

- ;

20 M3607.yi: 
r-r'.1iffi9:,.

TACGAGGTCTGCAAICAACG
ccrrcAcc.aq4$4gAcrrcc '' .,dli "r Ml i93r', g 

l:09r :' g

ACGACCTGGAAGTCATCAGC 20 L29573 296 9*
CAGCACCATCAACTGTGTTACC 22 L29573 21 7*

TCTCCATCCTTGGTTACATGG 2I L29573 68 7*

rrccaaci AAC&,, 
,,,ti{.::,, Ui,rdi t6a 

8

AGCTCTCGGACCTCATAACC 20 XI42I I 686 3

CCGATGACAAGGAGATGACC 20 XI42I1 572 3

C"I'ACC'|CCGCAACAACTACG 20 XI42II 3O 1

AAGCGCACtuAuq,i{TACTCCAGG 2l L22651 771 3

CAGCCCGAGACAAGGAGCAG 20 L22651 668 2

GCTGTCACGTCCqCAAGGTI 20 L2265r 449 v2

.99'

22

22

22

l. The GenBank accession number for the cDNA sequence used in primer design.
?. The nucleotide start site for the primer for the CenBank cDNA sequence used.
3. Exon location of the nrinrer. Exons with an * are inferred from the hunran exon structure.
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Table 2-2. Optimal primer pair conditions.

EAACI 5-01/ EAACI 3.OT

EAACI 5-02l EAACI 3.01

3-01

3-02

699

476

418

239

585

551

403

329

276

229

657

543

3

1.5

1.5

I

2.5

J

GAPDH 5-OI/ GAPDH

GAPDH 5-OI/ GAPDH

58

55-58

GLT 5-OI/ GLT 3-01

GLT 5-02/GLT 3-OI

GR 5-01/ GR 3-01

GR 5-01/ GR 3-02

NET 5-OI/ NET 3-OI

NET 5-02l NET 3-01

PNMT 5-OI/ PNMT 3-OI

PNMT 5-OI/ PNMT 3.02

58

58

2.4 MICRoPUNcH PRoTocoL

2.4.1 Tissue Preparation

Adult Wistar rats (300 - 400 g) were anaesthetised by carbon dioxide inhalation and

decapitated. The brain was swiftly removed and placed in ice-cold sterile PBS. The dura

mater was removed and a block of the medulla oblongata cut, extending from I mm caudal to

the obex to the pontomesencephalic border. The tissue block was immediately frozen in a

cryostat. The freezing was speeded up by surrounding the block with dry ice powder.
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Tissue sections (240 pm thick) were cut at -13"C. Each section was pinned onto a Sylgard-

covered petri dish in ice-cold PBS, then viewed under a dissecting microscope with

illumination from beneath. The RVL area was identified by the presence of the compact

formation of the nucleus ambiguus, and the shape of the olivary complex. Sections were taken

serially through the rostral medull4 and punches made consecutively until the facial nucleus

was identified in the sections. The punches made from immediately caudal to the facial

nucleus to 600 pm caudal to the facial nucleus were labelled RVL punches. Punches were

made in several other regions also, including the LC, NTS, spinal trigeminal nucleus (STI{),

and hypoglossal nucleus (XIIn).

2.4.2 Punch Needles

Punch needles were prepared from hypodermic needles of two sizes, 20 gauge (external

diameter 800 pm) and 22 gauge (extemal diameter 500 pm). The point of the needles were

ground down level, and the cutting edge sharpened so that a clean punch could be made. The

needles were washed n 70Yo ethanol and autoclaved prior to use. Each needle was used for

only one punch in each experiment.

2.4.3 Punch procedure

Punches were made using a protocol modified from Palkovits (Palkovits, 1973). Tissue was

expelled from the needle into the ice-cold PBS using a slight positive presswe, and

immediately transferred to a 1.5 ml Eppendorf tube containing 600 pl of TriReagent

(Molecular Research Centre, Inc.). The presence of the tissue in the solution was visually

confirmed under the dissecting microscope.

2.4.4 RNA extraction

RNA extraction was performed using the guanidiniurn thiocyanate-based method

(Chomczynski and Sacchi, 1987). The Eppendorf tubes, containing the punches in 600 pl of
TriReagent, were vortexed extensively and briefly spun down in a benchtop microfuge.

Glycogen (10 pgltube) was added to aid RNA extaction, and the solution was left at room

temperature (-22"C) for 15min. Chloroform (l20pUtube) was added, and the tubes were

shaken vigorously for 15 s by hand, then left sitting for 3 min at room temperature. The tubes

were then centifuged at 15 000 rpm at 4"C for 15 min. The upper aqueous phase of each

sample, containing the RNA, was tansferred to a new Eppendorf tube. Isopropanol (300 pl)

20
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was added to precipitate the RNA, the tubes were mixed thoroughly and left at room

temperature for l0 min, then centrifuged at t5 000 rpm at 4oC for l0 min. The supernatants

were poured off, and the pellets (which were not usually visible) were washed with 600 pl of

75o/o ethanal, shaken and then centrifuged at 6 500 rpm at 4oC for,l0 min. The ethanol was

then poured off, and the pellets left to dry in room air or under vacuum (without

centrifugation). RNA pellets were redissolved in l0 pl of sterile water (which had been

treated with 0.1% diethyl pyrocarbonate (DEPC) and subsequently autoclaved), mixed well,

spun down and then incubated at 55"C for l0 min to aid dissolving. RNA solutions were then

frozen and stored at -20"C until required for reverse hanscription.

2.4.5 Reverse tmnscription

cDNA was generated by reverse tanscription (RT) of the RNA using random primers. The

reaction was perfonned in a final volume of 20 pl, containing dl l0 pl of the RNA, 20 mM

Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 1.25 mM dNTPs, I pl random hexamers,

40 U RNAguard (Pharmacia Biotech) and 200 U SuperScript II (Gibco BRL). RT solutions

were held for l0 min at 20"C to allow annealing of the random hexamers, and then held at

42"C for 45 min for RT. The solutions were then heated to 85'C for 5 min to destroy any

remaining reverse transcriptase, and subsequently cooled and stored at -20oC until required.

2.4.6 cDNA amplification and visualisation

PCR was used to ampliff specific genes of interest represented in the RVL cDNA to the

point where they could be detected by agarose gel electrophoresis. Reactions were performed

in a 50 pl volume containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, l-3 mM MgCl2,

0.25 mM dNTPs, 1.25 U Taq DNA Polymerase (Gibco BRL), and l0 nM (in the first round

of amplification) or 100nM (in the second round) primers (Hatr, 1994). The semi-nested

PCR protocol, practicalities of primer design and primers used are detailed in Section 2.3

above. The amount of cDNA used for the first amplification varied from 2.5 - 5 pl, and 5 pl

of first reaction product was used in the second round of amplification. A control tube

(without cDNA) was included for each experiment. The thermal cycler (PTC-100, MJ
Research Inc.) was prograrnmed for 3 min initial denaturation (94"C), 20 - 30 cycles of I min

denaturation (94'C), 2 min annealing (54 - 60"C) and 2 min 30 s elongation(7}"C),then 5 min

final elongation(72"C) and rapid cooling to 4oC. A l0 pl aliquot of each PCR product from

the second amplification round was nrn on an ethidium bromide-stained2o/o gel (l% agarose,

2l
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Gibco BRL/ 1% NuSieve, FMC). Bands were visualised by UV transillumination and

photographed using a digital camera (Kodak DCS200), and the images were saved to computer

(Macintosh, Quadra 950).

2.5 Anlr,ysls oF ISoLATED RVL xrunoxs

2.5.1 Retrograde labelling of RVL vasomotor neurons

Wistar rat pups (PlO-Pl3) were anaesthetised with halothane and the upper thoracic spinal

cord surgically exposed. Rhodamine-labelled latex microspheres (Lumafluor) were injected

unilaterally or bilaterally into the T2-T4 spinal segments using a Hamilton syringe (10 pl, 30

gauge needle). One or two 0.5 pl deposits were made per side. The wound was closed with

acrylic glue, and the pups were allowed to recover and then returned to their mother.

2.5.2 Cell dissociation

Three to six days after refiograde labelling, rat pups were anaesthetised by CO2 inhalation,

decapitated, and the brain rapidly removed and immersed in ice-cold artificial cerebrospinal

fluid (ACSF) containing124 mM NaCl, 3 mM KCl,2.6 mM CaCl2, L3 mM MgSOa, 2.5 mM

NaH2POa, 26 mM NaHCO3, and 20 mM glucose, pH 7.3 -7.4,300 + l0 mOsm, which was

continually bubbled with carbogen (95VoOz/5VoCO2) to maintain the correct pH of the

solution. Transverse sections (350 pm) were cut on a Vibratome and the slice containing the

RVL area was selected using the following criteria: it was located immediately caudal to the

facial nucleus, the compact formation of the NA was clearly visible, and the rostral tip of the

inferior olive was present. The section was digested for 30 - 45 min at 35"C with 140 U

papain (Worthington), 1.6 mM L-cysteine, 0.2 mM EDTA and 13.4 mM p-mercaptoethanol

(Signa). Incubations before, during, and after digestion were conducted in a custom-built

incubation chamber, with continuous gentle stirring, and bubbled with carbogen. Following

digestion the RVL region was dissected out of the section, triturated through fire-polished

Pasteur pipettes of decreasing tip diameter, and plated out at low density on poly-L-lysine

coated coverslips. The dissection, trituration and subsequent cell collection were perfiormed in

an extemal solution containing 155 mM NaCl, 3 mM KCl, I mM CaCl2, I mM MgCl2,

l0 mM HEPES, l0 mM glucose, pH 7.3 -7.4,300 + 10mOsm. Cells were left to attach to

the coverslip surface for approximately 20 min, and then they were visualised using an
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inverted microscope (Nikon, TMD) equipped with phase-contrast, epifluorescence

attachment (Nikon, G-zA filter block), two micromanipulator systems @uleigh PCS-

750A.,lewport M-423, ood Leitz), and a video camen (Sony, DXC-930). They were

continually perfused under gravity with extemal solution at 1.5-2.0mVmin Q2-24"C).
Images of selected neurons could be obtained using a frame grabber (RasterOps, 24 K-T\l;
656 x 504 pixel resolution), and saved to computer (Macintosh, Quadra 950).

2.5.3 ldentification of bulbospinal RVL neurons

lsolated neurons were inspected under the fluorescent microscope (Nikon TMD; G-2A filter

block) for the presence of rhodamine-labelled microspheres. Neurons which had projected to

the spinal cord could be distinguished by the presence of red punctate staining in the

cytoplasm of their cell body and proximal processes.

2.5.4 Electrophysiolory

2.5.4. 1 Recording pipettes

Patch pipettes were pulled from thin-walled borosilicate glass capillaries (Clark

Electomedical) with extemal diameters of l.5mm, using a horizontal puller (P-97, Sutter

Instruments). They were filled with either a potassium-based solution containing 150 mM

KCI (or 125 mM KF), l0 mM HEPES, l0 mM EGTA, l0 mM glucose; pH 7.3,280 mOsm

(K--based; pH adjusted with KOH), or a caesium-based solution containing 140 mM CsF,

5 mM NaCl, l0 mM TEA, l0 mM HEPES,5 mM EGTA, l0 mM glucose; pH7.3,268 - 280

mOsm (Cs'-based solution; pH adjusted with CsOH). Patch pipettes in general had a

resistance of 3 - 5 MQ.

2.5.4.2 Patch clamp recording

Rhodamine microsphere-labelled neurons dissociated from the RVL area were patched using

an EPC-7 amplifier (List Electronic) and a tight-seal whole-cell voltage- or current-clamp

configuration (Hamill et al., 1981). A gigaseal was formed (>5 Gf,l), and the cell was recorded

from in cell-atiached mode for a short period before the cell membrane was ruptured by

suction. Recorded currents were low-pass filtered at 4 kllz or 400 Hz, digitised at 10 kHz

(12-bit resolution) and stored on computer disk for analysis (pCLAMP 5.5.1 and AxoGraph

3.5, Axon Instruments). Access resistance (R.), membrane resistance (Rp) and membrane

capacitance (C') were measured by applying hyperpolarising voltages pulses (10 mV) from a
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holding potential of -65 mV. The capacitance artefact was compensated for using the circuitry

of the amplifier. In some cases, linear leak subtraction was performed onJine. Junction

potential was nulled beforc seal formation. L-glutamic acid (monosodium salt, 50 pM) and

kainic acid (50 pM) were pressure injected for 6 - 8 s (at approximately 250 mmHg) through a

pipette (tip diameter l0 - 20 pm) placed 60 - 100 pm away from the examined cell body.

Sodium current was blocked by adding 25 - 500 nM TTX (RBI) to the standard extemal

solution. Calcium curent was blocked by perfusing the cells with a modified external solution

containing I mM CoCl2 (non-selective Ca2* channel blocker). Values are expressed as means

+ SEM. An independent Student's t-test was used for statistical analysis.

2.5.5 Aspiration of neurons for single-cell RT-PCR

2.5.5.1 Micropipettes

Glass micropipettes (tip diameter approx. 3.0 pm) were made from sterilised thin-walled

borosilicate glass capillaries (Clark Electomedical) with an external diarneter of 1.5 mm, using

a horizontal puller (P-97, Sutter Instruments). They were filled with 7 - 8 pl of sterile buffer

solution containing 140 mM KCl, 3 mM MgCl2, 100 pM CaCl2, 2 mM EGTA, l0 mM

HEPES; pH 7.6.

2.5.5.2 Cell selection

Healthy-looking neurons (with a bright membrane when observed under a phase-contrast

microscope and 2 - 6 processes) were selected in the chamber and checked for the presence of
rhodamine beads to identiff them as spinally projecting. A few neurons without rhodamine

beads were also collected for comparison, and were assumed to be non-spinal, or to project to

the upper (cervical) levels of the spinal cord only.

2.5.5.3 Aspiration

Cells were carefully aspirated for single cell RT-PCR so as to avoid uptake of cell debris. The

chamber was continually perfused under gravity with fresh external solution, which flushed

most cellular debris out of the chamber before cell collection was begun. Cells for aspiration

were first attached to the micropipette by gentle suction, and lifted approximately

100 - 200 pm up from the surface of the chamber into the clear external solution. Suction was

then increased to fully aspirate the neuron into the collection micropipette (Fig. 2-2). As soon

as the cell entered the pipette tip fully the suction was stopped to avoid excessive uptake of
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extemal solution, and the pipette was removod from the chamber. The contents of the pipette

were immediately expelled into a 0.5 mt thin-walled silicon-coated PCR tube containing the

remaining reagents required for reverse transcription except the reverse transcriptase

(SuperScript II), and frozsn at -20"C until RT.

Figure 2-2. Aspiration of an acutely dissociated neuron. A healthy bulbospinal RVL
neuron is identified unde,r the microscope using phase-contrast optics (A), md attached to a
micropipette by gentle suction (ts). The neuron is then raised above the surface of the
charnber into clear solution (C), and firmer suction applied to aspirate the neuron (D, E)
until it is clear of the pipette tip (F). Scale bar: 25 pm.

2.5.6 Reverse transcription

The pipette contents (buffer + neuron) were added to a thin-walled silicon-coated PCR tube

(Life Technologies) oontaining 3 pl of RT mix which consisted of: I mM dNTPs, 1.25 mM

MgCl2, 20 U RNAguard (Pharmacia), 5 mM DTT, and 0.5 pl random hexamers. The tubes

were mixdthoroughly and spun down, then 0.5 trrl of DNase (Life Technologies) was added

to each to destroy any genomic DNA present. The samples were incubated at 37"C for

15 min, and then the DNase was inactivated by heating the tubes to 65oC for 5 min. The

tubes were then incubated at 20oC for l0 min to allow random priming to occur. Towards the

end of this period SuperScript II (200 U, Life Tecbnologies) was added to each tube. RT was
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2.5.7 Single-cell PCR

Semi-nested PCR reactions were performed as for the micropunch experiments (see above,

Section 2.4.6), with the following modifications. The concentration of primers was 20 nM in

the first round of amplification, and 200 nM in the second. A 2 pl aliquot of the RT product

was used for first-round PCR amplification of either GAPDH or NSE, as a positive control to

ensure that cDNA from the neuron was present in each sample. These genes are present in all

mahue neurons, and if a negative PCR result was obtained it was assumed that the cell

collection and,/or the RT process was unsuccessful, and that sample was not used for further

analysis. For the other genes studied 3 - 4 pl of cDNA were used for the first round of
amplification. Primer sequences are given in Table 2-1, and expected product lengths for each

primer pair following amplification rue given in Table 2-2. Five microlitres of the first-

reaction product were used in the second-round of amplification as for the micropunch

experiments, but each amplification round consisted of 30 - 35 cycles. Included for each

experiment were control tubes, which consisted of samples of the exlernal solution taken from

near the bottom of the recording chamber without aspiration of neurons.

2.6 SnqunNcrNc or PCR pRoDucrs

PCR products which were to be sequenced were purified using a QiaQuick PCR Purification

kit (Qiagen) to remove leftover dNTPs and primers from the amplified product. Purified

samples (10 - 20 ng/pl) were sent for automated sequencing on an Applied Biosystems 373A

DNA Sequencer (Sequencing Facility, School of Biological Sciences, University of Auckland).

To confirm the identity of the PCR product it was generally sufficient to sequence in one

direction only. The dye-terminator protocol was utilised allowing direct sequencing of the

PCR products, without prior sub-cloning into plasmid vectors, by using our own specific

primer for each PCR product to be sequenced. The appropriate primer was sent down with

each sample at a concentration of 3.3 pM. Sequencing reactions were performed on a Catalyst

800 Robotic Workstation. Sequence data was returned as a computer file which could be

viewed using EditView 1.0 (ABI), along with the colour printout of the resulting

electropherograms. Product sequences were then compared to the known (expected)

sequences, and aligned using GeneWorks 2.45N.
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2.7 GrXr KXOCTOOWN USING ANTISENSE OLIGONUCLEOTIDES

2.7.1 Antisense oligonucleotide design and synthesis

Oligodeoxyribonucleotides (ODNs) were designed against two genes: TH and PNMT.

Antisense ODNs (aODNs) were designed to target crucial features of the two mRNAs to

prevent their translation into proteins. The first aODNs for each gene (aTH, aPNMTI)

targeted the start codon and surrounding sequences, aiming to prevent the initiation of

translation. A synthesis error led to production of an aODN with one base mismatch

targeting PNMT (aPNMT*), and this was used for 4 experiments. A control ODN was

designed to be the equivalent sense sequence to aPNMTI (sPNMT). Two additional aODN

sequences were made for PNMT, the first (aPNMT2) targeting a different sequence near the

start codon, and the other (aPNMT3) targeting the border between exonl and intronl (Fig. 2-

3). Hybridisation of aPNMT3 with PNMT pre-mRNA in the nucleus would theoretically

disrupt splicing of the mRNA into its final active form. All proposed ODN sequences were

tested against all known rat sequences in GenBank for uniqueness before synthesis. One

phosphorothioated ODN (S-aTH) was generated. This procedure replaces an oxygen with a

sulphur in the phosphate molecule which forms the backbone of the ODN, and makes the

ODN more resistant to degradation by nucleases. A biotinylated version of aPNMTI was

also made (aPNMT-B) to dlow the uptake of the ODN to be monitored by avidin-biotin

histochemistry. Table 2-3 summarises the ODNs used in this series of experiments.
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Table 2-3. Summary of oligonucleotides used in these experiments,

S-aTH

a$[,tr

aPNMT+

APNMTI

aPNMT2
:...

aP,HMiF.3

l9 mer

l9 gp.g..++,{

20 mer

20mer ,,.
20 mer

GGTGGGCATAGTGCAAGCT Phosphorothioated

GCCACGGTCCAGGCTCCTGTT Incorrectsequence

G C CACcGT,qGATGCTCCTGT

GG'TCTGAGCCACGGTCCATG

Biotinylated

Sense confrol

aPNMT-B 20 mer GCCACGGTCCATGCTCCTGT

SPNMT 20nul,9-,,,,. A9AGSAGCATGGACCGTGOC
l. Sequence mistmatch highlighted in bold
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t a ggc g gcc Lca acaooaqcA I CGACCGTGGCTCAGACCCGAAGCACACTGCAGGGATGG

PNI.ITl

ACTCTGAC TC CGACCCTGGCCAGGCAGAGGTCGCCTTGGCTTACCAGCGCTTTGAGCCCC

GTGCCTACCTCCGCAACAACTACGC GCCTCCTCGTGGGGAC CTGAGCAACCCTCATGGTG

TGGGGCCTTGGAAGCTTCGCTGCATGGCACAAGT@ g A A AC

PNI,TT3

agag gcacgacja . . . 1 + 4 4 9 ) . ., tcL gctctaccagGTGAGGTGTCTGGACAGGTCCTC

ATTGACATCGGCTCAGGCCCCACCATATAC CAGCTGCTCAGCGCCTGTGCCCACTTC GAG

GACATCAC CATGACAGAC TTC TTC€AGGTCAAC C GGCAGC'AGC TGGGAC EC TGGC TGCGA

GAAGAGCCAGGAGCCTTCGACTGGAGTGTGTATAGCCAGCATGTCTGC CTCATCGAGGAC

AAGGGqtgagaactgggci:qgg . . . ( + 7 2 ) . . .cc ttgtgccccctgtacaqAGAGTCCT

GGCAGGAGAAAGAACGCCAGCTCCGAGCGAGGGTGAAGCGAGTCTTGCC CATTGATGTGC

ACAAGCCCCAGCCCCTGGGAGCTTCGGGCCTGGCACCCCTGCCTGCTGACGCCTIGGTCT

CTGCCTTCIGCCTGGAGGCTGTGAGCCCGGATCTCCCAAGCTTCCGGCAGGCTTTGTATC

ATATCACCGCGCTGCTGAGGC CCGGGGGTCATCTCCTTCTCATCGGGGCCCTGGAGGAGT

CATGGTAC C TTGC GGGGGAGGC CAGGC TATC TGTGGTTC CAGTGTCAGAGGAGGAGGTGA

GGGAGGCCCTGGTCSGTAGTGGTTATGAGGTCC GAGACCTTCGCACCTACATCATGC CTG

CC CAC CTCCGCAC GGGTGTGGATGAC GTCAAGGGTATCTTCTTTGC CTGGGCCCAGAAGA

TAGAGGTGCAGGTGTGAg g c t c c a t- t L,g c c t c c c t a a c t c c t t a L c a c c c q a a g t g g c a c

ctaataaag baacagtccccagc Laaaaaaaaaa

Figurc 2-3. The PNMT gene showing areas targoted by aODNs. Exonic sequence is given
in black capitals, intronic sequence (with the sizes of intervening sequences shown in
parentheses) and 5'l3' flanking regions are in lower case red. The target regions for the
PNMT aODNs are highligbted in blue and underlined (overlined for PNMT2). The start
codon (ATG) is indicated by bold lettering.

2.7.2 Alzet Osmotic minipump preparation

The pump assembly was prepared the day before surgical implantation of the cannula- The

infusion cannula was prepared by modiffing the commercially available kit from Alzeto

(Alzete Brain Infusion Kit). The length of the cannula was increased using 8 mm of 34 garye

Microfilament (World Precision Instruments, Inc.). This allowed implantation of the cannula

to the required depths (usually 7 - 8 mm). The ODN was diluted I in 3 from stock

concentration with ACSF (Schwartkroin's Solution, containing 124 mM NaCl, 3 mM KCl,

1.25 mM NaH2POa, 1.2 mM MgSOa,2 mM CaCly,26 mM NaHCOj and l0 mM glucose).

Greater dilutions were tested in some experiments (l in 4 and I in 6). The pump was filled

(>-95o/o full) with the ODN solution and left overnight soaking n0.9o/o saline solution aI37oC

to initiate the pump action.
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2.7.3 Anaesthesia and surgery

Rats were given an initial i.p. injection of Nembutal (sodium pentobarbital, 80 - 90 mg/kg).

For the duration of the experiment anaesthesia was maintained by supplementary doses of
Nembutal (8 - l0 mg i.p. as required). The depth of anaesthesia was assessed to be sufficient

by a slow steady heart rate with no fluctuations in response to applied nociceptive stimuli,

and the absence of the pinna and comeal reflexes.

Animals were intubated trans-orally for artificial ventilation and monitoring of tracheal

pressure. Heart rate was monitored by electocardiogram, measured through electrodes

clipped to the front paws. Atropine sulphate (60 pg i.p.) was routinely administered to

rcduce mucosal secretions in the airways. The animals were given 0.4 mg of dexamethasone

sodium phosphate i.m. to reduce oedema of the exposed brain, and 0.15 ml s.c. Propan LA
(containing procaine penicillin l5Omg/ml and benethamine penicillin l4l.5mg/ml). The

animals were placed in a stereotaxic frame (using an araumatic head-holder) and artificially

ventilated (Haruard Rodent Ventilator, Model 683) with O2-enriched air. Rectal temperature

was maintained at 33 + l"C by a servo-confiolled heating blanket and infrared heatlamp.

The skull wns exposed and a 3 mm diameter hole was drilled in the left parietal bone. The

dura mater was removed from the exposed area of brain, and any large blood vessels were

cauterised (radio frequency cauteriser, Liebel-Flarsheim, Model B-2) and cleared to allow

passage of the recording elecfiode through the cerebellum. A pool was created by building an

agar (1.8%)/cotton wool wall around the surgically exposed are4 and filled with wann paraffrn

oil to cover the exposed tissue during recording. A small incision was made in the skin of the

jaw over the marginal mandibular branch of the facial ner-ve and a bipolar stimulating elechode

was placed on the nerve. Correct placement was assessed by the twitching of the whiskers in

response to the application of the stimulus.

2.7.4 Mapping the facial nucleus

The location of the facial nucleus in the brainstem was mapped by recording field potentials

elicited by antidromic stimulation (5 Hz, 0.1 ms pulses of 3-5 V intensity) of the facial nerve

(Brown and Guyenet, 1984). Extracellular recording electrodes were prepared from glass

capillaries (Clark Elecbomedical), pulled on a horizontal puller (Narishige) and were filled

with 2M NaCl. Theseelechodestypically hadaresistance of 4-8MO and atip size of
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approximately 2 pm. Electrodes were mounted on a SignifiCAT SCAT 0l Ultrastepper

(Digitimer) held by a manipulator (Narishige/David Kopf) and contolled by an Epsom ID(-20

microcomputer. Recording electrodes were lowered through the cerebellum to the ventral

medulla, and the dorsal, caudal and medial borders of the facial nucleus were determined by

mapping antidromic field potentials from stimulation of the mandibular nerve (Brown and

Guyenet, 1984). Field potentials were amplified (Neurolog NL 104 AC amplifier), filtered

(NL 125 filters) and recorded on oscilloscope (Tektronix 5223). Initid mapping was done at

500 pm intervals in rostrocaudal and mediolateral directions, and then 100'200 pm intervals

to identiS the exact boundaries of the nucleus. The electode was lifted clear of the brain for

each movement to a new position.

2.7.5 Pressure injection of ODNs

Three experiments were undertaken to suppress TH expression in the RW by pressure-

injecting single doses of S-aTH into the RW region using large-tipped micropipettes (30 pm

diameter), which were pulled from thin-walled borosilicate glass capillaries (Clark

Electomedical; external diameters of 1.5 mm) using a horizontal puller (Narishige). Injection

electrodes were mounted in the ultrastepper and lowered into the RVL region. The survival

times following injections were 24 h, 48 h and 72h. The volume of S-aTH (0.6 mM

concentration) injected was 300 nl over I min for the24 h and 48 h survival times, and 600 nl

over 2 min for the72 h survival time.

2.7.6 Ctnnula implantation

The infusion cannula was implanted immediately caudal to the facial nucleus, and in line with

its medial border. The cannula was usually inserted to the depth of the dorsal surface of the

facial nucleus, with the bevelled edge facing caudally to release the ODN towards the RVL

region. Once the cannula was at the desired position, the brain surface was covered with

Surgicel haemostatic sterile gavza (Johnson and Johnson), and the cannula was cemented in

place using Cimex polycarboxylate cement (Dentamerica, Royal lndustries). The pump was

inserted under the animal's skin on their backs so as to lie between the scapulae. The wound

was sutured closed using No. 3 silk suture, the tracheal tube and rectal thermometer removed,

and the animal was allowed to recover under supervision.
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2.7.7 lmmunohistochemistry for TH and PNMT

2.7-7. I Tissue preparation

All rats were sacrificed by tanscardial perfusion under deep pentobarbital anaesthesia. A

needle attached to a pressurised pump system was inserted through,the left ventricle into the

ascending aorta. The animal was perfused with 200 ml of 0.9o/o NaCl containing 400 U/L

heparin and 0.1 mM sodium nitate, followed by 500 ml of fixative solution (4%

formaldehyde and 0.1% gluteraldehyde, pH 7.2). The brain was removed (and occasionally

spinal cord also) and placed overnight in fixative solution containing 300/o sucrose. If
necessary the brain was left for a fiuther day or two in 300/o sucrose solution at 4oC, until it
sank to the bottom of the container.

Following post-fixation the tissue was washed briefly in 0.1 M phosphate buffer. The

cerebellum was removed and the cannula site was identified on the dorsal surface of the rostral

medulla A 4 mm block of tissue was cut to encompass the infi.rsion site, the pia mater was

removed carefully, and a nick was made on the right dorsal side of the brain or spinal cord

tissue for orientation purposes. Tissue was frozen to -20"C, and 20 pm sections were cut on

a cryostat (Reichert-Jung, Cryocut 1800). Sections were placed sequentially into wells

containing PBS.

2.7.7.2 ldentification of cannula track and RVL region

lt was necessary to identiff the site of infusion exactly to confrm its correct location and to

select appropriate sections from the RVL region for immunohistochemistry. Twenty

micrometer sections were collected sequentially, and every fifth section was mounted onto

slide, covered with phosphate buffer, and studied unstained for orientation and identification

of the facial nucleus and cannula/needle site. Once these features had been identified, sections

were selected for immunohistochemistry from the area immediately caudal to the faciat

nueleus, encompassing the site of the injection or infusion cannula.

2.7.7. 3 Immunohistochemistry

After 3 washes in PBS the sections were incubated for 3045 min in l0% sheep serum in

immunobuffer, containing l20mM NaCl, 5.0mM KCl, 8.5mM Na2HPO4, l.5mM
NaH2POa, l0 mM Tris, I mM ethylmercury thiosalicylate, and 0.3% Triton X-I00 G)H 7.4 -

7.6). The sections were subsequently transferred to the primary antibody solution containing
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anti-PNMT (l:1000), or anti-TH (l:500) in immunobuffer with l0% sheep serum. Following

incubation for 18 h at room temperature, the sections were rinsed 3 times in PBS. They were

then transferred to a secondary antibody solution containing either biotin-coqiugated anti-

rabbit IgG raised in goat for PNMT staining, or biotinylated anti-mouse IgG raised in sheep

for TH staining. Sections were incubated in these solutions for either 6 h on a shaker at room

temperature, or ovemight at 4"C. Following washes in PBS the sections were incubated in

ExtrAvidin solution (l:1000) for 2 - 3 h at room temperature. Sections were then reacted with

a diaminobenzidine (DAB) solution (0.05%, with 0.6% ammonium nickel sulphate and 0.01%

HzOz) until a dark reaction product was obtained. The reaction was stopped by washing the

sections thoroughly with buffer solution, then they were mounted onto poly-L-lysine coated

slides, air-dried, and dehydrated through four alcohol steps (70yo,95oA, l00yq 100%) and

cleared by immersion in xylene. They were coverslipped using Histomount.

2.7.8 Semi-quantitative analysis

Sections were analysed for TH or PNMT expression by visual assessment of the number of

neurons present and the intensity of immunostaining. The number of visible neurons was

counted and the intensity of the staining scored from I (very faint) to 4 (very dark) for the

control and aODN-treated sides of 6 - l0 sections for each experiment. The mean number of
neurons per side per section, and the mean intensity score per side, was calculated for each

experiment and given as mean + SEM. Control side and aODN-treated side means were tested

for differences of statistical significance (p < 0.05) using Student's t-test.

2.8 IrurrluNoHISTocHEMISTRy FoR THE NoRADRENALTNE TRANsnoRTER (NET)

2.8.1 Tissue preparation

Adult Wistar rats were perfused transcardially with 300 ml saline (37'C), followed by 400 ml

of frxative (4Yoparaformaldehyde in 0.1 M phosphate buffer at 4"C). The entire brain was

removed, and occasionally the adrenal glands also, and post-fixed for 4 h at 4"C, then

immersed n a 30o/o sucrose solution at 4"C for 3 - 4 days prior to cryosectioning. Frozen

20 pm sections were taken from the medulla oblongata, pons or adrenal gland and washed in

PBS.
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2.8.2 Immunofluorescence protocol

Sections were incubated free-floatingfor 72 h at 4"C in 200 pl of PBS containing monoclonal

TH antibody (1:300) and the GST-NETM2 antibody (l:a00),0.3yo Triton X-100, and l0%

normal sheep senrm. The sections werc washed three times in PBS and tansferred into the

secondary antibody solution containing goat anti-rabbit-Texas red (l:200), goat anti-mouse-

FITC (l:200) and SYo sheep senrm. They were incubated for 15 - 20 h at 4"C, and the next

day they were washed the in PBS, mounted onto poly-L-lysine coated slides, and

coverslipped with glycerol carbonate buffer GH 8.6).

2.8.3 Immunoperoxidase protocol

A few sections were selected for immunoperoxidase reactions, and following the primary

antibody incubation (see SectionZ.8.2 above) they were washed and put into a PBS solution

containing biotinylated sheep anti-rabbit (l:a00) and,5o/o normal sheep serum, and incubated

at 4C overnight. Sections were washed the next day and then incubated in ExhAvidin

(l:1000) at37"C for I h or at 4"C overnight. They were then reacted with DAB solution, and

mounted onto slides (as described above in Section 2.7.7.3)

2.9 MIcRoScoPY

2.9.1 Brightfield

Sections containing neurons stained with DAB were viewed using standard brightfield

illumination on a Leitz Diaplan microscope equipped with a mnge of objectives from l.6x to

5Ox magnification (objectives used included dry, water-immersion and oil-immersion types).

standard eyepieces were used, giving an additional 12.5x magnification.

2.9.2 Fluorescence

Sections containing neurons labelled with fluorescent dyes were viewed under an

epifluorescence microscope (Leitz, Diaplan, 50W mercury lamp). Appropriate filter blocks

were used to separate the excitation and emitted light wavelengths of the various fluorophores

used. Sections labelled with TRITC or Texas Red were visualised with Leitz filter block N2

(excitation 530 - 560 nm, emission 580 nm and above), and FITC was visualised with Leitz

filter block L3 (excitation 490 nm, emission 525 nm).
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2.9.3 Confocal leser-scanning microscopy

Some images were obtained on a confocal laser-scanning microscope system (teica TCS 4D)

equipped with a Krypton/Argon Laser and a Leitz DMR microscope. Fluorochromes wer€

viewed separately in single-channel mode, using 488 nm excitation to view FlTC-tabelling and

568 nm excitation for Texas Red-labelling. The pixel resolution was 512 by 512 in the x-y

plane, using a Leica oil-immersion 63x objective, with a numerical aperture of 1.4. Images

were averaged 8 - 16 times, then saved to optical disk. They were processed on a Macintosh

Quadra 950 computer using NIH Image and Adobe Photoshop software.

2.IO PHoToGRAPHY

Images of sections were digidsed using a digital camera (Kodak DCS200) and saved'to a

Macintosh computer (Quadra 950). Digital photography was controlled from the computer

using Adobe Photoshop 2.5 and a DCS200 plug-in module. In some instances images were

photographed using a conventional camera and standard Kodak colour print or colour reversal

film (Ektachrome).
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III. GENERAL PROPERTIES OF DISSOCIATED RVL NEURONS

3.1 ArMs

To further investigate molecular properties of vasomotor RVL neurons at the cellular and

molecular level using two approaches:

l. A technique was developed to utilise micropunches in combination with RT-PCR to study

mRNA expression in the RVL and other medullary regions.

2. An acute dissociation technique was developed to isolate single bulbospinal RVL neurons.

This provides a precisely controlled exhacellular environment for studying the neurons in

vitro, offering excellent membrane visualisation for patch-clamp recording and eliminating

synaptic and non-synaptic cell-to-cell interactions. Dissociated neurons are also more suitable

for single-cell reverse-transcription polymerase-chain reaction (RT-PCR), a technique which

potentially allows linking of electophysiological data to a molecular analysis of the mRNAs

expressed in individual cells.

3.2 InTnTIFIcATIoN oFTHE RVL AND CI IonnTvERGIC NEI.JRoNS

The RVL region could be determined by inspection of serially collected transverse sections

(cut on cryostat or vibratome in the caudal to rostral direction) of the medulla oblongata.

Thick sections for micropunch experiments (180 - 240 pm) and for cell dissociations (350 pm)

were viewed unstained under a dissecting microscope, and were selected on the basis of being

located immediately caudal to the facial nucleus, and containing the compact formation of the

nucleus ambiguus and the rostral tip of the inferior olive. Thin sections (20 - 50 pm) for

immunohistochemical analysis were collected serially until the facial nucleus started to appear

in the sections, and then the sections collected for the 500 pm prior to that were stained for

analysis.
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Cl cells in the RVL could be identified by immunohistochemical staining for either TH (Fig. 3-

lA) or PNMT (Fig. 3-lB). In transverse sections through the rostral medulla the Cl group

occupies a region from -200 pm below the compact formation of the nucleus ambiguus

extending to the ventral border of the medulla, and bordered medially by the pyramidal tract

and inferior olive. Cl neurons form a column in the rostrocaudal orientation, which finishes at

the rostral end at about the caudal limit of the facial nucleus.

Figure 3-1. Location of Cl adrenergic neurons in the RW. Digital photographs strowing
Cl neurons in a transverse section through the medulla oblongata at the level of the RW
(approximately Bregma -11.96 mm). (A) TH-immunoreactive neurons in a 50 pm-thick
section. (B) PNMT-immunoreactive neurons in a 20 pm-thick section. Arrowheads
indicate the ventral surface of the medulla oblongata. Scale bar = 100 Fm.

3.3 DTTncTIoN oF GENE EXPRESSIoN IN TnE RVLUSING MICROPUNCHES

Use of micropunches with RT-PCR allows the investigation of discrete areas of the brain for

the expression of weakly expressed genes that conventional techniques such as in situ

hybridisation might not detect. It also provides a rapid assay for detecting the expression of

particular genes in an are4 before one progresses to other techniques such as single-cell RT-

PCR.

3.3.1 Punch sites

RVL micropunches (n:20) were taken from the region immediately caudal to the facial

nucleus, and ventomedial to the compact formation of the nucleus ambiguus. This area
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corresponds to the location of barosensitive, spinally-projecting (presympathetic) neurons,

and overlaps with TH-positive neurons belonging to the Cl group (Kanjhan et al., 1995). The

site of the RVL punches (Fig. 3-2) overlaps the area taken for acute neuron dissociation.

Figure 3-2. Digitised photographs of RVL micropunch sites in transverse roshal medullary
sections. The two punch sites (arrows) are located ventral and slightly medial to the
compact formation of the nucleus anbiguus (arrowheads). Scale bar = I mm.

Several other sites were also micropunched and tested for the expression of various genes, for

comparison with the RVL. Micropunches for the LC (n : 4) were made at approximately

Bregma-10.0 mm (Fig. 3-3A). The punch site was determined by the presence of the knee of

the facial nerve tract in the section, and cytoarchitectural features of the dorsal surface of the

medulla. The LC punches corresponded to punch number 203 in Palkovits' microdissection

guide (Palkovits and Brownstein, 1988). The XIIn punches (n: 16, Palkovits' punch number

251) were taken j ust caudal to the obex level (Fig. 3-3B), and NTS punches (n : 5, Palkovits'

punch number 246) were taken from the ventrolateral subnucleus at the level of the obex pig.

3-3C). Punches from the STN (n : 3, Palkovits' punch number 241) were taken at the same

level as the RVL punches (not illustrated).
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Figure 3-3. Other brainstem micropunch sites. (A) Locus coeruleus (LC). (B)
Hypoglossal nucleus (XfIn). (C) Nucleus of the solitary tract (NTS). Punch sites are

indicated by arrows. Punches in the LC and NTS were made using 20G needles (800 pm
external diameter), while the punch shown from the XIIn was made with a 22G needle
(500 pm external diameter). Arrowhead in (B) indicates the central canal. Scale bars :
I mm.

3.3.2 Gene expression in micropunches

Forty-eight micropunches from 5 rats were used in total. Up to 8 different genes could be

tested for from the cDNA of one punch, although not every punch was tested for every gene.

Twenty-seven punches were tested for NSE, to check that there was neuronally-derived

cDNA in the punch material. Only 2l out of 27 punches tested showed expression of NSE,

and it is unclearwhy the others did not (discussed in Section 3.5.1). Figure 3-4 shows the

results of RT-PCR for GAPDH, NSE, TH, and PNMT from one RVL punch. The number of

PCR cycles used in the two amplification rounds for each gene varied, so the relative

brightness of the bands is not an indication of the relative expression levels of each gene in the

punch material. No PCR products were obtained when oDNA was omitted from the reaction

('water' controls) for each primer pair used (not shown).
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100 bp
ladder GAPDH

Figure 3-4. Digital photograph of an agarose gel showing PCR products for GAPDH
(expected fragment size 239 bp), NSE (361 bp), TH (220 bp) and PNMT (5a3 bp). The
100 bp ladder (Gibco BRL) indicates 100 bp intervals.

TH expression were assessed in four areas. Message for TH was found in the RVL (5/9

punches) and NTS (3/4 punches), the areas which are known to contain catecholamine

synthesising neurons in them (H<ikfelt et d., 1984b; Kalia et al., 1985a), but not in the )ilIn or

the STN (Fig. 3-5). PNMT was also detected in the RVL (3/8 punches), but not in the NTS,

)flIn or STN. This is in agreement with the distribution of adrenaline-containing neurons in

the rostral medulla(Armstrong et al., 1982; Hokfelt et al., 1974).

100 bp
ladder NTS xtl STN RVL control bp

Figure 3-5. PCR amplification products for punches from four regions which have been
probed for TH expression. TH mRNA was detected only in the RVL and NTS regions. The
PCR product length is 220 bp. The last lane is the control (no cDNA). The 100 bp laddu
indicates 100 bp intervals starting from 100 bp (bottom batd).
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3.4 PnOpeRTIES OF DISSOCIATED RVLNTUNONS

3.4.1 Area of dissociation

The region dissected for dissociation of RVL neurons had a volume of approximately 0.3 mm3.

Two incisions were made in the enzymatically digested section containing the RVL, the first

cutting from the compact formation of the NA to the ventral border of the medulla just lateral

to the pyramidal tracks, and the other cutting from the NA to the medullary surface at the

ventral pole of the spinal trigeminal tract. Fig. 3-6 shows a typical section with the RVL area

dissected out.

Figure 3-6. Photomicrograph showing area to be used for dissociation dissected out of a

transverse medullary section at the level of the RVLfrom ayoung (15 day old) rat pup.
Arrow indicates compact formation of the nucleus ambiguus. Scale bar: I mm.

3.4.2 Morphology

Dissociations typically resulted in tens of healthy looking neuron-like cells (Fig. 3-7).

Neurons had a bright halo around the cell body when observed under a phase-contrast

microscope, and had 2 - 6 processes (average 3.5). The cell bodies had various shapes,

including oval, fusiform, multipolar and triangular. Average sizes (n : 23) were 24.5 + 1.2 pm

(major axis) by 13.4 + 0.4 pm (minor axis). Approximately 5 - 10% of the dissociated RVL

neurons were identified as spinally-projecting by the presencs of rhodamine-labelled

microspheres in the cell body and proximal dendrites. Microsphere concentration was

generally higher in the cell soma.
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III. General Properties

3.4.3 Electrophysiology

Fifty-four bulbospinal RVL neurons were examined for electrophysiological properties. Of

these, 23 were subsequently aspirated for RT-PCR analysis of NSE, TH and PNMT

expression. Results are presented for both catecholaminergic and non-catecholarninergic

neurons as no difference was found in electophysiological properties between groups.

Whole-cell recordings were made using patch pipettes filled with either CsF (n = 42), KCI

(n:9) or KF (n:3). Better recording stability was generally achieved using the fluoride-

filled micropipettes. Only neurons with short processes (< 80 pm) were studied so that

appropriate voltage clamp could be achieved.

Exracellular recordings, made in cell-attached mode before rupturing the patch, were obtained

for 35 neurons. After gigaseal formation, none of these neurons showed any spontaneous

fuing (Fig. 3-9A), although four of them showed fransient fast extacellular currents (indicative

of action potentials) during seal formation (Fig. 3-98).

.,OOOI

1 sec

Figure 3-9. Extracellular recording in cell-attached mode obtained from spinally-
projecting neurons. (A) Recording current from a quiescent bulbospinal neuron,'which was
also identified as catecholaminergic by RT-PCR. (B) Recording of fast extracellular
currents from another bulbospinal neuron before a full gigaseal was established.

Once the membrane had been ruptured, the resting membrane potential was recorded in

current-clamp mode with K'-filled pipettes, and was 61.5+2.3mV (n: l2). No

spontaneous action potentials were observed. Depolarising current pulses (400 ms) of up to

100 pA resulted in 8 of these cells firing repetitively (Fig. 3-10), while the other 4 cells

responded with a single spike or a short burst of 2-4 spikes (not illustrated). Spikes had an
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average height of 76.9 * 3.5 mV, and an average width (measured at half of the spike height) of

1.2+0.15 ms. Resting membrane potential was not recorded with Cs*-based pipettes, and

the membrane potential was maintained at -60 to -65 mV by injection of up to 50 pA of

holding cunent in curent-clamp mode.

100 ms

43

toopnl

Figure 3-10. Intracellular recording in whole-cell current-clamp mode obtained from the
cell illustrated in Fig. 3-9A after the patch had been ruptured, showing responses to
hyperpolarising and depolarising current steps. No spontaneous firing was observed when
no current pulse was applied (arrow).

In voltage-clamp mode, with a holding potential of -65 mV, the holding current measured was

-54.0t9.7pA (n: 12) for K+-containing microelecEodes, and -58.2+ l3.8pA (n:42\ for

Cs*-containing microelectrodes. Several passive current characteristics could be measured by

stepping the membrane potential from -65 mV to -75 mV (Fig. 3-1lA). The current response

could be fitted in most cases (20/21) to a first-order exponential (t1), with least square residual

greater than 0.999. The access resistance (\), membftrne capacitance (Cr) and resistance

(Rr,r), and membrane time constant (tz : RN x Cr) are given for a specific neuron in Fig. 3-

1lA. Mean values for Rp, C, and t2 obtained for 12 catecholaminergic neurons and 8 non-

catecholaminergic neurons, using both K*- and Cs*-containing pipettes, are shown in Table

Alison Comer 1998



IIL General Properties

3-1. A fast-activating (spike-like) inward curent could be elicited by depolarising voltage

steps (10 or 20 ms long, stepped from -60 to -10 mV in increments of l0 mV). This current

rapidly inactivated, and could be reversibly abolished by 0.5 pM TTX. The mean peak

amplitude, duration at one-half amplitude and threshold for this current are given in Table 3-2.

Fig. 3-l1B shows a family of currents recorded with a K*-based pipette, obtained after on-line

linear leak subtraction. The fast inward current was followed by a sustained outward current

(lK) during recordings with K"-containing pipettes and voltage steps (l80ms pulses) from

-100 to +50 mV (Fig. 3-l lC). This 16 was preceded by a transient larger and fasterdecaying

outward current (Ir) in 2 out of 5 neurons (Fig. 3-l lC), while in the other 3 cells only the

sustained current was observed. The mean amplitude of IK measured at the end of the

depolarisingsteps (to acommandpotential of +50mV) was 2.1 +0.7nA. These currents

were reduced l0-fold when Cs*-based pipettes were used (mean arnplitude 295 + 66 pA, not

illusnated). Extracellular application of either kainic acid or r--glutamic acid onto RVL cells

under voltage-clamp conditions elicited dose-dependent inward currents (Fig. 3-12), and a

large reduction of Rp. The reversal potential for kainic acid was found to be approximately

6.3 mV.

44

Passive properties of RVL bulbospinal neurons

RN (GO)

G6 ',(ffi.D,

t2 (ms)
Values are given as means t SEM. Ry, rr€mbrane resistance; C,, membrane capacitance; t2, membrane time
constant; Cs, measurements with Cs'-containing pipettes; K, measurements with K'-containing pipettes.

Table 3-2. Properties of spike-like inward currents in RVL neurons

0.94 + 0.22 0.43 + 0.1 I

29.8+ 5.4

t.32+ 0.24

42.6 X7.8

0.68

2t.418.6 + 3.1

Peak amplitude (nA)

. I'Dtrr.gtion*:, (ms) .

Threshold (mD

-3.7 + t.2

2,4 t 0.5 ii

-42.3 + 4.8

-3.5 + 1.7

' r, ;ii, *: rligl t Jir:l ;, :''.'':

-44.5 + 6.7
* Duration of current at one-half amplitude. K, measurements with K'-containing pipettes; Cs,
me.rsurements with Cs.-containing pipettes.
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A -60

(mv) -zo

€o
0

(pA)

-500

R. =4.21 MQ
Cm = 51.8 PF
RH = 501 Mo
tr = 0.19 mg
te = 25.9 ms
R = 0.9S)3

B

c

Figure 3-11. Currents observed in a spinally-projecting neuron recorded with a KF-
containing microelectrode in voltage-clamp mode. (A) Current relaxation after a
hyperpolarising step (shown at the top of the panel). (B) Series of currents obtained using
the voltage-step protocol shown. (C) Current responses to 180 ms voltage commands from
a holding potential of -70 mV (steps from - 100 to +50 mV in l5 mV increments). Curent-
voltage curyes are shown for both the transient current (tr, peak outward cunent) and
persistent current (O, recorded at end of eaeh pulse).
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BAKA L-Glu
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Figure 3-12. Currents induced in spinally-projecting cells resulting from activation of
ligand-gated channels (recorded using Cs'-containing pipettes). (A) Currents invoked by
application of kainic acid (50 pM) onto the cell at different holding potentials (V1). (B)
Inward current observed in another RVL neuron induced by application of monosodium L-
glutamate (50 pM) at a holding potential of -70 mV.

3.4.4 RT-PCR analysis of dissociated RVL neurons

All neurons collected by aspiration were frozen immediately (-20"C), and then underwent RT

within 4 h of being collected. Following RT, the oDNA was frozen again at -20"C until

required. The first PCR reaction was always for the detection of either GAPDH or NSE, for

which a2 pl aliquot of cDNA was used for each neuron (Fig. 3-13). Both these genes should

be expressed in adult neurons, and their detection indicated successful collection and RT of a

neuron. A neuron's cDNA was only probed for other genes once this had been established.

Out of 229 neurons which were collected for RT-PCR, 184 (80%) were positive for either

NSE or GAPDH.
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A
External 100bp
Solution ladder

oDNA from aspirated neurons

100bp External
ladder Solution

oDNA from aspirated neurons

Figure 3-13. Typical gels resulting from PCR amplification of either (A) NSE or (B)
GAPDH from single RVL neurons. Two microlitre aliquots were used for the PCR reactions
from the cDNA of l0 different cells. Four out of 5 cells tested positive for NSE, and 3 out
of 5 tested positive for GAPDH. The external solution lanes contained control samples
with no cell cDNA present, as reverse transcription was performed on a sample of external
solution taken from the boftom of the recording chamber during the cell-aspiration phase.

Faint primer-dimer bmds can be obserrred at the bottom of most lanes. The 100 bp ldder
indicates 100 bp intervals, increasing from the boffom 100 bp band.

3.4.5 ldentification of adrenergic bulbospinel RVL neurons

One hundred and seventeen bulbospinal RVL neurons which were positive for either NSE

(n : 103) or GAPDH (n: 14) expression were tested for the presence of TH and/or PNMT.

Fiffy-nine of these neurons expressed either TH or PNMT (50%), and were thus identified as

catecholaminergic neurons belonging to the Cl cell group in the RVL area- TH expression

(Fig.3-l4A) was detected in42173 (58%) of the neurons tested, and PNMT expression (Fig.

3-l4B) was detectedin32159 (54Vo\ of the neurons tested.

B
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B
100bp
ladderbd 5 6 7 I IExt

A
100bp
ladder

Figure 3-14. Gels showing PCR amplification products obtained from single cells using
primers specifio for (A) PNMT (expected fragment length 543 bp) or (B) TH (220 bp
length). The Ext lane contained control samples of external solution with no cell cDNA
present. The 100 bp ladder indicates 100 bp intervals.

Of the 59 catecholaminergic neurons identified" 23 neurons were tested for both TH and

PNMT (in the other instances only one gene or the other was used to enable the remaining

sample to be used for analysis of neurotransmitter receptor or transporter genes). Of those

230 expression of both genes was detected in l5 (650/o) neurons (Fig. 3-15).

Controls 100bp
ladder

cDNA

NSE

Figure 3-15. Agarose gel showing PCR products for three different genes from the sarne
neuron. The three lanes on the right show bands obtained following cDNA amplification
with primers specific for neuron specific enolase (NSE), tyrosine hydrorylase (TH) and
phenylethanolamine jV-methyltransferase (PNMT). The conffol lanes on the left show the
resultof RT-PCRamplificationwhenexternal solution (collected from the vicinity of this
neuron) is used instead of cDNA. The expected PCR product lengths (in bp) are given at
the side of the gel. The 100 bp ladder indicates 100 bp intervals.

NSE TH PNMT
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PCR products obtained for NSE, TH and PNMT from the same cell were sent for automated

DNA sequencing to confirm their identity (Fig. 3-16). The PCR product sequences were all

highly similar or identical to the cDNA sequences filed with GenBank. The NSE sequence

was 98% identical to the GenBank cDNA sequence (3341340 identical bp), the PNMT 99%

identical (506/511 bp), and the TH sequence was a perfect match (2001200 bp). The sequence

obtained by the automated sequencing was always slightly shorter than the predicted length of

the PCR product, mostly because the process does not sequence the 5' primer which is used

in the sequencing reaction. Many of the observed mismatches occurred early in the sequences,

although the 5 bp mismatches in the PNMT PCR product were spread throughout the

sequence. These could well be due to a mistake by the Taq DNA polymerase early in the

PCR reaction, which was then amplified for the remaining cycles and eventually sequenced.

Sequencing the PCR product in the reverse direction using the 3' primer could have been used

to provide an additional check of the sequence identities, and to eliminate mistakes observed in

the antisense strand sequencing. This was not necessary for straightforward identification of a

PCR product, however.

3.4.6 Comparison of RT-PCR efficiency in patched versus unpatched RVL neurons

Most neurons used for RT-PCR analysis of TH or PNMT mRNA expression were aspirated

without zury prior electrophysiological analysis being performed on them. A smaller group of

neurons were collected following whole-cell patch-clamp recording from them, and these

neurons were also analysed for the expression of TH and PNMT mRNA using RT-PCR, so

as to determine whether or not they were Cl adrenergic neurons. The RT-PCR results of

these two groups were then compared to determine whether whole-cell patch-clamp

electrophysiology interfered at all with the subsequent RT-PCR reactions. Seventy-three

unpatched RVL neurons which tested positive for the expression of either GAPDH or NSE

mRNA were assessed for TH or PNMT mRNA expression, and thirty-seven (5lo/o) contained

either TH or PNMT. A similar proportion (52%) of patched RVL neurons (n:23) was also

found to be positive for TH or PNMT mRNA expression. It was therefore concluded that

whole-cell patch-clamp analysis of neurons could be performed without loss of RT-PCR

sensitivity for detection of the expression of genes of interest.

Alison Coner 1998



II I. General Properlies 50

A
Ml1931.
NSE PCR

!,r11931
NSE PCR

Ml1931
NSE PCR

lrL1931
NSE PCR

Ir{1 19 31
NSE PCR

I.tl19 31
NSE PCR

l{119 31
NSE PCR

u11.931.
NSE PCR

!r11931
NSE PCR

L2265L
TH PCR

r.2265L
TE PCR

I-22651
TII PCR

L2265L
TH PCR

I",2265L
TE PCR

L226sL
TE PCR

. . .crrTccc cccAATArcc TGGAGAACAG CGAAGCTEgSgggTqIgA 750
0

800
42

8s0
92

900
L42

950
L92

r 000
242

1 0s0
292

1 100
340

1 1s0
340

B

AGGAAGCCAT IGACAAGGCT GGCTACACGG AAEAGAIGGT GATTGGTATG

---.-.--AT TG-CCTTGCT GGCTACACGG AAAAGATGGT GATTGGTATG

GATGTGGCTG CCTCTGAGTT TTACCC'CGAT GGCAAATACG ACTTGGATTT
GAIGTGGCTG CCTCTGAGTT ITACCGCGAT GGCAAATACG ACTTGGAITT

CAAGTCTCCT GCTGACCCTT CCCGATGCAT CACTGGGGAC CAGCTTC'GGG

CAAGTCTCCC GCTGACCCTT CCCGATGCAT CACTGC'GGAC CAGCTTC'GGG

CACTCTACCA GGACTTTGTC CGGAACTATC CTGTGGTCTC CATTGAAGAC
CACTCIACCA GGACTTI'GTC CffiAACTATC CTGTGGTCTC CATTGAAGAC

CC.ATTCGACC AGGATGACTG GGCAGCTTrc TCCAAGTTCA CAGCCAATGT
CCATTCGACC AGGATGACTG GGCAGCTTGG TCCAAGTTCA CAGCCAATGT

CGGCATCCAG ATAGTGGGTG ATGACCTGAC GGTGACCAAC CCCAAGCGCA

CGGCATCCAG ATAGTGGGTG ATGACCTGAC GGTGACCAAC CCCAAGCGCA

TCGAGCGGGC AGTGGAGGAG AAGGCCT C

TTGAGCGGGC AGIGGAGGAG AAGGCCTGCA ACTGTTTGCT GCTCAAGG-.

AACCAGATCG GCTCAGTCAC AGAAGCCATC CAAGCGIGCA AGCTGGC...

.. .GGCTTCA GAAGGGCCGT CTCAGAGCAG GATGCCAAGC AGGCCGAq@ 4s0
0

ffil ;:ffi:ffi: lllH:ffi: ffi:Htrlfi: :l'
CCC@AAGGA GCGGGAGGCG GCGGCAGCTG CAGCAGCAGC AGCGGTAGCC 550
CCCGCAAGC'A GCGGGAGGCG GCGGCAGCTG CAGCAGCAGC AGCGGTAGCC 81

TCCTCGGAAC CTGGGAACCC ACTGGAGGCT GTGGTATTTG AGGAGAGGGA 600
TCCTCGGAAC CTGGGAACCC ACTGGAGGCT GTGGTATTTG AGGAGAC'GGA 131

TGGGAAIIGCT GTTCTCAACC TGCTCTTCTC CCTGAGGGGT ACAAAACCSI 650
TGGGAATGCT GTTCTCAACC TC'CTCTTCTC CCTGAGGGGT ACAAAACCCT 181

CCTCCTTGTC TCGGGCTGTA AAAGTATTTG AGACATTTGA AGCCAAA... 7OO

CCTCCTTGTC TCGGGCTG- - 2OO

(figure continued...)
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C
XI42LL
PNT.TT PCR

xL42L1
PNI.TT PCR

xt 42L1
PNMT PCR

xL42Lt
PNI.IT PCR

x1421.1
PNMT PCR

XL42IL
PNI{T PCR

xl42 1 1
PNMT PCR

xl42L1
PNI,IT PCR

xl421t
PNUT PCR

x1 42 11
PNI.TT PCR

xl4211
PNI.IT PCR

TTGGCTTACC AGCGCTTTGA GCCCCGTGCC TACCTCCGCA ACAACTACGC 50
0

GCCTCCTCGT GGGGACCTGA

-------CGT GGGGACCTGA

TTCGCTC'CAT GGCACAAGTC
TTCGCTGCAT GGCACAAGTC

CTCATTGACA TCGGCTCAGG
CTCATTGACA TCGGCICAGG

TGCCCACTTC GAGGACATCA
TGCCCACTTC GAGGACATCA

AGGAGCTGGG ACTCTGGCTG
AGGAGCTGGG ACTCTGGCTG

GTGTATAGCC AGCATGTCTG
GTGTATAGCC AGCATGTCTG

GGAGAAAGAA CGCCAGCTCC
GGAGAAAGAA CGCCAGCTCC

ATGTGCACAA C.CCCCAGCCC

ATGTGCACAA GCCCCAGCCC

GCTGACGCCT TGGTCTCTGC
GCTGACGCCT TGGTCTCTGC

CCCAAGCTTC CGGCAGGCTT
CCCAAGCTTC CGGCAGGCTT

GCAACCCTCA TGGTGTGGGG
GCAACCCTGA TGGTGTGGGG

TTTGCCACCG GTGAGGTGTC
TTTGCCACCG GTGAGGTGTC

ccccAccerA rAccAGcTc€
CCCCACCATA TACCAGCTGC

CCATGACAGA CTTCTTGGAG
CCATGACAGA CTTCTTGGAG

CGAGAAGAGC CAGGAGCCTT
CGAGAGGAAC CAGGAGCCTT

CCTCATCGAG GACAAGGGAG
CCTCATCGAG GACAAGGGAG

GAGCGAGGGT GAAGCGAGTC
GAGCGAGGGT GAAGCGAGTC

CTGGGAGCTT CGGGCCTGGC
CTGGGAGCTT CGGGCCTGGC

CTTCTGCCT€ GAG€CTGTGA
CTTCTGCCTG GAGGCTGTGA

TGTATCATAT CACCGCGCTG
TGTATCATAT CACGACGCTG

CCTTGGAAGC lOO
CCTTGGAAGC 43

TGGACAGGTC 150
TGGACAGGTC 93

TCAGCGCCTG 2OO
TCAGCGCCTG 143

GTCAACCGGC 250
cTceAccccc 193

CGACTGGAGT 3OO

CGACTGGAGT 243

AGTCCTGGCA 350
AGTCCTGGCA 293

TTGCCCAmG 400
TTGCCCATTG 343

ACCCCTGCCT 450
ACCCCTGCCT 393

GCCCGGATCT 5OO
GCCCGGATCT 443

ETGAGGCCCG 550
CBGAGGCCCG 493

X].421I GGGGTCATCT CCrTCTCATC GGGGCCCTGG AGGAGTCATG GTACCTT... 600
PNI.IT PCR GGGGTCATCT CCTT.-. 51].

Figure 3-16. Sequencing results for three PCR products from the sarne neuron. (A) NSE,
GenBank cDNA accession # Ml l93l; (B) TH, GenBank gDNA acoession # L22651; (C)
PNMT, GenBank cDNA accession # Xl42l l. The identical residues are highlighted in blue
and mismatched residues are red. The primer target sequences on the cDNA are underlined.
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3.5 DrscussroN

3.5.1 Micropunch analysis of gene expression

Micropunches of brain tissue have been used extensively to determine levels of various

substances in discrete regions of the cental nervous system (Palkovits, 1973). For exarnple,

levels of the neurotransmitters GABA (Grattan and Selmanotr, 1993) and noradrenaline

(Lawler et al., 1996) have been measured from micropunch tissue using liquid

chromatography. The technique has also been successfully combined with RNase protection

assays (Strauss and Jacobowitz, 1993) and the reverse transcription-polymerase chain

reaction (RT-PCR) to study gene expression (Funk et al., 1997; Kim et al., 1993; Okabe et al.,

1997). The present study was the first time that the micropunch technique had been applied

in combination with RT-PCR to analysis of the RVL region.

GAPDH was used to indicate successful RNA extraction and RT, and hence only those

punches with a positive GAPDH signal from the punch oDNA were included in this study.

The consistency across punches for the other genes was occasionally a problem, as several of

the genes tested for did not show in all the punches from a given region. The gene which gave

the most cause for concern in this respect was NSE, the neuronal form of the glycolytic

enzryme enolase, which is highly expressed in neurons (Marangos and Schmechel, 1987). We

used this gene as a marker gene for the presence of message from neurons in the punch

material, but it was only expressed in 21 of the 27 punches tested for it. This suggests either

that some of the punches did not contain any detectable neuronal material or false negative

results were obtained. One of the key difficulties with the micropunch method has been

finding suitable ways to release RNA for extaction from sub-milligram amounts of tissue.

TriReagent contains a strong denaturing and lysing agent (4 M guanidine thiocyanate) and our

technique relied on heavy vortexing to help break the tissue down. Others have used

sonication to break down the tissue (e.g. Kim et al., 1993; Okabe et al., 1997), and this

approach may have helped to improve the yield of neuronal message. It is also possible that

RNases present in the tissue might have rapidly degraded RNA prior to freezing of the

sample. The inconsistency makes negative results difficult to interpret, and the best recourse

is to take a large number of punches from each area investigated. For weakly expressed genes

there is also the possibility that further amplification might solve the inconsistency problem.
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A major concern when screening tissue samples for mRNA expression using RT-PCR is

contamination of the extacted RNA with genomic DNA, which subsequently gets amplified

to give false-positive results. To avoid this possibility, where sequence information is

available about the target gene, primers can be designed so that the product spans an intron,

which means that if genomic DNA is amplified it will produce a longer fragment easily

identifiable on a gel. Alternatively, primers can span exon-exon borders (as the TH 5' primer

does), which should prevent the primer hybridising to genomic sequences altogether.

Genomic sequence information is available for GAPDH, NSE, TH and PNMT, and primers

were designed accordingly. No larger genomic DNA-derived fragments were seen for these

genes, indicating that RNA extraction successfully isolated RNA without genomic DNA

contamination.

3.5.2 Acute dissociation of RVL neurons

Isolated RVL neurons were mostly viable and retained their anatomical, chemicaUmolecular,

and functional identity. They were isolated from a small, well-defined medullary regiorU and

could be identified as spinally projecting or non-spinal by the presence of fluorescent

rhodamine microbeads which had been previously injected into the thoracic spinal cord. The

isolated neurons could also be tested for the presence of specific mRNAs.

3.5.2. I Methodological considerations

The dissociation technique used was similar to that of Kay and Wong (Kay and Wong, 1986),

except that a bicarbonate-buffered ACSF was used in all the initial stages, including the

enzymatic treatment, and a low concentration of papain was used instead of trypsin. The

choice of papain was based on data demonstating an increased neuronal survival after

treatment with this enzyme (Fitzgerald et al., 1992).

Neural dissociation provides the advantage of a superior space-clamp, in comparison with

recording from tissue slices, due to the presence of truncated processes. Good space-clamp

was confirmed by showing that capacitive transients could be well fitted to the first

exponential. Further electronic shortening of the processes was achieved by blocking K+

channels with caesium and TEA. The RN of dissociated RVL neurons was significantly higher

than that measured in tissue slices (88 - 200 MA) with intracellular microelectrodes (Sun and

Reis, 1994b; Sun et al., 1988b), but comparable to the values recorded (0.5 - 1.6 GA) in slices
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with patch electrodes (Li et al., 1995; Li and Guyenet, 1996)). High input resistance

facilitated voltage-clamp analysis by reducing the series resistance error. The use of fluoride

in the patch pipefte generally resulted in better recording stability, in agreement with other

studies (Fernandez et al., 1984; French et al., 1990).

The single-cell RT-PCR technique was successfully developed to identifr expression of
several mRNAs in dissociated RVL neurons, including GAPDH, NSE, and also two markers

specific for catecholaminergic neurons, TH and PNMT. By using dissociated neurons it was

possible to overcome the potentially major problem associated with the use of this technique

in tissue slices, which is the possibility of false-positive results due to pipette contamination

with mRNA originating from adjacent cells. This limitation is practically eliminated when

cells plated at relatively low density are collected, and when the two 5tag€s for cetl aspiration

(described in Section 2.5.5.3) are applied. The possibility of cross-contamination with cDNA

was also excluded" since the control samples containing only the external solution were

negative. Another problem associated with single-cell RT-PCR is the possibility of false-

negative results due to an insufficient number of mRNA copies taken to the suction pipette,

mRNA degradation resulting from the residual RNase H activity of the reverse transcriptase

or contaminating RNases, or inadequate PCR amplification. In all cells tested we first

examined expression of mRNA for NSE or GAPDH. This was performed as a positive

control for mRNA 'survival' during experimental preparation of the dissociated cells, hansfer

of cell contents to the collection pipette, and the effrciency of RT. RT was performed with

SuperScript II which has no detectable RNase H activity. Most of the examined neurons

(80%) were shown to express NSE or GAPDH. In addition, the proportion of retogradely

labelled dissociated cells which expressed mRNAs specific to catecholaminergic neurons (TH

and/or PNMT; 50%) was similar to that reported for spinally projecting RVL neurons in

previous studies conducted in vivo or in tissue slices. However, it should be noted that

expression of both TH and PNMT was detected in only 15 of the 23 (65%) neurons tested

for both genes, suggesting that false-negative results may be a problem for some genes. By

dividing the cDNA from a single cell into three separate PCR reactions, it is usually possible

to detect transcripts from three different genes. When dividing the cDNA sample, it is

assumed that cDNA transcripts for each gene are spread evenly throughout the cDNA

solution, but this may not be the case. It is possible that occasionally a false-negative result
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would be obtained for a specific gene as the aliquot used in that specific PCR reaction might

not contain any copies of the transcripts probed for.

3.5.2.2 Properties of acutely dissociated bulbospinal RVL neurons

Dissociated bulbospinal RVL neurons showed many morphological features similar to those

described in the studies conducted in-vivo or in tissue slices, including the size and shape of

the cell body, and the number of primary processes (Kangrga and Loewy, 1995; Lipski et al.,

1995b; Sun et al., l99l). Fifty percent of the cells were catecholaminergic, as demonstrated

with RT-PCR. The proportion of catecholaminergic bulbospinal RVL neurons found in

previous anatomical studies ranged from 39 to 80% (Haselton and Guyenet, 1989b; Kangrga

and Loewy, 1995; Li et al., 1995; Li and Guyenet, 1996; Ruggiero et al., 1994; Sved et al.,

1994). One reason for the relatively large differences between these studies is the method

used to identifu spinal projection (electrophysiologically or with retrograde tracers) and the

inconsistent definition of the borderlines of the RVL region. The present study used a

niangular area venhomedial and ventrolateral to the compact formation of nucleus ambiguus.

In the study by Li et al. (1995), which reported the highest proportion of catecholaminergic

neurons (78-80%), a smaller rectangular ar€,a was selected below the compact formation,

which did not fully overlap with the region investigated in the present study.

As the dissociated bulbospinal RVL neurons could not be tested for baroreceptor sensitivity,

they should technically be refened to as putative vasomotor neurons only. However, the

only other bulbospinal neurons in the RVL region are the Bdtzinger respiratory neurons,

which only rarely project below the cervical segments of the spinal cord (Bryant et al., 1993;

Kanjhan et al., 1995). Most RVL neurons which project to the upper thoracic spinal cord are

inhibited by baroreceptor stimulation (Chan et al., l99la; Guyenet et al., 1990), and in the

thoracic spinal cord RVL neuron axons have been shown to terminate almost exclusively in the

IML cell column (Dampney et al., 1987; Ross et al., 1984a). Thus the dissociated bulbospinal

RVL neurons studied were assumed to be presympathetic vasomotor neurons. No differences

were apparent between the elecbophysiological properties of the catecholaminergic and non-

catecholaminergic neurons, so the results for both groups were pooled together for the

following discussion.
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A major difference between the present results and previous studies conducted in RVL slices

was the absence of spontaneous firing in dissociated neurons, in contrast to its presence in

cells recorded in slices (Huangfu et al., 1997; Kangrga and Loewy, 1995; Li et al., 1995; Li and

Guyenet, 1996; Sunet al., l99l; Sun et al., 1988b; Sun et al., 1988c). The tonic activity

observed in slices was not due to residual synaptic interactions as it was not abolished by low

Ca2*/high Mgt* (cf. Lewis and Coote, 1993a) and therefore is thought to be of pacemaker-

type. The results of the present study were mainly obtained by extacellular recordings in the

cell-attached mode. This approach is less likely to induce tonic firing in otherwise silent cells

due to changes of the membrane potential associated with intacellular impalemen! or

rupturing of the membrane patch with subsequent cell dialysis during whole-cell recording. Li

et al. (1995) observed exhacellular activity in a vast majority of bulbospinal RVL neurons

recorded in slices, while in the present study, 3l out of 35 examined cells were silent. A

transient firing observed in the remaining cells was probably due to the contact of the patch

pipette with the cell and membrane deformation, rather than to inherent properties of these

cells. Therestingmembranepotential recorded (mean -61.5 mV when measured with K+ -

containing pipettes) cannot be directly compared with previous data obtained from tonically

active neurons. When the midpoint of interspike trajectory was used, the mean values of the

membrane potential recorded with sharp intracellular microelectrodes or patch pipettes in

both thick and thin slices were around -51 to -59 mV (Huangfu et al., 1997; Kangga and

Loewy, 1995; Li et al., 1995; Li and Guyenet, 1996; Sun and Reis, 1994a; Sun et al., 1988b).

Following TTX treatment the membrane potential was about -50 to -51 mV (Li et al., 1995;

Sun and Guyenet, 1990). It is therefore possible that the 'spontaneous' activity recorded in

slices is due to the generally lower level of membrane potential in neurons studied in this type

of preparation. The depolarisation could be induced by some unidentified (synaptic and non-

synaptic) cell-to-cell interactions, a factor which is not present in isolated neurons. At this

lower level of membrane potential, the firing threshold can occasionally be reached resulting in

a slow and irregular firing pattem. The cells which:ue more depolarised would be expected to

fire at higher frequency and more regularly. Altematively, or additionally, a sustained calcium

(Li et al., 1995) or sodium current (Kangrga and Loewy, 1995) may be activated which could

also depolarise the cells to threshold. The absence of spontaneous fring in dissociated

nenrons corresponds to the results of studies of RVL neurons conducted in vivo, which

showed that the activity of these neurons is evoked by synaptic inputs and not by

autodepolarisations (Lipski et al., 1996; Lipski et al., 1995b).
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fV. RT-PCR ANALYSIS oF oTIIER GEIYES n><pRESSED IN TIIE RVL

Using RT-PCR it was possible to assess the expression of several other mRNA species in

dissociated bulbospinal neurons of the RVL. These included the glucocorticoid and

mineralocorticoid receptors, glutamate transporters, the GABA transporter, and the glycine

transporter.

4.I CORTIcoID RECEPToRS IN T}IE BRAIN

4.1.1 Types of corticoid receptors

Corticosterone was first shown to be taken up into limbic structures in the CNS in the late

1960s (McEwen et al., 1968; McEwen et al., 1969), and to bind to soluble cytosolic proteins

(Grosseretal., l97l; Stevenset al., l97l; Warembourg, 1975a). Studies showing differential

binding of corticosterone (CORT), dexamethasone (DEX) and aldosterone (ALDO) indicated

that there were different receptor systems for glucocorticoid binding in the CNS (De Kloet et

al., 1975; De Nicola et al., l98l; Rhees et al., 1975a; Rhees et al., 1975b; Warembourg,

1975b). The two receptor system was eventually determined by pharmacological studies

using corticoid analogues for the two different receptors (Beaumont and Fanestil, 1983;

Moguilewsky and Raynaud, 1980; Sarrieau et al., 1988). The brain mineralocorticoid receptor

(MR, also known as Type I receptor) has the same affinity for CORT as for ALDO

(Krozowski and Funder, 1983). The MR has an affinity for CORT approximately 6 - l0 fold

greater than the glucocorticoid receptor (GR, Type II receptor) affrnity for CORT (Reul and

de Kloet, 1985). The two receptors have subsequently been cloned from human (Amza,et al.,

1987; Hollenberg et al., 1985; Zonget al., 1990) and rat (Miesfeld et al., 1984; Miesfeld et al,,

1986; Patel et al., 1989) tissue, allowing analysis of their location and function in the brain not

only by agonist binding studies and immunohistochemistry, but also at the molecular level.

4.1.2 Location of corticoid receptors in the brsin

Immunohistochemistry for the MR and GR has shown different expression patterns for the

two receptors. Both receptors are expressed throughout the CNS, although they are often

expressed in different cell groups within the same gross structures. MR-immunoreactivity is
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reasonably abundant in the cortex, hippocampus, caudate putamen, thalamic and

hypothalamic nuclei, and cerebellum (Agarwal et al., 1993; Ahima et al., l99l). Moderate

densities of MR were observed in the brainstem, including in the nucleus ambiguus, nucleus of
the solitary tract, and several motor and sensory nuclei. Scattered MR-immunoreactive

neurons were also detected throughout the reticular formation in the brainstem (Ahima et al.,

1991). Highest levels of GR-immunoreactivity have been reported in the olfactory bulb,

cortex, hippocampus, amygdala, septum, some nuclei in the thalamus and hypothalamus, the

cerebellar cortex, and in some brainstem nuclei such as the locus coeruleus and dorsal nucleus

raphe (Cintra et al., 1994b; Morimoto et al., 1996). GR-immunoreactivity has also been

identified in the majority of monoaminergic neurons in the brain, including the Cl neurons in

themedulla oblongata (Hiirfstrand et al., 1986; Sawchenko and Bohn, 1989). At the mRNA

level the expression pattern of the two receptors has been determined using in situ

hybridisation (Morimoto et al., 1996; Roland et al., 1995a), and closely matches the

immunoreactivity studies.

4.1.3 Glucocorticoid and mineralocorticoid involvement in blood pressure regulation

The importance of adrenal steroids to the regulation of the cardiovascular system has been

well known for nearly twenty-five years (Imms and Neame,1974), and both glucocorticoids

and mineralocorticoids have been implicated in the regulation of blood pressure under normal

conditions (Gomez-Sanchez, 1995; Yqgl et al., 1986). Moreover, elevated levels of both

glucocorticoids and mineralocorticoids are associated with some forms of hypertension

(Funder, 1995; Gomez-Sanchez,1997: Janiak et al., 1990; Krakoff, 1988), and a direct link has

been established between the presence of circulating corticosterone and the development of
hypertension in spontaneously hypertensive rats (Hashimoto et al., 1989).

Intracerebroventricular (i.c.v.) injections of MR or GR agonists have been reported to raise or

lower blood pressure respectively, and i.c.v. injections of selective antagonists for the MR and

GR have resulted in the lowering or raising of blood pressure, respectively (van den Berg et

al., 1989; van den Berg et al., 1990). Direct injections of either corticosterone or aldosterone

into the RVL area resulted in an increase in systolic blood pressure and heart rate, and specific

antagonists for both the GR and MR resulted in decreased blood pressure and heart rate (Zhu

et al., 1995), suggesting that the RVL area might be an essential regulatory area for the central

effects of corticoids.
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4.2 NNUNOTRANSMITTER TRANSPORTERS IN THE BRAIN

Neurotransmitter transporters provide an important mechanism for termination of

neurotransmission at the synapse, by selective uptake of neurotransmitters released into the

synaptic cleft. Two distinct neurotransmitter transporter families have been identified (Lesch

et al., 1996). The first is a Na*- and Cl--dependent superfamily of membrane glycoproteins,

which share a similar topology of 12 putative transmembrane regions, and intracellular amino-

and carboxy-termini. Transporter members of this group include the monoamine transporters

(described in Chapter 5), serotonin transporter, GABA transporters, and glycine transporters

as well as transporters for proline, taurine, betaine and choline. The second family of

neurotransmitter transporters are Na*- and K*-dependent, with at least six tansmernbrane

regions in the amino-terminal half of the protein. This family includes transporters for

glutamate and aspartate. Several of these transporters have been reported to be expressed in

the medulla oblongata, but the specific nuclei involved have not been well documented. The

RVL region contains a number of different cell types, and identification of the different

phenotypes present may contribute to a greater understanding of blood pressure regulation by

neurons in that region.

4.2.1 GABA transporters

One of the first transporters to be purified and cloned was the rat GABA transporter GAT-I,
(Guastellaetal., 1990;Radianetal., 1986; Radian and Kanner, 1985). GAT-I is widespread

throughout the CNS and closely matches the expression pattern of glutarnic acid

decarboxylase (GAD) in neuron-like cells, suggesting that it is the neuronal-specific GABA

transporter (Durkin et al., 1995; Rattray and Priestley, 1993). Two further GABA

transporters have been subsequently cloned from rat tissue, and named GAT-2.and GAT-3

(Borden et al., 1992), GAT-2 is observed predominantly in cells of the meninges (pia and

arachnoid), both at the mRNA (Durkin et al., 1995) and protein (Ikegaki et al., 1994) level.

GAT-3 is found throughout the brain, although in lower amounts than GAT-I, and is present

in both astrocytes and neurons in discrete areas (Durkin et al., 1995). The fourth GABA

transporter was cloned from the canine renal MDCK cellJine (Yamauchi et al., 1992), and at

this stage its presence in the brain has not been firmly established. As a monosynaptic

GABAergic pathway has been suggested from the RVL to the SPNs (Deuchars et al., 1997;

Matsumoto et al., 1994), the present work aimed to assess the expression levels of a GAD
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isoform, GAD67, and GAT-I (as the predominant neuronal transporter) in RVL bulbospinal

neurons.

4.2.2 Glycine transportenr

Two distinct glycine transporters have been cloned. GLYTI (Borowsky et al., 1993;

Guastella et al., 1992; Liu et al., 1992; Smift et al., 1992') is located ubiquitously throughout

the CNS, although it is more abundant in the hindbrain and spinal cord (Guastella et al., 1992;

Zafraet al., 1995b). GLYT2 (Liu et al., 1993) is confined to the spinal cord and brainstenr,

with some expression in the cerebellum (Liu et al., 1993; Luque et al., 1995). GLYTI appears

to have a predominantly glial location (Adams et al., 1995), while GLYT2 is expressed in

neurons, and in particular in neurons containing sbychnine-sensitive receptors (Zafta et al.,

1995a). GLYT2 has been reported as being widespread through the brainstem and spinal cord

at both the mRNA (Luque et al., 1995) and protein (Jursky and Nelson, 1996) level, but as no

specific studies have identified it in the RVL, the present study sought to assess if it was

present there in particular groups of RVL neurons.

4.2.3 Glutamate transporters

The first glutamate transporter to be cloned was GLAST, which is located primarily in the

cerebellum in the rat (Storck et al., 1992). The GLT glutamate transporter was cloned next

(Pines et al., 1992), and is located throughout the brain in astrocytes, but predominantly in the

hippocampus, lateral septum, cerebral cortex and shiatum @anbolt et al., 1992; Lehre et al.,

1995). Neither GLAST nor GLT have been observed in neurons, glutamatergic or other.

Thirdly, the EAACI transporter, which shares 610/o and 660/o amno acid sequence identity

with GLT and GLAST, respectively (Kanai and Hediger,1992\, was cloned in the rabbit and

subsequently in the rat also (Bjoras et al., 1996; Kanai et al., 1995; Velaz-Faircloth et al.,

1996). EAACI is more widespread than GLT and GLAST, and has been identified in the

kidney, heart, lung and skeletal muscle in addition to the brain (Velaz-Faircloth et al., 1996).

The highest expression levels in the rat brain are in the cerebellum, hippocampus, neocortex

and superior colliculus, with moderate levels in many other aJeas including several brainstem

nuclei (Kanai et al., 1995). It was exclwively observed in neuronal cell bodies, both

glutamatergic and non-glutamatergic (Bjoras et al., 1996; Kanai et al., 1995; Rothstein et al.,

1994; Velaz-Faircloth et al., 1996). A fourth member of the glutamate transporter family has

been cloned and named EAAT4 (Fairman et al., 1995), and is located predominantly in the
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Purkhje cells of the cerebellum (Maeno-Hikichi et al., 1997) where it acts as a postsynaptic

glutamate transporter (Yamada et al., 1996). There is evidence that RW vasomotor neurons

use glutamate as a neurotansmitter (Bazil and Gordon, 1993; Guyenet et al., 1996- Kapoor et

a1.,1992; Matsumoto etal., 1994; Morrison et al., l99l; Sun, 1995), so the current study

sought to examine the expression of EAACI mRNA in RVL neurons, and in particular to

assess if it is expressed in adrenergic and non-adrenergic bulbospinal neurons in the RVL

region

4.3 ArMs

To determine the level of expression of mRNA for the corticoid receptors GR and MR in the

RVL region using RT-PCR from micropunches and single dissociated bulbospinal neurons.

To investigate the possible presence of GABAergic neurons in the RVL region using RT-PCR

for glutamic acid decarboxylase (GAD67) and the GABA transporter GAT-I.

To investigate the expression of mRNA for the transporters for glutamate (EAACI and GLT)

and for glycine (GLYT2) in the RVL region using RT-PCR.

To examine the expression of mRNA for corticoid receptors and the transporter EAACI in

adrenergic bulbospinal RVL neurons using RT-PCR.

6l
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4.4 CoRTIcoD RECEPTORS IN THE RVL

4.4.1 Establishing the presence of cofticoid receptor mRI\A in the RVL area

Micropunches from the RVL area of two adult rats were used to establish the presence of MR

and GR mRNA in the RVL tning RT-PCR. Expression of MR was detected in 4 out of 5

punches tested (Fig. 5-lA), and strong expression of GR was detected in 3 out of 5 punches

tested, and weakly in a fourth punch (Fig. 5-lB). A further 2 punches were used to test that

no genomic DNA was present in the RNA exhacted from the tissue samples. RNA was

substituted for cDNA in the amplification step, using primers specific for GR. Based on the

fact that most mammalian genes have regular intons along their length, it is likely that primers

designed to give a product of 400 - 600 bp in length would span at least one intron. Using

RNA gave no amplification product, while using cDNA gave a strong signal in both punches

(Fig. 5-lC). This provides further evidence that positive bands did not arise from

contaminating genomic DNA. All punches which were tested for MR and GR were also

positive for GAPDH mRNA expression, but of the 5 punches tested for NSE, only 3 were

positive for NSE mRNA expression. The 2 punches which were NSE-negative also gave very

weak or no signal for GR and MR, so it is possible that there was a lack of neuronal-derived

mRNA in the punch samples.

4.4.2 Corticoid receptor nRI\A expression in RVL neurons

Having confirmed the presence of both GR and MR mRNA in the RVL regiorq it was then

ascertained if they were present in dissociated bulbospinal RVL neurons. Healthy looking

neuron-like cells were selected for collection, and aspirated for RT-PCR analysis (Materials

and Methods,2.5.5). Twenty-two bulbospinal RVL neurons (labelled with rhodamine beads)

were assessed for the presence of mRNA for MR, and it was expressed in 9 (45%) of those

neurons (Fig. a-2). Twenty bulbospinal RVL neurons were assessed for the presence of GR

mRNA, but it was only positively detected in I (5%) of those neurons (Fig. a-3). Sixteen

neurons from the RVL area which were not identified as either spinally-projecting or non-

spinal were also collected and tested for expression of GR. Most of these neruons were likely

to have been non-spinal, as following dissociation of the RVL region from a 350 pm-thick

medullary slice only 5% of viable neurons were found to be bulbospinal (Lipski et al., 1998).

Two out of 16 neurons (12.5%) were positive for expression of GR mRNA, which suggests

that GR mRNA expression in the RVL region is predominantly in non-spinal neurons.
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A
100bp
ladder

Micropunch oDNA

- 476

B

100bp
ladder

Micropunch cDNA

F'igure {-1. Detection of mRNA for corticoid receptors in RVLpunches by RT-PCR. (A)
Four out of the 5 punches shown resulted in a PCR product following amplification of
cDNA with primers for MR. (B) Stong bmds were observed at the predicted PCR product
length (329 bp) in 3 out of 5 punches following amplification of cDNA with GR primers.
(C) When RNA was used as a substate instead of cDNA, under otherwise identical PCR
conditions, no bands were observed. The frst lane shows the control reaction (no cDNA or
RNA). Ladder shows DNA fragments of increasing size, from 100 bp upwads in 100 bp
steps.

bp

c
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cDNA from aspirated neurons cDNA from aspirated neurons

91011 12

Figure 4-2. Sarnple gels showing detection by RT-PCR of mRNA for mineralocorticoid
receptor (MR) in dissociated bulbospinal RVL neurons (expected product length 476 bp).
Five out of the 12 neurons in this experiment expressed MR. The'water'lane shows the
control reaction (no cDNA or RNA). The ladder shows DNA fragments of increasing size,
from 100 bp upwardsin 100 bp steps.

cDNA from aspirated neurons

Figure 4-3. Gel showing products for the glucocorticoid receptor (GR) obtained by RT-
PCR arnplification of mRNA from dissociated bulbospinal RVL neurons. The first lane
shows the control reaction (no cDNA or RNA). Out of the 5 neurons represented in this
gel, only I expressed GR nRNA. The ladder shows DNA fragments of increasing size, from
100 bp upwardsin 100 bp steps.

The PCR product from one of the MR-positive single-c€ll RT-PCR reactions was purified

and sequenced It was then compared to the rat MR cDNA sequence from GenBank

(accession # M36074) to ensure the PCR amplification was detecting MR (Fig. a-a), The

PCR product had 422 out of 426 (99o/o) bases identical to the rat MR oDNA sequence.

1Oobp
Whter ladder

Alison Comer 1998



IV. Other genes expressed in lhe RVL 65

l.r3 60 7 4
MR PCR

Ir{36074
I'{R PCR

l.!35074
I'IR PCR

r,r35074
I{R PCR

M35074
I,TR PCR

!r36074
UR PCR

I'r36074
l,{R PCR

vt3607 4
UR PCR

t't36074
MR PCR

I'[36074
!.TR PCR

. . .@ATCTC CAATGGTGTG ACTGGCCCC'C 1650
-TCTC CAATGGTGTG NCTNNCCCGC 24

TCAACATTGT CCAGTACATA AAATCAGAAC CAGATGGC'GC TTTCAGCAGT 17OO

TCAACATTGT CCAGTACATA AAATCAGAAC CAGATGGC'GC TTTCAGCAGT 74

TCCTGTCTAG GAGGA.AACAG CAAAATCAGC CCCAGfTCTC CATTCTCTGT 1750
TCCTGTCTAG GAGGAAACAG CAAAATCAGC CCCAGTTCTC CATTCTCTGT L24

ACCAATAAAG CAAGAGTCM GCAAGCACTC ATGTTCAGGC GCCTCTTTTA 18OO

ACCAATAAAG CAAGAGTCAA GCAAGCACTC ATGTTCAGGC GCCTCrITTA L74

AAGGGAACCC CACGGTCAAC CCATTTCCAT TCATGGATGG CTCCTACTTT ].850
AAGGGAACCC CACGGTCAAC CCATITCCAT TCATGGATGG CTCCTACTTT 224

TCCTTTATGG ATGATAAGGA CTATTATrcC CTATCAGGAA TCTTAGGACC 19OO

TCCTTTATGG ATGATAAC'GA CTATTATTCC CTATCAGGAA TCTTAGGACC 274

ACCTGTGCCC GGCTTAGATG GTAGCTGCGA GGACAGCGCA TfCCCAGTGG 1950
ACCTGTGCCC GGCTTTGATG GTAGCTGCGA GGGCAGCGCA TTCCCAGTGG 324

GGATTAAGCA AGAACCAGAT GATGGGAGCT ATTACCCTGA AGCCAGCATC 2OOO

GGATTAAGCA AGAACCAGAT GATGGGAGCT ATTACCCTGA AGCCAGCATC 374

CCATCATCTG CTATCGTTGG TGTGAATTCG GGTGGACAGT CCTTTCACTA 2O5O
CCATCATCTG CIATCGTTGG TGTGAAryrcG GGTGGACAGT CCTrICACTA 424

CCGGATTGGT
cc--------

GCTCAAGGTA CAATATCTTT ATCACC"GTCA CCTAGAG... 2100
426

Figure 4-4. Alignment of sequenced MR single cell RT-PCR product with rat MR cDNA
from GenBank (AC# M36074). The identical residues are highlighted in blue, and the four
mismatched residues are shown in red. 'N' denotes an undetermined residue. The MR 5'
primer targ€t sequence is underlined on the cDNA" and is not present in the PCR product
sequence as it primes the sequencing reaction.

4.5 A]UINO ACID NEUROTRANSMITTER TRANSPORTERS IN THf, RVL

4.5.1 Expression of transporter mRllA in micropunches from the RVL region

The expression of mRNA for three amino acid transporters was tested for in 4 micropunches

from the RVL region of I rat. The transporters' expression was also tested in 4 micropunches

from the LC, a tightly-packed nucleus of noradrenergic neurons in the pons, as a comparison.

The PCR protocol used for these 3 transporters was 2 rounds of amplification, the first of

which consisted of 25 cycles, and the second 20 cycles. Expression of mRNA for the

neuronal glutamatetransporter, EAACI, was detected in all 4 punches from the RVL region,

and also in all 4 punches from the LC, although the srgnal was very weak for one of the LC

punch samples (Fig. 4-5A). The glial glutamate transporter, GLT, appeared to be not so
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highly expressed, with only weak mRNA signals detected in I RVL punch and 2 LC punches

(Fig. a-58). The glycine transporter,GLYTZ, was expressed in all 8 punches (Fig. 4-5C). As

a control measure against detection of genomic DNA which migbt have contaminated the

micropunch samples during RNA extraction, each gene was also tested for using samples of

RNA (removed from each micropunch RNA sample and frozen without undergoing RT) as a

substrate for PCR instead of cDNA. PCR using RNA micropunch samples failed to detect

any of the transporters, confirming that the product obtained in the PCR reactions using

cDNA as a substrate reflected mRNA expression in the tissue, not genomic DNA.

Expressionof mRNA for the GABA transporter GAT-I, and also for GAD67 (used as a

marker of GABAergic neurons), was not tested for in RVL micropunches, but the primers

were optimised using dilute cDNA derived from rat brainstem. Both GAT-I and GAD67

were abundantly expressed in brainstem-derived cDNA.

4.5.2 Transporter mRNA expression in dissociated RVL neurons

Micropunch experiments had established the expression of EAACI, GLT and GLYT2 mRNA

in the RVL region, and GAT-I and GAD67 were strongly expressed in the brainstem, so it

was then ascertained whether or not these genes were expressed in dissociated RVL neurons.

Spinally-projecting and non-spinal neuron-like cells were selected for collection (Lipski et al.,

1998), and aspirated for RT-PCR analysis (see Materials and Methods, section 2.5.5). Table

4-l summarises the findings from RT-PCR analysis of the collected neurons.

66

Table 4-1. Summary of neurons tested for the presence of transporter mRNA.

# bulbospinal neurons tested

# positive

. proportioa

000
", *, li,;;#: i i&f,*,";**ij;T*,;

3l

l8

58o/o

14

0

148 t7

# non-spinal neurons tested

# positive

4

0

l0

I

l0

0

19 27

t2

Alison Comer l,998



IV. Other genes expre.ssed in the RW 67

A
RNA CDNA CDNA

RL Ladder RL

CDNAB RNA CDNA

c
w Ladder

RL

RNA cDNA

RL

cDNA

- 551

RL Ladder

Figure 4-5. Expression of EAACI, GLT and GLyT? mRNA in micropunches. Four
micropunches were taken from the RVL region (R) and 4 from the LC nucleus (L). A
portion of the RNA from each punch wasreseryed prior to RT, and later used as an RNA
control for PCR (left hand panels). (A) Expression of EAACI mRNA was observed in 8
out of 8 punches. (B) Expression of GLT mRNA was in general low, and was observed only
weakly in I RW and 2 LC punches. (C) GLYT2 nRNA was reasonably highly expressed in
all 8 punches. A water (w) control is also included for each experiment. The ladder shows
DNA fragments of increasing 100 bp increments, starting from 100 bp.
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Thirty-one dissociated bulbospinal neurons from the RVL region were tested for the

expression of EAACI mRNA usingRT-PCR. Eighteen of those neurons (58%) were positive

for expression of EAACI (Fig. a-6). The PCR product from one of the EAACl-positive

single.cell RT-PCR reactions was purifid sequenced" and was compaxed to the rat EAACI

cDNA file from GenBank (acoession #D63722) to ensure the PCR amplification was detecting

EAACI (Fig. a-|. The PCR product had 430 out of 436 (99o/o) bases identical to the rat

EAAC1 cDNA s€quence. No EAACI mRNA was detected in non-spinal neurons (n = 4).

As expecte4 mRNA for the glial glutamate transporter (GLT) was not observed in any of the

bulbospinal neurons tested (n: l5), although surprisingly it was detected in I of the l0 non-

spinal neurons assessed (see Discussion, section 4.7.2). GLYT2 mRNA was not detected in

any of the tested spinal (n: 14) or non-spinal (n: l0) RVL neurons.

Nzurons Nzurons

23 78 10 bp

Figure 4-6. Expression of EAACI in dissociated RVL nerrons. Example of products
obtainod from l0 newons following PCR aurplification using primers directed against
EAACI. Five of the neruons in this experiment were positive for EAACI mRNA
expression. The 'water' control received water instead of cDNA. External (Ext) control
received a sanrple of external solution as a substate inst€ad of mRNA. The ladder shows
DNA fragments of increasing 100 bp increments, starting from 100 bp.

68

Alison Cqner 1998



IV. Other genes expressed in the RW 69

D63722
EAAC1 PCR

D63722
EAAC1 PCR

D63722
EAAC]. PCR

D63722
EAAC]. PCR

D63722
EAAC1 PCR

D63722
EAAC1 PCR

D53722
EAAC1 PCR

D63722
EAAC1 PCR

D63722
EAAC]. PCR

D63722
EAAC]. PCR

D63722
EAAC1 PCR

:::T:i:T
ag@cAccAT
----GACCAT

ATTTTGTTCC
ATTTTGTTCC

ATTCCGCAAG
ATTCCGCAAG

TCCACTCCCT
TCCACTCCCT

AACCCTTTCC
AACCCTTTCC

CATGATCTCA
CATGATCTCA

AAGAAAAGAA
AAGAAAAGAA

GGCGCCACCA
GGCGCCACCA

TGTGTTCATT
TGTGTTCATT

::T:ii:i:

GAAAATCGTT
GNNNATCGTT

TAATCGCTC'G
TAATCGCTGG

TTGGGCCTTT
TTGGGCCTTT

CGTAGTGCTG
CGTAGTGCTG

GCTTTGCCTT
GCTTTGCCTT

TCTAGCTCGG
TCTAGCTCGG

CCACGTGGAC
CCACGTGGAC

TCAACATGGA
TCAACATGGA

GCGCAAGTGA
GCGCAGCTGA

CATCACAGCC

CAGATCATCA
CAGATCATCA

GAAGATCATA
GAAGATCATA

ATATGGCCAC
ATATrcCCAC

CCACTGATCT
CCACTGATCT

ffiATGC'CG
GGGCA1IGGCG

CAACCCTTCC
CAACCCTTCC

AAGAGGATCA
AAGAGGATCA

CGGCACTGCG
CGC,CACTGCG

ACGCCATCGA
ACGGCATGGA

ACCGCTGCTA

TGTGTTACAT
TGTGTTACAT

GAAGTTGAAG
GAAGTTGAAG

TGTCCTGAGT
TGTCCTGAGT

ATTTCATAGT
ATTTCATAGT

CAGG€TCTCC
cAc€cTcTcc

AGTTACATTC
AGITACATTC

CAAGAT TGT
CAAGATTTGT

CTCTATGAAG
CTCTATGAAG

CCTGAGCATT
CCTGAGCATT

GCATTGGAGC

GCCGATCGGT 9OO

C.CCGATCGGT 46

ACTGGGAAAT 950
ACTGGGAAAT 96

G,rcCTTGCAA 1OOO

GGGCTTGCAA L46

CGTGCGGAAG 1O5O
CGTGCGCAAG 196

TGACAGCTCI ].100
TGACAGCTCT 246

cccrcrccc,G 1.150
CGCTGTGCGG 296

ccrcccccTc 1200
ccrcccccrc 345

ccGTGGcAGC 1250
CCGTGGCAGC 396

GGGCAGATCA 13OO

- 435

TGCCGGT... 1350
- 436

AAAGGGCAGA TTCTGGTGGA TTTCTW 850

Figure 4-7. Sequencing of EAACI single cell RT-PCR product. Alignment of sequenced
EAACI PCR product with rat EAACI cDNA from GenBank (AC# D63722). The ide'ntical
residues are highlighted in blue and six mismatched residues are shown in red. The EAACI
5' primer target sequence is underlined on the oDNA.

Expression of mRNA for the GABA transporter GAT-I was not observed in any of the 8

bulbospinal neurons tested. To check for putative GABAergic bulbospinal neurons, 17

isolated retrogradelyJabelled RVL neurons were tested for the presence of GAD67, the

GABA synthesising enzyme which is present in GABAergic neurons. None of the tested

neurons was positive for GAD67. Nineteen and 27 non-spinal neluons were assessed for

GAT-I and GAD67 mRNA expression, respectively. Two neurons (7.4o/o) were positive for

GAD67, and one of those neurons was also positive for GAT-I (Fig. a-8). The low number

of RVL neurons expressing GAT-I (1127 total) or GAD67 (2144 total) suggests that

GABAergic neurons make up only a small proportion (less than 5%) of RW neurons.
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External
100bp
ladder GAPDH GAD67 GATl

Figure 4-8. Expression of GAD67 and GAT-I in a non-spinal dissociated RVL neuron.
The external control received a sample of external solution as a substrate for the CAPDH
RT-PCR reaction instead of mRNA. Expected product lengths following amplification with
primers for GAPDH, GAD67 and GAT-I were239 bp, 4ll bp and 429bp, respectively.
The ladder shows DNA fragments of increasing 100 bp increments, starting from 100 bp.

4.6 ExpnnssroN oF G& MR^lt'o EAACI rN ADRENERGIc NEURoNS

By taking aliquots of cDNA for PCR, rather than the whole sample, it was possible to assess

the expression of mRNA for up to four genes in a single neuron. Typically, the I I pl cDNA

sample obtained from aspiration and RT of a single neuron was split into three aliquots, the

first aliquot of 2 pl being used for detection of either GAPDH or NSE as a positive control for

successful neuron aspiration and RT steps. The other 2 aliquots of 4 - 5 pl each were used to

detect mRNA for two other genes. This allowed identification of Cl neurons (by the

presence of either PNMT or TH) using one aliquot, followed by testing for one other gene of

interest, and hence determination of the pattern of gene expression in phenotypically

identified RVL neurons was possible. In some cases four genes were assessed from one cell,

by using only 3 pl of oDNA per PCR reaction for each gene. This practice increased the risk

of false negative results, however, so was not regularly used.

Using this technique it was possible to assess the expression of GR, MR and EAACI in

bulbospinal RVL neurons which had also been identified as adrenergic (summarised in Table 4-

2). The results show that expression of EAACI mRNA was approximately the same for both

catecholaminergic neurons and non-catecholaminergic neurons (55% and 600/o respectively) in
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the RVL regron. Only one neuron was found to express mRNA for the GR, and that neuron

was catecholaminergic (Fig. a-9A). The small number of non-catecholaminergic neurons

actually tested for GR makes it diflicult to assess if the lack of GR expression is real or due to

the small sample size. The MR was expressed in both catecholaminergic neurons and non-

catecholaminergic neurons (Fig. a-98), but a larger proportion of Cl neurons (60%) than other

neurons (25%) expressed this receptor.

Neuron 1 Neuron 2
100 bp
laddei THNSE

7l

A

B
Water

100 bp
ladder

Neuron 3 Neuron 4
NSE PNMT

Figure 4-9. Gels showing RT-PCR products from four bulbospinal RVL neurons. (A)
Aliquots of cDNA from two adrenergic neurons were amplified using primers for NSE
(expected product size 361 bp), TH (220 bp) and GR (329 bp). Only Neuron I expressed
GR. (B) Gel showing RT-PCR products from two bulbospinal RVL neurons both of which
expressed MR. Aliquots of cDNA from both neurons were amplified using primers for NSE,
PNMT (5a3 bp) and MR (a67 bp). Neuron 3 was adrenergic as it expressed PNMT, but
Neuron 4 was not. The 'water' controls contained primers for NSE, but no cDNA. The
ladder shows DNA fragments of increasing 100 bp increments, starting from 100 bp.

Alison Comer 1998



IY. Other genes expressed in lhe RW 72

Table 4-2. Expression of GR, MR and EAACI in catecholaminergic versus non-

catecholaminergic bulbospinal RVL neurons.

GR MR EAAC1

# catecholaminergic neurons tested

# positive

proportion

l6

I

6.3o/o

l0

6

600/o

il
6

55o/o

# non-catecholaminergic neurons tested

# positive

proportion

4

0

t2

3

25o/o

20

l2

600/o

The coexpression of EAACI and the noradrenaline transporter (NET) was assessed in 23

RVL bulbospinal neurons, 11 of which were identified as a&energic by the expression of

PNMT mRNA. Sixof the adrenergic neurons expressed EAACI mRNA also, and two of the

adrenergic neurons (both of them EAACI-positive) expressed NET mRNA (Fig.  -10). None

of the non-adrenergic neurons tested which expressed EAACI (8/14 neurons) expressed NET.

The other two neurons which were detected as expressing NET (see Chapter 5) were not

tested for EAACI expression.

Neuron 1 Neuron 2100 bp
Ext hdder PNMT NET

100 bp
Eld ladder NSE PNMT NET EAAC1

Figure 4-10. EAACI and NET coexpression in adrenergic bulbospinal RVL neurons.
Aliquots of cDNA from two adrenergic neurons were amplified using primers for NSE
(expected product size 361 bp), PNMT (543 bp), NET (229 bp) md EAACI (476 bp).
Both adrenergic neurons expressed EAACI, and Neuron I also expressed NET nRNA. The
external (Ext) control received a sample of external solution as a substrate instead of
mRNA. The ladder shows DNA fragments of increasing 100 bp increments, starting from
100 bp.
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4.7 DrscussroN

4.7.1 Corticoid receptor nRNA expression in RVL neurons

Results from the RT-PCR analysis of single bulbospinal RVL neufons (described in Section

4.4.2) suggest that the MR is far more abundantly expressed, at least at the mRNA level, than

the GR. GR mRNA was readily detected in the RVL micropunches, and consistently gave a

stonger amplification signal than MR foltowing the same number of PCR cycles. However,

at the individual RVL neuron level, MR was present in approximately half the bulbospinal

neurons tested, whereas GR mRNA was present in only 5o/o of the bulbospinal neurons

tested. The low expression of GR mRNA is surprising, as the results of several previously

reported immunohistochemical and rn sira hybridisation studies indicated that the GR is

relatively abundantly expressed in thc brainstem (Aronsson et al., 1988; Cinna et al., l94a;
Cinta et al., 1993; Fuxe et al., 1985a; Morimoto et al., 1996; Sousa et al., 1989; van Eekelen et

al., 1987), and in par.ticular in monoaminergic neurons, furcluding the Cl adrenergic group

(HiirfsEand et al., 1986). GR-immunoreactivity was previously identified in 630/o of the Cl

neurons which projectto the thoracic spinal cord (Sawchenko and Bohn, 1989). The reasons

for this difference are not clear. Sawchenko et al. (1989) used adult male rats pretreated with

DEX, which had been shown to enhance immunohistochemical staining of GR in the cell

nucleus (Fuxe et al., 1985b), presumably by up-regulation of the mRNA expression and

consequently of the receptor protein expression. In the present experiments the young rat

pups used (2-3 weeks old) received no DEX pretreatnent, which may account for lower

expression levels, and therefore a decrease in the probability of detecting GR mRNA. GR-

immunoreactivity has been identified in the majority of neuropeptide Y (NPY) -containing

neurons in the ventrolateral medulla in the rat (Hiirfstrand et al., 1989). However, there

appeared to be few NPY neurons in the most rostral part of the ventrolateral medulla in the

cat @olson et al., 1992), which is equivalent to the RVL area used in the present experiments.

The Cl neuronal group forms a column in the ventrolateral medulla which extends beyond the

RVL region studied in the present experiments, and thus the conflicting results of low and high

expression of GR mRNA in Cl neruons may reflect differential expression patterns in

different regions of the Cl group.

The presence of MR mRNA in the RVL region is in agreement with previous studies which

reported MR expression in the brainstem at both the mRNA (Arriza et al., 1988) and protein
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(Ahima et d., l99l) level. The MR was found to be present in just under half of the

bulbospinal RVL neurons tested for it, which suggests that it is this receptor which mediates

many of the cardiovascular effects elicited by injection of both glucocorticoids and

mineralocorticoids into the RVL region (Zhu et al., 1995). MR has equal affrnity for and

responds with nearly identical efficiency to CORT and ALDO (Krozowski and Funder,

1983). In the kidney, MR binds ALDO preferentially, despite the higher concentrations of

circulating CORT. This is possible because of the presence of I I B-hydroxysteroid

dehydrogenase-2 (lIB-HSD2) in epithelial tissue, which metabolises CORT into an inactive

I l-keto form (l l-dehydrocorticosterone), which cannot bind to the MR, leaving the receptors

free to bind ALDO (Funder, 1996; Funder et al., 1988). Both llB-HSDz and another

isoform, l lP-HSDI, have been cloned in the rat (Agarwal et al., 1989a; Zhou et al., 1995), and

expression studies have shov*'n that they are likely to perform different functions in vivo.

llp-HSDI is aNADPH-dependent oxidoreductase (Aga$al et al., 1989a) which in intact

neurons is likely to regenerate active corticosterone from ll-dehydrocorticosterone (Rajan et

al., 1996), whereas llp-HSD2 is NAD-dependent, and catalyses predominantly the llp-

dehydrogenase reaction in vivo (Li et al., 1997). Both I IB-HSDI and I IB-HSD2 have been

detected in the brain (Diaz et al., 1998; Lakshmi et al., l99l; Moisan et al., 1992: Moisan et

al., 1990; Roland et al., 1995a; Roland et al., 1995b), but whether they are specifically present

or not in RVL neurons has not been determined.

Glucocorticoids are known to increase the expression of PNMT in the chromaffin cells of the

adrenal medulla (Evinger et al., 1992) via a functional glucocorticoid response element (GRE)

located in the 5' region of the PNMT gene (Ross et al., 1990). However, PNMT in the

brainstem does not appear to be regulated by glucocorticoids (Bohn et al., 1987), which

suggests that there may be a lack of GR (or MR) receptors in PNMT-containing cells in the

brainstem. [n the present study there was higher expression of MR mRNA in RVL adrenergic

neurons (60%) than in non-adrenergic (25%), indicating that many of the Cl neurons in the

RVL contain a receptor capable of binding glucocorticoids. However, that binding interaction

does not necessarily translate into an ability to bind to a GRE in the PNMT gene.

Conversely, it is possible that the GC:MR complex can bind to a GRE and activate it, thus

regulating PNMT expression. It could be that the observed lack of effect of glucocorticoids on

74

Alison Comer i,998



IV. Other genes upressed in the RVL

PNMT transcription in vitro, which was performed on prenatal medullary explants, was not

sensitive enough to detect upregulation of PNMT expression in discrete populations of

adrenergic neurons in the RVL region.

An additional feature of glucocorticoid action in the CNS is its ability to elicit fast currents

which are apparently membrane receptor-mediated. Non-genomic effects are likely to be

those that occur within seconds, or up to 2 min" following application of corticosteroids to

neurons (Wehling, 1997). Both mineralocorticoids and glucocorticoids have been shown to

elicit non-genomic effects in neurons (Orchinik et al., l99l; Thornton and Nicolaidis, 1994),

and the actions may be mediated by guanine nucleotide-binding proteins (Orchinik et al.,

1992). It is possible that the non-genomic effects of glucocorticoids may be at least in part

mediated through the same, or a very similar, GR as the genomic effects, as membrane

hyperpolarisation of guinea pig ganglion neurons induced in vitro by application of cortisol

(the natural glucocorticoid in guinea pigs and humans) could be blocked by the competitive

cytosolic GR antagonist RU38486 (Hua and Chen, 1989). Glucocorticoid injection into the

RVL area elicits a rapid (< 25 s) increase in the firing rate of cardiovascular neurons (Rong et

al., in press). It was thus interesting to determine whether the presence of mRNA for the

cytosolic GR and MR could be identified in putative vasomotor bulbospinal neurons isolated

from the RVL, and the identification of MR as the more prevalent receptor suggests it may

mediate many of the effects observed by application of glucocorticoids to this region.

Because the technique of RT-PCR requires previously known DNA or RNA sequence for the

design of primers, it is not possible to use it to directly detect genes for which no cDNA or

genetic sequence is known. As the putative membrane receptors mediating the rapid

responses to glucocorticoids have yet to be identified, it was not possible to specifically look

for these receptors in RVL neurons.

Although not attempted in the present study, the next step for the study of corticosteroid

action on RVL neurons would be to combine electrophysiology following application of
corticosteroids onto isolated RVL neurons with RT-PCR analysis of receptor expression.

This could be potentially very interesting, particularly if additional corticoid membrane

receptors were successfully identified and cloned in the future. It would also be interesting to

determine using RT-PCR whether or not RVL neurons contained either, or both, I lB-HSDI

or I lB-HSD2.
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4.7.2 Neurotransmitter transporter mRI\A expression in RVL neurons

The expression of the GABA transporter GAT-I was found to be quite low in RVL neurons,

with no expression in the bulbospinal neurons tested, and one positive non-spinal neuron (5olo

of those tested). GAT-I is thought to be predominantly a neuronal transporter, although

there have been reports of its expression in glial cells also (Minelli et al., 1995; Morara et al.,

1996). To determine the proportion of GABAergic neurons in the RVL region, the expression

of GAD67 mRNA was also assessed using RT-PCR. Only two non-spinal neruons were

identified as GABAergic (7.4Yo), and no spinal neurons were positive for GAD67 mRNA

(n: l7). The total number of RVL neurons tested was 44, making the proportion of

GABAergic neurons less than 5o/o of the RVL neuron population. Only one of the two

GAD67-positive netrons expressed GAT-I, so this transporter may not always be present in

GABAergic neurons, a situation which has been reported in other CNS regions (Borden"

1996). Conversely, GAT-I has been identified in non-GABAergic neurons elsewhere in the

brain (Minelli et al., 1995; Snow et al., 1992; Yasumi et al., 1997), which was not the case in

the RVL region. It is interesting to note that GAT-I does not appear to be an important

neuronal postsynaptic transporter in the RVL, as the RVL is known to contain many GABA

terminals and GABA receptors (Hayar et al., 1996). [t is possible that another GABA

transporter such as the glial form GAT-2 might be present in astrocytes of the RVL region to

remove GABA from synapses.

The lack of detectable GAD67-positive neurons in the RVL region was surprising, as previous

reports have found considerable numbers of GABAergic neurons in the area (Matsumoto et

al.,1994; Ruggiero et al., 1985). A previous electrophysiological study suggested that there is

a monosynaptic GABAergic projection from the RVL region to the intermediolateral cell

column in the thoracic spinal cord (Deuchars et al., 1997), but this also is not urpported by

the present RT-PCR results which detected no bulbospinal GABAergic neurons. However, it

is possible that the proportion of GABAergic neurons in the RVL is low compared to other

cell types, and thus much larger numbers would need to be tested to detect them.

The glycine transporter GLYT2 was found to be present in micropunches of the RW regiorL

but was not detected in any of the 25 neurons tested for it. Glycine does elicit changes in

blood pressure and sympathetic nerve discharge when microinjected into the RVL region (Wu

et al., 1997), but it is not clear yet exactly where it is acting. It is possible that GLYT2 is
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only present in a few neurons in the area, or that it is also expressed in gltal cells in the RVL,

as it has been reported to do in the cerebellum (Zafra et al., 1995b). Further study

investigating the presence of this transporter and the neurotransmitter it takes up may yield

interesting new knowledge about transmission in the RVL region, and potential systems for

regulating blood pressure.

The expression of EAACI mRNA in over half (60%) of the RVL bulbospinal neurons tested

for it was not surprising, as glutamate is known to act on RVL neurons, and to be utilised by

some of them also (Sun, 1995). The transporter was not observed in non-spinal neurons, but

only a very small group (n:4) was tested, so no frrther emphasis is placed on this point.

Evidence to date suggests that EAACI may be both a presynaptic and postsynaptic

transporter as it has been identified at the ultrastnrctural level in axons, synaptic terminals and

dendrites (Furuta et al., 1997; Rothstein et al., 1994), although other studies suggest it is

absent from axons completely (Conti et al., 1998). It has been localised to both glutamatergic

and non-glutamatergic neurons (Bjoras et al., 1996; Kanai et al., 1995; Velaz-Faircloth et al.,

1996). There is some debate about its involvement in synaptic re-uptake, as some reports

suggest it is not localised to synaptic membranes, but to other somatodendritic compartments

within neurons (Coco et al., 1997; Shashidharan et al., 1997). The lack of synaptic-specificity

of this high-affinity neuronal glutamate transporter raises the possibility that another, yet to

be discovered, member of the glutamate transporter family may play that role. Alternatively,

removal of glutamate from the synaptic cleft may be left to the diffirsive properties of the

molecule (Holmes, 1995; I(einle et al., 1996), or to glial glutamate transporters (GLT,

GLAST) which reside in the astrocytes surrounding synapses (Bergles et al., 1997; Bergles

and Jahr, 1997). Thus the precise cellular location and firnction of EAACI remains to be

determined. [t was not determined in the present study whether the EAACI mRNA detected

in 600/o of the RVL neurons tested resided in glutamatergic or non-glutamatergic neurons.

However, as EAACI can be expressed in both glutamatergic and non-glutamatergic neurons,

and its functional location in a neuron may be presynaptic or postsynaptic, its presence in

RVL neurons can not be used to identiff a glutamatergic neuron. Its presence in 600/o of

putative vasomotor bulbospinal RVL neurons may be of importance for understanding the

complex neuronal signalling in this region, which is so important in the regulation of blood

pressure.
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No difference was observed in the proportion of adrenergic and non-adrenergic neurons which

expressed EAACI (55-60%). EAACI was expressed in both of the NET-positive adrenergic

neurons tested, but as this is a very small sample, and the other two NET-positive neurons

identified were not tested for EAACI, it can not be determined if this is representative of the

entire NET-positive RVL population. The number of neurons positive for EAACI mRNA

far exceeded those positive for NET mRNA. As the presence of EAACI does not necessarily

represent a glutamatetgic neuror\ the presence of EAACI in NET-positive adrenergic RVL

neurons cannot be constued to identiff neurons which utilise both adrenaline and glutamate.

The lack of expression of GLT mRNA in bulbospinal neurons is not surprising, as it was

originatly described exclusively as a glial glutamate transporter in the adult rat CNS (Danbolt

et al., 1992; l€hrc et al., 1995). More recently GLT has been identified in certain neuronal

populations also (Mennerick et al., 1998; Schmitt et al., 1996), and in some developing

neurons CYamada et al., 1998). This might explain the detection of GLT in one non-spinal

RVL neuron.
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V. TIIE NORADRENALINE TRANSPORTER IN TIIE RVL: IS IT
PRESENT IN CI ADREI{ERGIC IYETJRONS?

5.1 THn NoRADRENALINE TRANSPoRTER

The noradrenaline transporter (norepinephrine bansporter, NET) is a member of a large

family of sodium- and chloride-dependent transporters which tue responsible for the rapid re-

uptake of neurotransmitters from the synaptic cleft, thus terminating neurotransmission

(Amara and Kuhar, 1993). This supergene family also includes transporters for dopamine,

serotonin, GABA, glycine, glutamate, aspartate, proline, taurine, betaine and creatine.

5.1.1 Cloning of the monoamine transporters

NET cDNA was fust isolated by expression-cloning using a cDNA library from a human SK-

N-SH neuroblastoma cell line (Pacholczyk et al., l99l). The bovine NET has also been cloned

and shares 93% amino acid identity with the human NET (Lingen et al., 1994). Recently, a

full length cDNA for NET has been isolated from rat pheochromocytoma (PCl2) cells (Brtiss

etal., 1997),part of which had been previously cloned (Lorang et al., 1994). The dopamine

transporter (DAT) has also been cloned and shows 67Yo arnno acid identity with the human

NET (Kilty et al., l99l; Shimada et al., l99l; Usdin et al., l99l). Recently, an adrenatine (L-

epinephrine) transporter (ET) has been cloned from the sympathetic ganglia of the bultfrog

(Apparsundaram et al., 1997), but it is still uncertain whether a homologous gene exists in

mammals.

5.1.2 Properties of NET

NET has a similar topology (Fig. 5-l) to other neurotransmitter transporters, with 12

predicted membrane spanning regions, and both the carbory- and amino-termini facing the

cytoplasm (Brtiss et al., 1995). It has several sites for N-linked glycosylation in the

extracellular loop between transmembrane domains 3 and 4, and glycosylation is required for

cell surface expression of the transporter, although it is not necessary for substrate or inhibitor

recognition (Melikian et al., 1996a; Nguyen and Amara, 1996). There are several predicted

sites for protein kinase C phosphorylation on the inhacellular loop between transmembrane

regions 4 and 5 in hNET and bNET, and additionally for bNET in the C-terminus region
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Figure 5-1. Schematic structure of NET protein, showing l2 membrane spanning regions,
and 3 glycosylation sites on the second extracellular loop between transmembrane segglents
3 and 4. Both the carboxy- and amino-termini reside intracellularly.

NET will transport not only noradrenaline, but also adrenaline and dopamine (Buck and

Amar4 1994; Pacholczyk et al., l99l). In contrast, the dopamine transporter does not

efficiently transport noradrenaline (Usdin et al., l99l ). NET is also known to be the site of

action for some cenfially-acting drugs, including the tricyclic antidepressant desipramine

(Rehavi et al., 1982).

5.1.3 NET expression in the brain

NET expression is restricted to only a few cell types, including specific neuronal groups, the

chromaffin cells of the adrenal medulla" and PCl2 cells. /n sira hybridisation studies in the rat

have demonstrated that NET is expressed in specific brainstem noradrenergic cell groups, but

not in adrenergic neurons (Lorang et al., 1994). However, a recent study in the rabbit has

shown that some neurons in the Cl region do express NET (Pau et al., 1997), the conflicting

results being ascribed to species variation. The expression of NET protein has not been well

documented and has been only briefly reported on in noradrenergic cell groups (Jursky et al.,

1994). Study of the cellular location of NET has also had limited attention, but it appears that

in PCl2 and adrenal chromaffin cells the majority of NET is located intracellularly in

association with secretory granules (Kippenberger et al., submitted). In FIEK293 cells stably

transfected with NET, however, the majority of NET is located in the plasma membrane

(Burton et al., 1998).
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5.2 Arus

Cl bulbospinal neurons in the RW could potentially utilise adrenaline as a neurotransmitter,

and could use the noradrenaline transporter (NET) as a presynaptic adrenaline transporter.

These experiments were designed to examine the possibility that NET transporter is

expressed in adrenergic neurons of the Cl group at the protein and mRNA levels by:

l. Using immunofluorescence and immunoperoxidase techniques and an affinity-purified NET

antibody to assess the presence of NET in Cl neurons.

2. Using reverse transcription polymerase chain reaction (RT-PCR) amplification of mRNA

from micropunches and single neurons taken from the RVL area to assess the mRNA levels of

NET in the RVL and specifically in the Cl neurons.

5.3 IMMUNOHISTOCTIEMISTRY FOR NET IN THE BRAINSTEM AND ADRENAL GLANI)

5.3.1 Animals used

This series of experiments used adult male Wistar rats (n: 8). The animals were deeply

anaesthetised by i.p. injection of pentobarbital sodium (100 mglkg, Nembutal, Bomac Labs)

and sacrificed by transcardial perfirsion as described in Methods.

5.3.2 Specificity of the antibody

In previous work, an antiserum was prepared by immunising rabbits with a GST fusion

protein containing a 49 residue segment of the bovine NET (GST-NETM2) ($urton et aI.,

1998). This antisenrm was shown to be highly specific for the NETM2 sequence. When

antibodies against GST were removed using GST immobilised to Sepharose 48, the resulting

antiserum recognised an 80 kDa band in Western blots of membranes from HEK293 cells

stably expressing the bovine NET (Burton et al., 1998). Antibodies against NET were then

affinity-purified from the anti-GST depleted antiserum using immobilised GST-NETM2

protein (Comer et al., 1998; Kippenberger et al., submitted).
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5.3.3 Staining in the adrenal medulla

Sections of the adrenal gland from adult rats were used to check the specificity of the

antibody. NET-immunoreactivity (NET-IR) was restricted to the adrenal meduila, and there

was no NET staining in the adrenal cortex. The NET staining was 100% co-localised with

staining for tyrosine hydrorylase (TH) in the catecholamine-synthesising chromaffin cells

(Fig. 5-2A, B). NET-IR in chromaffin cells could be completely abolished by preadsorption

of the NET antibodies with GST-NETM2 tusion protein (Fig. 5-2C, D). NET-IR was

localised to the cytoplasm (Fig. 5-2E) and had a punctate appearance (Fig. 5-2F).

5.3.4 NET-immunoreactivity in noradrenergic neuronal groups

NET immunoreactivity was observed in all the major noradrenergic cell groups studied. In the

medulla oblongata, it was observed in the Al and A,2 cell groups (including the area postrema,

AP). In the pons, the A5 and A7 groups and the LC were intensely labelled. There were also

labelled cells in the nucleus subcoeruleus. Specific examples of double labelling for TH and

NET neurons from the LC, Al, AP and A5 regions are shown in Fig. 5-3. In all of these

groups greater than 95% of the TH-immunoreactive neurons also expressed NET. NET-IR

was blocked by preadsorption of the antibody with GST-NETM2 fusion protein (Fig. 5-a).

Immunoreactivity for both TH and NET was observed in the cytoplasm and proximal

dendrites, with little or no labe[ing in the nucleus. Punctate cytoplasmic staining for NET

was observed in many neurons, in particular those in the locus coeruleus (Fig. 5-3). There

were also many extraperikaryal NET-immunoreactive sites, presumably representing

processes belonging to the locally stained cells, or terminal arborisations of a(ons originating

from other catecholaminergic cell groups. No NET-immunoreactivity was seen in non-

catecholaminergic neurons.

5.3.5 NET-immunoreactivity in Cl adrenergic neurons in the RVL

In the RVL region (the Cl area) a few neurons were double labelled for TH and NET. Thirty-

nine TH-positive RW cells (in sections obtained from two different animals) were analysed

under high power confocal microscopy scanning. Four of these neurons were also NET

immunoreactive (approximately l0%). Fig. 5-5 shows examples of Cl neurons identified by

TH immunoreactivity which were positive or negative forNET.
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Figure 5-2. NET immunostaining in the adrenal medulla. Low power confocal images of
the adrenal gland showing the medulla stained for NET (A) and TH (B). The NET staining
could be specifically blocked by preadsorption with the GST-NETM2 fusion protein (C)
without interfering with TH-immunoreactivity (D). (E) Higher magnification of the
chromaffin cells showing cytoplasmic NET staining. The NET-IR had a punctate
appearance (F). Scale bars: 200 pm (A-D), 20 pm (E) and l0 pm (F).
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NET

A1

Figure 5-3. NET-immunoreactivity (NET-IR) in noradrenergic cell groups in the pons and
medulla oblongata. The figure shows confocal micrographs of four doubl+labelled sections
obtained using either 488 nm excitation for FlTC-conjugated TH-IR, or 568 nm excitation
for Texas Red-conjugated NET-IR. NET staining was observed in all cells stained for TH in
the locus coeruleus (LC), A5 cell group, Al cell group and in the AZlarea postrema (AP)
group. Scale bar: 30 pm.

A5
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TH NET

Figure 5-4. NET immunoreactivity blocked by preadsorption of the antibody with GST-
NETM2 fusion protein prior to the primary antibody incubation step. Confocal
micrographs showing TH-IR but no NET-IR in A5 neurons in the pons. The TH-IR was
unaffected by the presence of GST-NETM2 fusion protein. Scale bar:30pm.

Figure 5-5. NET expression in the RVL (Cl) region. Confocal micrographs of sections
doubleJabelled for either FlTC-conjugated TH-IR (488 nm excitation), or for Texas Red-
conjugated NET-IR (568 nm excitation). The panels on the left show Cl neurons
identified by the presence of TH-IR. The panels on the right show the equivalent NET-IR.
ThE Cl neuron at the top is NET-positive, but the 3 in the second section do not express
NET. Scale bar: 30 um.

NET
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5.4 EXPRESSION OF IIET MRNA IN CI ADRENERGIC NET]RONS

5.4.1 NET expression in micropunches

Micropunches from the LC and RVL area from one adult rat were used to establish whether

NET mRNA could be detected in these regions using RT-PCR. NET mRNA was present in

all four punches tested from each region (Fig. 5-64' B). NET expression appeared to be at a

relatively lower level in the RVL compared with the LC, as RT-PCR on RW punches

generally gave less product than on LC punches for the same theoretical amount of starting

material. PCR reactions performed when RNA was used instead of cDNA gave no

amplification product (Fig. 5-68), indicating that no genomic DNA was present in the RNA

extacted from the tissue samples. All punches which were tested forNET were also positive

for NSE mRNA expression.

86

A
100bp
ladder

RVL LC

1Oobp
ladder

RNA cDNA

Water RVL

Figure 5-6. Digital photographs of agarose gels showing the RT-PCR produots for
amplification of NET cDNA from micropunches. (A) PCR products for three
micropunches from the RVL and LC regions. (B) Control reactions: the 'Water' tube had no
cDNA added to the tube (replaced by sterile water). The RNA tubes contained aliquots of
micropunch sample which had not undergone reverse transcription, and therefore did not
contain cDNA (the substrate for PCR). The cDNA tubes are results from PCR with cDNA
from RVL and LC micropunches. The DNA ladder in (A) and (B) shows 100 bp increments
starting from 100 bp at the bottom.

B
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5.4.2 NET expr$sion in isolated RVL neurons

Once the presence of NET mRNA was conlirmed in the RVL regiorq it was then ascertained if
it was present in single spinally-projecting neurons dissociated from that area Healthy

looking neuron-like cells were selected for collection using the following criteria: presence of

rhodamine-labelled microspheres (indicating spinal projection), bright appearanc€, and 2-6

processes (Lipski et al., 1998). Collected neuron samples were kept at -20oC until they

underwent reverse transcription. The oDNA was divided into three aliquots for PCR analysis

(see Materials and Methods, section 2.5.7). The first aliquot was used to test for the

presence of NSE or GAPDH, to indicate whether colleotion and RT were successful or not.

Only neurons which were positive for either of these genes were used for further study.

Fifty-one spinally-projecting neurons from the RVL area were assessed for the presence of

either PNMT or TH mRNA, and of NET mRNA. Twenty-three of these neurons (45%)

were identified as catecholaminerglc by the presence of PNMT or TH mRNA, and of these,

three (137o) also contained NET mRNA (Table 5-l). All three NET-positive neurons were

identified as a&energic by the presence of PNMT mRNA. Fig. 5-7 shows examples of PCR

products obtained from two adrenergic neurons, one of which is NET-positive (A) and the

other NET-negative (B). One non-catecholaminergic neuron also expressed NET mRNA (not

illusffated).
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control 100 bp NSE PNMT NET
ladder

lmbp NSE PNMT NET
ladder

Figure 5-7. Expression of NET mRNA in single Cl neurons. Digital photographs of
representative agarose gels showing the FCR products following two rounds of amplification
of specificgenesfrom two different Cl neurons. (A) Agarose gel showing PCR fragments
for NSE (361 bp), PNMT (5a3 bp) and NET (229bp\ obtained from a single adrenergic
neuron which expressed rnRNA for NET. The control reaction used external solution in
place of a cell, with primers for NSE. All other control hrbes were similarly negative (not
shown). (B) PCR results for another adrenergic neuron which did not express NET mRNA.
The ladder in both gel figures gives bads at 100 bp intervals from 100 bp upwards.
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Table $1. Single-cell RT-PCR results for NET mRNA expression.

Cell-type Number of cells tested Num ber of ltiET-positive

PNMT-positive

TH-positive

l5

8

3 (20%)

0

Total catecholam inergic

Other neurons

23

28

3 (l3o/o\

1(4%)

Total neurons 5l 4 (E%)

5.4.3 Sequencing

The PCR product from one of the NET-positive single-cell RT-PCR reactions was purified

and automatically sequenced. It was then compared to the rat NET cDNA frle from GenBank

(accession #L29573) to make sure the PCR amplification process was in fact detecting NET.

The results are shown below in Fig. 5-8. There were 203 out of 207 bases in the PCR product

which were identicalto the rat NET cDNA.

t29573
NET PCR

L29573
NET PCR

L2957 3
NET PCR

L29573
NET PCR

t 2957 3
NET PCR

r,29573
NET PCR

AAGTCAAGAT
AAGTCAAGAT

CTGTATCCAG
CTGTATCCAG

CCTGTTCTTC
CCTGTTCTTC

GCATGGAGGC

GCATGGAGGC

CGACACCGAA

TGAGGATGTC
TGAGGATGTC

AAGCCATTTC
AAGCCATT!C

CTGATGCTCC
CTGATGCTCC

AGICATCACC
AGTCATCACC

AACTCTTCAC

...TGGATTT GCCATTT C CATGAACATA
.---C CTCGAACTCA

GCCACTGAAG GAGCTGGCCT TGTATTTGTC
GCCACTGAAG GAGCTGGCCT TGTATTTGTC

TACTCTGTCG GGATCCACGT TCTGGGCTGT
TACTCIGTCG GGATCCACGT TCTGGGCTGT

TGGCTCTGGG GCTAGATAGC TCAATGGGAG
TGGCTCTGGG GCTAGATAGC TCAATGGGAG

GGACTGGCTG ATGACTTCCA GGTCCrc
GGACTGGCTG ATGACTTCCA C€TCCT----

ATGTGCTGTC ACCCTCGGEA CCTTTCT. ..

100
11

1s0
61

200
111

250
151

300
207

350
209

Figure 5-8. Alignment of sequenced NET single cell RT-PCR product with rat NET cDNA
from GenBank (AC# L29573). The identical residues are highlighted in blue, and the four
mismatched residues are shown in red. The NET primer targ€t sequences on the cDNA are
underlined. The 5' primer is not present in the PCR product sequence as it primes the
sequencing reaction.
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5.5 DrscussroN

5.5.1 NET immunoreactivity in the brainstem

This is the first detailed study of the expression of NET protein in the rat brainstem. It
utilised affinity-purified antibodies directed against a 49 amino acid segment of the bovine

NET corresponding to part of the exfracellular loop between ftansmembrane segments 3 and 4

(Lingen et al., 1994). This region is highly conserved (47 of 49 amino acid residues identical)

between bovine and rat NET (Brilss et al., 1997; Lingen et al., 1994). The specificity of the

antibodies for rat NET was confirmed by the strong labelling of chromaffin cells in the adrenal

medulla.

Immunoreactivity for NET was found in all pontine and medullary noradrenergic cell groups

studied, including Al, MIAP, A5, A6llocus subcoeruleus and A7 regions. This pattern of
protein expression corresponds well to that described for NET mRNA in the in situ

hybridisation studies conducted in the rat (Lorang et al., 1994) and rabbit (Pau et al., 1997).

This confirms that the NET mRNA detected in these neurons does represent functional

message which is translated into protein. NET immunoreactivity was found in the perikarya

of noradrenergic neurons and was observed both in the cytoplasm and proximal dendrites.

Punctate staining was observed in many neurons, which represents the association of NET

with intacellular membranes involved in its synthesis and inhacellular hafficking.

Immunolocalisation of NET in PCl2 cells with the NETM2 antibodies used in the present

work indicates that the transporter is predominantly associated with secretory granules

(Kippenberger et al., submitted). The dopamine transporter (DAT), which is highly

homologous to NET, has been localised to ajuxtanuclear region in a subclonal cell line of PCl2

cells (PCl2h) that secrete dopamine (Kadota et al., 1996). Detailed studies have been carried

out on the localisation of the DAT in rat brain at the light microscopic level and by high

resolution electron microscopic immunohistochemistry. In the substantia nigr4 DAT

immunoreactivity was concentrated in the perikarya and dendrites (Ciliax et al., 1995). It was

associated with both dendritic plasma membranes and cytoplasmic tubulovesicular structures,

suggesting sites of dopamine uptake and of DAT synthesis, transport and recycling,

respectively (Nirenberg et al., 1996). The association of NET with dendrites suggests that

dendrites may represent a principle site of noradrenaline uptake.
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In addition to the presence of NET immunoreactivity in noradrenergic cell groups,

approximately l0% of the TH-positive neurons located in the RVL region were also labelled

for NET. This double labelling is in conhast to a previous study conducted in the rat, which

failed to detect NET expression in these cells using in situ hybridisation (Lorang et al., 1994).

However, our results are in agreement with a recent report by Pau et al. (Pau et al., 1997) who

observed neurons expressing NET mRNA in the presumptive Cl area of the rabbit. Since in

our study an antibody to TH was used rather than to PNMT, one could argue, on the basis of

immunohistochemistry alone, that the NET labelld cells in the RVL area were noradrenergic

and belonged to the rostral extension of the Al cell Broup, rather than to the Cl group.

Although there is some overlap between Cl and Al neurones near the obex level, in the RVL

region which was examined in our study (located immediately caudal to the facial nucleus and

approximately 2.0 mm rostral of the obex), practically all TH-positive neurones are known to

contain PNMT, and thus belong to the Cl group (Kalia et al., 1985b; Tucker et al., l9S7).

The results of the single+ell RT-PCR experiments, conducted on dissociated RW neurons,

also support the conclusion that NET-immunoreactive neurons in this region belong to the Cl

cell group (discussed in Section 5.5.2).

5.5.2 NET mRNA expression in Cl adrenergic neurons

Three out of 4 neurons which expressed NET mRNA also expressed PNMT message. PCR is

an extremely sensitive technique which can give false-positive results. However, we ar€

confident the 3 neurones really did express PNMT mRNA, for the following reasons. Firstly,

we took great care during aspiration of the neurones to avoid sample contamination with

cellular debris from the surrounding solution (see Materials and Methods, section 2.5.5.3).

Secondly, the control samples (extemal solution collected from the bottom of the chamber

near cells and debris) never gave any positive bands in the gels for any of the genes targeted

(GAPDH, NSE, NET, TH or PNMT), indicating that the external solution surrounding the

aspirated neurones did not contain mRNA which might have contaminated the RT-PCR

process. Lastly, dissociated neurones were left to settle for 20 - 30 min before collection

commenced. As unprotected RNA is rapidly degraded by RNAses (likely to be present in the

chamber from destroyed cells), it is unlikely that any mRNA would survive in the external

solution for that length of time. These neruones were also all spinally-projecting

(demonstrated by the retrograde labelling), and thus they could not belong to the Al group as

the latter neurones do not project to the spinal cord (Maisky and Doroshenko, l99l).
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It has been suggested that the Cl neurons utilise noradrenaline (Sved, 1989) or excitatory

amino acids (Guyenet et al.,19961' Sun, 1995) rather than adrenaline as a neurotransmitter. If
noradrenaline was the neurohansmitter used by Cl neurons, one could expect Cl cells to

express NET, as other noradrenergic cells do. Since approximately 90o/o of Cl neurons did not

express NET, it is unlikely that they all use noradrenaline at their synaptic terminals. An

alternative view is that Cl cells use excitatory amino acids and adrenaline as cotransmitters.

Some Cl neurons have been shown to express phosphate activated glutaminase (PAG), an

enzyme involved in glutamate synthesis (Minson et al., l99l). As a cotransmitter, adrenaline

could act either through the crl adrenoreceptor, increasing the sensitivity of preganglionic

neurons to excitatory inputs, or through the cr2 adrenoreceptor, decreasing this sensitivity

(Sun, 1995). Our finding that only a relatively small proportion of Cl neurons express NET

is consistent with the observation that presympathetic RVL neurons form a topographically

organised heterogeneous population, in which the neurotransmitter content may be conelated

with sub-populations of preganglionic neurons targeting specific vascular beds (McAllen and

Dampney, 1990; Polson et al., 1992). In this context, the function of the subpopulation of Cl

neurons which expresses NET still remains to be elucidated.

If adrenaline is used as a neurotransmitter by these neurons, it remains unclear what

transporter they use for re-uptake of the transmitter from the synaptic cleft. The majority of

Cl bulbospinal neurons do not contain detectable amounts of NET (neither mRNA nor

protein), and given the sensitivity of the techniques used, this suggests that they do not utilise

NET for adrenaline uptake. Is a specific transporter for adrenaline present in these cells?

Recently an adrenaline transporter (fET) has been cloned in the frog (Apparsundaram et al.,

1997). The amino-acid sequence of fET is75% similar to hNET, while the similarity between

NET sequences from different species is 9l-93% (Briiss et al., 1997). Some of the differences

between fET and mammalian NET may reflect species divergence, however the properties of

fET suggest it is not simply the frog homologue ofNET. The fET has an increased efficiency

for adrenaline transport and decreased efficiency for dopamine transport compared to hNET

(Apparsundaram et al., 1997). Northern blot analysis revealed that fET mRNA is present

almost exclusively in the bullfrog sympathetic gangli4 and could not be detected by RT-PCR

in forebrain, hindbrain, heart, lung, stomach, liver or skeletal muscle. These results indicate

that fET is not simply the frog homologue of NET. However, there is no evidence to date

supporting the existence of a mammalian equivalent of fET.
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The presence of one neuron which expressed NET mRNA but was not catecholaminergic was

surprising, but was not investigated firrther in this study. It may represent a sub-population

of non-catecholaminergic RVL neurons which express NET, or alternatively it could be

represent a limitation of the methodology utilised. By dividing out the cDNA from a single

cell into three separate PCR reactions, it is usually possible to detect transcripts from tbree

different genes. However, occasionally a false-negative result may be obtained for a specific

gene as the aliquot used in that specific PCR reaction might not contain any copies of the

transcripts probed for. When dividing the oDNA samplen it is assumed that cDNA

transcripts for each gene are spread evenly throughout the cDNA solution. This may not be

the case, however, and could explain why an apparently 'non-catecholaminergic' neuron

expresses NET.
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6.I GsxB KNocKDowN USING ANTTSENSE oLIGoNUCLE0TIDES

6.1.1 Types of antisense oligonucleotides

Synthetically derived antisense oligonucleotides (aODNs) are composed of short sequences

(15 - 25 bases long) of the four bases (A, C, G and T) normally found in deoxyribonucleic acid

(DNA), linked together by a sugar-phosphate backbone. Unmodified aODNs are large polar

molecules which cannot diffirse across the cell membrane. This suggests that uptake is an

active mechanism, probably by some form of endocytosis or receptor-mediated uptake

(Geselowitz and Neckers,1992; Sommer et al., 1998). Unmodified aODNs can be rapidly

degradedby nucleases, both intracellulady and extacellularly (see Discussion, section 6.5.1).

To circumvent the problem of short half-lives for aODNs, a sulphur atom can be substituted

for an oKygen atom in one of the phosphorus-oxygen bonds of each phosphate molecule,

producing phosphorothioate ODNs (S-ODNs) which are relatively nuclease resistant

(Eckstein, 1985; Stec et al., 1984).

6.1.2 Mechanism of action

The most likely method of action of aODNs is blockage of translation. They seem to be

particularly effective when the start codon is targeted, preventing initiation of translation of
the mRNA into protein. Targeting other RNA sites such as the exor/intron borders of

primary transcript RNA has also been reported to successfully suppress protein formation

(Tomita et al., 1995). Another mechanism by which aODNs might inhibit protein formation

is the induction of RNase H activity, which cleaves RNA:DNA dimers making further

translation of the mRNA impossible (Walder and Walder, 1988). RNase H is widespread in

eukaryote cells (Munay and Crockett, 1992), so aODNs may exert their effect by either or

both of the above mechanisms when injected in vivo.

6.1.3 Use of antisense oligonucleotides in vivo.

Antisense ODN technology provides a means for targeting specific genes within the body

without the complications of the non-specific interactions which often render pharmacological

manipulations inappropriate. In particular, aODNs have been investigated extensively as
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potential therapeutic agents to inhibit genes involved in oncogenesis, and for potential

treahnent of viral-based diseases (Crooke and Bennett, 1996; Curcio et al., 1997; Kilkuskie

and Field, 19971' Mukhopadhyay and Roth, 1996; Pierga and Magdelenat, 1994). The field is

rapidly expanding, with new applications of the techniques being continually developed. In

the central nervous system (CNS), aODNs have been successfully used to elucidate various

aspects of neuronal function, such as the expression patterns and fi.rnctional effects of

immediate early genes (e.g. Chiasson et al., t992; Chiu et al., 1994; Dragunow et al., 1993;

Sommer et al., 1993; Suzuki et al., 1994), neurotransmitter receptors such as dopamineD2,

neuropeptide Y-Yl, NMDA and angiotensin ATI (Gyurko et al., 1993; Sakai et al., 1994;

Wahlestedt et al., 1993a; Wahlestedt et al., 1993b; Zhangand Creese, 1993; Zhou et al., 1994),

neuroendocrine receptors for progesterone or oestrogen (McCarthy et al., 1993; Ogawa et al.,

1994), peptide neurotransmitters such as neuropeptide Y and angiotensin (Akabayashi et al.,

1994; Gyurko et al., 1993), the glycine transporter GLYT2 (Wan et al., 1998), and various

enzyrnes, including kinesin (Amaratunga et al., 1993) and glutamic acid decarborylase (GAD)

(Bannai et al., 1998; McCarthy et al., 1994). The rate-limiting catecholamine-synthesising

enzyme tyrosine hydroxylase (TH) has also been the target of successful aODN-induced

suppression in the CNS (Skutella et al., 1994; Skutella et al., 1997), although not in the RVL

region.

6.1.4 In viva studies of central blood pressure regulation and the medulla oblongata

A number of studies have used aODN technology to attempt to unravel the complex

mechanisms involved in the regulation of blood pressure, and to identiff signalling pathways

which might contribute to the aetiology of hypertension. Various systems have been targeted,

including oxytocin (Maier et al., 1998), the kallikrein-kinin system targeting kininogen or

bradykinin 82 receptors (Madeddu et al., 1996), thyrotropin releasing hormone (Suzuki et al.,

1995) and its receptor (Garcia et al., 1997), and the renin-angiotensin system (Gyurko et al.,

1997; Gyurko et al., 1993; Iyer et al., 1996; Peng et al., 1998; Phillips, 1997; Wielbo et al.,

1995). Interference with some part of each of these systems using aODNs affected the

regulation of either normal blood pressure regulation or development of hypertension.

The immediate early gene c-fos has also been implicated in blood pressure regulation

(Dampney et al., 1995). Increases in c-/os expression in brainstem nuclei (including the RVL)

have been elicited by haemorrhage (McAllen et al., 1992), hypoxia (Hirooka et al., 1997) and
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stimulation of the carotid sinus nerve (Erickson and Millhorn, 1991). The effect of blocking c-

Fos protein production using aODNs targeting c-/os mRNA has resulted in functionally

important discoveries about brainstem blood pressure regulatory systems, including evidence

that basal Fos protein expression conhibutes to a tonic inhibitory modulation of the

baroreceptor reflex (Chan et al., 1997), and that Fos protein suppression increased the

baroreceptor reflex response to transient rises in blood pressure caused by i.v. injection of
phenylephrine (Shih et al., 1996).

The successful application of aODN technology to the study of blood pressure regulation by

several neurotransmitter systems and signalhng pathway molecules provides impetus for

application of the technique to study the vasomotor RVL region in more detail. Given the

successful knockdown of TH expression using aODN technology in other regions of the brain

(Skutetla et al., 1994; Skrtrella et al., 1997), and also the successful suppression of c-fos

protein-formation by direct injections of aODN into the RVL region (Suzuki et al., 1994), the

present experiments sought to suppress the formation of adrenaline in Cl adrenergic neurons

by injecting aODNs into the RVL regiorL targeting the catecholamine-synthesising enzyme

TH and the adrenaline-synthesising enzyme.

6.2 AIMS

The principal hypothesis of this part of the study was that Cl bulbospinal neurons in the

RVL area use adrenaline as a neurotransmitter or neuromodulator at the synapses with

preganglionic sympathetic neurons.

The specific aim was to determine if it was possible to suppress the formation of adrenaline in

RVL neurons by inhibiting TH or PNMT expression using antisense oligonucleotides.
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6.3 EXPERIMENTS TARGETING TH MRNA

6.3.1 Injection experiments

Three experiments (Tl - T3) were conducted which utilised a protocol involving a single

injection of a phosphorothioated antisense oligonucleotide targeting the start codon and

surrounding residues of TH mRNA (S-aTH; see Methods, section 2.7.1). Three different

survival times were assessed: 24 h, 48 h and 72 h following injection. Concentrations and

volumes of S-aTH injected are given in Table 6-1. A low volume and slow rate of aODN

injected was required to avoid darnagng the RVL area. Immunohistochemistry for the

detection of TH was performed on 20 pm transverse sections of the medulla containing the

RVL region, and semi-quantitative data was obtained (Table 6-2). No statistically significant

differences were found in the number of TH-immunoreactive (TH-IR) neurons in the RVL

region between the control and injected sides of the medulla at any of the survival times.

TH is strongly expressed in the Cl neurons, and it was thought possible that the amount of S-

aTH delivered into the RW by injection might not have been enough. However, it was not

possible to increase the concentration of S-aTH, and increasing the volume injected was

deemed likely to cause more non-specific damage. Rather than use multiple injections into the

same area (e.g. Skutella et al., 1994), a protocol was developed for continuous infusion of

aODNs into the RVL region.

Tl S-aTH

rlT,*t,, 
".r, 

r, iswiTti,,

T3 S-aTH

0.6

,fl, ffi
0.6

1

,ii,,, '

2

0.l8
. ii

,, ftI8
0.36

Table 6-1. Summary of TH antisense ODN injection experiments.
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Table 6-2. Semi-quantification of TH-immunoreactivity in Cl neurons following
injection of S-aTH into the RVL.

7.40 r 0.91 7.40 X 0.72 2.23 X0.09 2.39 t 0.r2TI

T3 I 1.60 t 1.52 10.90 r l.l8 2.02 r 0.08 2.12 r 0.08

All values are given as mean t SEM, calculated from l0 sections'

' Mean number of neurons immunoreactive for TH per section'
t Mean intensity of TH-immunoreactivity based on a score of I (very weak) to 4 (very strong).

6.3.2 Infusion experiments

Three further experiments (T4 - T6) were conducted in which a TH aODN was infused into

the RVL region using osmotic minipumps. The first experiment utilised the

phosphorothioated form of the aODN (S-aTH). The two other infusions delivered

unmodified aTH, which had an identical sequence to S-aTH. The concentrations of aODNs

and the infusion periods are given in Table 6-3. The unmodified form was used to prevent

damage associated with continuous infusion of the phosphorothioated aODN (Chiasson et al.,

1994).

Table 6-3. Summary of TH antisense ODN infusion experiments.

T4 S-aTH 4 days

, tF *F aTH ",i';ii";,,t*-+i;1ffiffi:,. .j.;,i.

0.086

i'-s,,nti.f,

T6 aTH 14 days 31.0

Total amount of ODN infused into the RVL.

Immunohistochemistry for the detection of TH was performed on 20 pm transverse sections

of the medulla containing the RVL region. Semi-quantitative data (Table 6-4) was obtained for

the T4 and T5 experiments, but the TH-immunoreactivity was too faint to assess in T6. No

statistically significant difference in the number of immunoreactive neurons or intensity of the

staining for TH was observed between the control and injected sides of Cl neurons for either

T4 or T5 (Fig. 6-l).
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Figure 6-1. TH expression following aODN infusion over a period of 7 days. (A) High
magnification digital photograph of Cl neurons on the control side of the medull4 showing
strong expression of TH following infusion of an antisense oligonucleotide (aODN)
targeting the start codon of TH mRNA. (B) Examples of Cl neruons in the infused side of
the same section, showing equally strong TH immunoreactivity. Scale bar: 50 pm.

Table G4. Semi-quantification of TH-immunoreactivity in Cl neurons following
infusion of TH aODN into the RVL.

Expt Numberl Intensit5f

Control Injected Control Injected

98

T4

T5

8.70 + 0.86

8.70 + 0.68

9.6 + 0.93

8.9 + 0.71

2.69 + 0.ll
2.75 + 0.O7

2.66 + 0.09

2.79 + 0.48

All values are given as mean + SElvI, calculated from l0 sections.
' Mean number of neurons immunoreactive for TH per section.
t Mean intensity of TH-immunoreactivity based on i score of I (very weak) to 4 (very strong).

6.4 EXPERIMENTS TARGETINC PNMT MRNA

6.4.1 Antisense infusion experiments

Three different aODNs were used to try to inhibit expression of PNMT (aPNMTl,

aPNMT2, aPNMT3). They targeted three different areas of the PNMT mRNA (see

Methods, section 2.7.1). aPNMTI and aPNMT2 both targeted the start codon and flanking

sequence, and aPNMT3 targeted the border between exon 1 and intron l, where it could

disrupt the correct splicing of the pre-mRNA form of PNMT. The first four experiments

targeting PNMT were performed with an aODN with one base mismatch (aPNMT*) due to

an error in its synthesis. Although this mismatch should decrease the efficacy of the aODN in

Alison Comer 1998



VI. TH and PNMT inhibition by antisense ODNs

inhibiting mRNA translation, it has been shown that aODNs with mismatches of up to three

bases can still retain their biological activity in a specific manner (Chiasson et al., 1994), so

these experiments have been included in the results. In addition to the antisense experiments,

one infusion experiment (Sl) was conducted using the sense ODN (sPNMT), providing a

contol experiment for any effects observed. Two experiments were conducted using a

biotinylated form of aPNMTl, to provide additional information about the uptake and tissue

distribution of the aODNs. A summary of the PNMT aODN infusion experiments is given in

Table 6-5.

99

Table 6-5. Summary of PNMT antisense infusion experiments.

PI

P2

P3

P4

BI

B2

aPNMT*

aPNMT*

aPNMT*

aPNMT*

aPNMT2

aPNMT-B

aPNMT-B

7

14 (half rate)

7

7

0.175

0.088

0.233

0.116

0.2t2

0.196

0.196

14.7

7.4

19.6

9.7

15.3

16.5

16.5

i:laisb-lfitrPriifiri*'r'*i{ r" 
j' 

;;'.1 
nffig,SEESffi{+S:;Wdi1*:+ 1*i

Total amount of ODN infused into the RVL.
* Sequence with the mismatch (see text).

Ten experiments (Pl - Pl0) were performed to study inhibition of PNMT expression in Cl

neurons using chronic infusion of aODNs. Expression of PNMT was assessed by

immunohistochemistry, and as a control the expression of TH was also examined as it should

not have been affected by the infrrsion of aODNs targeting PNMT. Several other experiments

were aborted within the first 6 h following completion of the cannula implantation surgery due

to incomplete recovery of the rat (signs of distress, lack of motor coordination and in

particular rolling behaviour, possibly due to unilateral damage to the cerebellum duing
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implantation). Sections from the two experiments (Bl and 82) assessing the extent of spread

and cellular uptake of the infused aPNMT-B were processed histochemically for detection of

biotin (assumed to still be attached to aPNMTI) using ExtrAvidin and DAB/nickel as the

chromogen, but were not assessed for expression of PNMT or TH.

6.4.2 Inhibition of PNMT expression

Immunohistochemistry for the detection of PNMT and TH was performed on 201tm

transverse sections of the medulla containing the RW region for experiments Pl-Pl0. Semi-

quantitative data for PNMT-immunoreactivity was obtained for 8 of these experiments (Table

6-6), but for experiments P6 and P7 the quality of the sections was insufhcient for analysis.

Two out of the 10 aODN infusion experiments resulted in a statistically significant reduction

in the number of PNMT-positive neurons and in the intensity of the PNMT-

immunoreactivity in Cl neurons on the infused side of the RVL region (Fig. 6-2). In both

cases the infusion was of aPNMT*, the sequence with the single base mismatch, and the

infusions had lasted 7 days. Infusions of the other PNMT aODNs did not result in any

detectable suppression of PNMT expression (Fig. 6-3).

Table 6-6. Semi-quantification of PNMT-immunoreactivity in Cl neurons following
infusion of antisense and sense ODNs targeting PNMT mRNA.

100

P1

v2

P3

"4

I 1.80 + 0.95* 5.20 +

t1.60 * 0.96 ,' '12:00 *
10.10 + 0.72* 8.30 +

'r'i ,10;60t0.43 '" t'i;.ad'f

2.35 + 0.03* 1.07 + 0.05*

,fr'64.* f'laiii ' . 4E{$r6rO,'{O, ."

2.43 + 0.08* l.t9 + 0.07*
. . . ',' .. .l

2.19'*.0-:06 '' ' '2;17 tS;1,1

2.43 + 0.07 2.41 + 0.08

3.57 r oio?' 3.62 r- o:06

2.82 ! o.lt 2.75 + 0.tl

2,.77 *,9rQr,, ' ,'2.74,#0.a2

2.50 + 0.15 2.44 + 0.16

1.40*

l
1.03+

l0

i&o

t0

'.,ry0

5

t,l O

l0

,il,0

4

a,

i,.l

P5 10.20 + 1.77 n.60 + 2.06

;Pt , .14.40 t r.zt 13.50 r l.oo

P9 6.90 + 0.71 7.30 + 0.65

'.t$l.0*t ='l '". $0 *.1.3g .*,l ,r't4.?0 * f,$a

sl rt.75 + 2.46 9.25 + 1.38

All values are given as mean + SEM.
* Significantly diflerent means (p<0.05).
' Mean number of neurons immunoreactive for PNMT per section.
t Mean intensity of PNMT-immunoreactivity based on a score of I (very weak) to 4 (very strong).
' Number of sections used for analvsis.
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Figure 6-2. PNMT expression suppressed after infusion of aPNMT*. (A, C) Digital
photographs of the RVL region showing expression of PNMT in Cl neurons on the control
side. (8, D) Suppressed PNMT expression on the side which received a 7 day infusion of
aPNMT*. Photographs C and D correspond to the boxed areas in A and B respectively,
and show higher magnification examples of Cl neurons from each side. Arrowheads in A
and B indicate the ventral medullary border. Scalebars: 100 pm (A, B) and 50pm (C, D).

Figure 6-3. Lack of change in PNMT expression after infusion of aPNMTl. Digital
photographs of PNMT-immunoreactive Cl neurons in the confrol (A) and infused (B) sides
of a 20 pm-thick transverse medullary section taken at the level of the RVL. There was no
difference detected in the expression of PNMT betrvee,n the two sides. Scale bar : 100 Fm.

l0l
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6.4.3 Spread and uptake of aPNMT-B

Two experiments (Bl and B2) were conducted using a biotinylated aODN (aPNMT-B) to

establish the extent to which the infused aODNs spread into the medulla from the cannula tip.

The spread of the aODN was extensive on the infusion side of the medulla" but did not diffuse

to the opposite (confrol) side (Fig. 64). From the tip of the cannula aPNMT-B diffitsed at

least 500 pm, but was strongest within a 300 pm radius of the cannula tip. The aPNMT-B

had also diffirsed back up through the damaged tissue bordering the cannula track, and at the

dorsal surface of the medulla it had diffused more than I mm through the damagedtissue away

from the cannula track. At high magnification it was possible to detect the presence of

aPNMT-B within individual colls in the RVL area (Fig. 6-5). The aODN appeared to be

present predominantly in the nucleus of most cells (Fig. 6-5A), but in neuronal cells

(identified by morphology) it appeared to be evenly distributed throughout the cytoplasm and

nucleus (Fig. 6-58, arrowhead). Whether the biotin signal represented whole fuirctional

aODN or not was not ascertained It could have represented the presence of the biotin

molecules only, after degradationof the aPNMT-B. However, these results demonstrate that

the aODNs were diftrsing throughout the areA and were beingtaken up by most cells.

Figure 6-4. Spreadof biotinylated aODN (aPNMT-B) through the medulla A tranwerse
section through the medulla oblongata at the level of the RVL, showing the cannula track
on the right-hand side. The extensive diffirsion of aPNMT-B into the right side of the
medulla can be se€n, not only in the ventral portion of the section, but also dorsally back
along the cannula track. The aODN could be detected up to 500 Fm from the cannula tip,
but was strongest within 300 pm. Scale bar - 500 Fm.
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Figure 6-5. Uptake of aPNMT-B into cells in the RW. High magnification digital
photographs of cells near the cannula tip. (A) Cells located immediately next to the
cannula track (ct) showing staining for the presence of biotin in the nucleus (n), but often
lacking cytoplasmic staining (cy). (B) Exarnple of a neuron (arrowhead) stained for
aPNMT-B throughout the cytoplasm and nucleus, surounded by many small non-neuronal
cells stained only in the nucleus. Scale bar: 20 pm.

6.5 DrscussroN

6.5.1 Design of antisense oligonucleotides

Most synthesised aODNs arc 15 - 25 bases in length. Shorter segments are less likely to be

specific for just one target sequence, and longer lengths are unlikely to be successfully taken

up by cells, and may also bind, with some mismatches, other mRNAs, resulting in non-

specific inhibition (Cazenave and H6ldne, l99l). We used l9 - 20 base long ODNs in these

experiments, based on previous literature (Skutella et al., 1994).

It seems preferable to target the start codon of the mRNA which is to be inhibited (e.g.

Akabayashi et al., 1994; Chiasson et a1.,1992; Skutellaet al., 1994) although aODN sequences

targeting other coding regions have also been successful (Zhang and Creese , 1993). All the

aODNs used for the present experiments targeted the start codon of either TH or PNMT,

except for aPNMT3 which targeted the exonl/intronl border. The decision to target that site

was based on the suocessful targeting of the exonl/intronl border of the angiotensinogen pre-

mRNA (Tomita et al., 1995).

There are anumber of problems associated with administration of aODNs. Possibly the most

serious is their susceptibility to de$adation by nucleases present in animal senrm and tissues

103
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(Toulmd, 1992). Unmodified aODNs with a phosphodiester-based backbone have been

shown to be completely degraded within 30 min in normal calf serum (Akhtar et al., l99l),

and once they are located inhacellularly the half-life of unmodified aODNs has been reported

to be as short as I 0 min in Xenopus oocytes (Caznnave et al., I 987), or up to several hours in

PClz cells (teichman-Weinberg et al., 1988). The most common modification to prevent

degradation has been the replacement of one of the orygen atoms with a sulphur atom in the

phosphate backbone of the molecule to produce phosphorothioated ODNs (S-ODNs), which

increases the half-life of the aODN significanfly (Akhtar et al., l99l; Szklarcryk and

Kaczmarek, 1995; Whitesell et al., 1993). With this in mind, the initial experiments in the

present sfudy targeting TH mRNA in the RW region utilised a S-ODN. As one injection

only was to be made, the concentration needed to be relatively high (see section 6.6.3). There

have, howeveq been a number of reports about the potential toxicity of S-ODNs. Although

several reports state that effective doses of S-ODNs may be injected without causing

neurotoxic damage @roaddus et al., 1998; Iversen et al., 1995; Whitesell et al., 1993; Woolf et

al., 1990), there are also other reports of considerable amounts of non-specific toxicity

associated with injection of S-ODNs (Chiasson et al., 1994; Hebb and Robertson, 1997:

Spearman et al., 1994; Wojcik et al., 1996). Once a chronic infusion system was adopted

rather than single injections of aODNs, toxicity issues became important. Since there have

been numerous reports of successful use of unmodified aODNs administered into the brain

despite their relative instability (Akabayashi et al., 1994; McCarthy et al., 1994; McCarthy et

al., 1993; Ogawa et al., 1994; Wahlestedt et al., 1993a; Wahlestedt et al., 1993b), infusion of
unmodified aODNs was used to avoid any potential toxicity problems which might be

associated with S-ODNs.

6.5.2 Effective administration routes and dosage ,

This study attempted to suppress formation of TH and PNMT in the RVL region of the

medulla oblongata using aODNs. To avoid suppression of these genes in other regions of the

central nervous system, it was necessary to administer the aODNs directly to the RVL region.

The majority of studies previously reported in the literature used single or multiple injections

of aODNs, either into the cerebral ventricles, or directly into brain parenchyma. Chronic

infusion of aODNs into the ventricles using osmotic minipumps (e.g. Zhangand Creese, 1993)

has also been used, but continuous perfusion into brain parenchyma has only rarely been

attempted (e.g. Skutella et al., 1997). The initial experiments in the study utilised injections,
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but these could not deliver enough aODN into the RVL area (discussed below), so a

continuous perfirsion system was developed using osmotic minipumps and an infusion

cannula implanted into the RVL.

Effective doses that have been used in previous studies have varied considerably. Many were

determined using an in vitro culture as an assay. Several studies have found single injections

of approximately 2 nmol into brain parenchyma to be effective (e.g. Chiasson et al., 1992;

Sommer et al., 1993). Injection amounts into the venhicles have varied widely depending on

the target from 2.5 nmol i.c.v. in mice against D2 receptors (Zhou et al., 1994) to 50 nmol

i.c.v. in rats against c-fos (Chiu et al., 1994). The amounts used to target the same mRNA can

also sometimes vary considerably: inhibition of.ATl receptors by i.c.v. injection of aODN

was achieved using both 50 pe (Gyurko et al., 1993) and 200 ng (Sakai et al., 1994). The

specific concenhation to be used thus usually needs to be empirically derived for each aODN

to be used. The present study started with low doses of aTH (0.18 nmol to 0.36 nmol)

injected once into the RVL area This is considerably less than Skut€lla et al. (1994) used in

the ventral tegmental area (3 injections of 5 pg, which gives a lO-fold higher total of
approximately 1.8 nmol, assuming a MW of 8300). However, 0.18 nmol was still more than

some other studies had successfully used (McCarthy et al., 1994; Ogawa et al., 1994).

Adopting an infusion system enabled the delivery of considerably more aODN into the RVL

over the course of 7 days (15 nmol), which equated to approximately 2 nmol being delivered

in one day, and easily matches amounts of other aODNs being successfully iqjected into other

brain regions (e.g. Chiasson et al., 1992: Sommer et al., 1993). The experiments performed to

inhibit PNMT expression used similar amounts of aPNMT - approximately 2 - 3 nmol was

infused each day. Two of these experiments, using aPNMT* (with one base mismatch - see

Discussion below, section 6.5.5), produced a reduction in PNMT-immunoreactivity on the

infused side.

For the present experiments an artificial CSF was used to diluted the aODNs against TH and

PNMT mRNA. Various vehicles have been used for diluting and administering the aODNs in

previous studies- The most corrunon to be used include sterile water (e.g. Wahlestedt et al.,

1993), isotonic saline (e.g. Akabayashi et al.,1994 Sakai et al., 1994; Wahlestedt et al., 1993;

Zhang and Creese, 1993), and artificial CSF (e.g. Sommer et al., 1993; Zhou et al., l9g4).

Some other vehicles have also been tried, such as sesame oil (McCarthy et al., 1994;
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McCarthy et al., 1993; Ogawa et al., 1994), and a water absorbent polymer (Bannai et al.,

1998). All these studies showed specific effects of the delivered aODNs, so the vehicle of

choice seems to be of less importance than other factors in antisense experiments.

6.5.3 Spread and uptake of the aODNs

Two experiments were performed infi.rsing a biotinylated aODN (aPNMT-B) into the RVL

tissue. The results showed that under the infusion conditions used (0.5 pt/h for 7 days, at a

concenEation of 196 nM) the aPNMT-B was diffi.rsing through the RVL region about 500 pm

from the tip of the cannul4 and it decreased in apparent concentration the further out it
diffirsed. Within 300 pm of the tip, the levels of aPNMT-B appeared to be quite high. This

spread resulted in satisfactory coverage of the RVL area, provided that the cannula was

located correctly immediately above it. There was also considerable diffirsion of the aODN

back up through the tissue towards the dorsal surface of the medulla, alongside the cannula

hack. Several studies have looked specifically at the spread and uptake of aODNs injected or

infused directly into the brain parenchym4 and also found significant spread from the site of
injection. A single injection into the basolateral amygdaloid nucleus of 2 nmol in I pl (2 mM)

of radioactively-labelled l5 base unmodified ODN (Szklarczyk and Kaczmareh 1995) spread

upto2.4 mm in the sagittal plane (radius from tip of cannula), and 1.3 mm in the transverse

plane, away from the injection site. The same injection of a phosphorothioated aODN had a

radius of only 1.3 mm in the sagittal plane, and 0.7 mm in the transverse plane. In another

study, a 15 base unmodified aODN was injected (approximately 500 nl of 200 pM aODN)

into the hypothalamus (Ogawa et al., 1994). Autoradiograms showed that the aODN had

spread intensely about 500 pm along the rostral-caudal a:<is, and to a lesser extent from 500 -

1500 pm from the injection site. Suzuki et al. (1994) injected 0.2 nmol in 200 nl of
phosphorothioate aODN against c-/as into the RW region. This volume of Toluidine blue

dye had previously been shown to cover the RVM. This assumes, however, that the ODN-

carrying vehicle diffused through the tissue to the same extent as the dye did. The injection

was made over 5 minutes using glass micropipettes inserted using stereotaxic coordinates from

the dorsal surface, in the sErme way as the infusion cannula in the present study was

implanted. Fos-like immunoreactivity was significantly reduced within 1000 pm of the tip of
the injection on the side treated with the aODN compared to the control side which had been

injected with the sODN (Suzuki et al., 1994).
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The mechanism of uptake of an aODN into cells is unclear, but appears to be by receptor

mediated endocytosis (Geselowitz and Neckers, 1992; Murray and Crockett, 1992; Sommer

et al., 1998) rather than direct diffirsion as aODNs are large polar molecules which would only

diffirse auoss the cell's tipid membrane with great diffrculty. The uptake of aODNs into cells

in the RVL region was confirmed by the presence of intracellular aPNMT-B, which was

observed in both neurons and glia under high magnification. The aPNMT-B was located

throughout the cytoplasm and nucleus of neuronal-like cells, which is consistent with

previous reports of neuronal uptake (Yee et al., 1994). Many other cells in the RVL area

(some very small, less than 5 ttm in diameter) also seemed to take up aPNMT-B, but the

ODN was observed predominantly in the nucleus. Preferential uptake of aODNs into the

nucleus has been reported before for some non-neuronal cell types (Geselowitz and Neckers,

1992; Leonetti et al., 1991), suggesting that these cells in our study wet€ non-neumnal. As

injection of ODNs into the central nervous system has been shown to generate an

inflammatory response both centrally and peripherally (Pezeshki et al., 1996), some of these

cells may reflect an increased microglial infiltration of the area in response to the infi.sion of

aODN.

6.5.4 Inability to suppress TH formation

There are a number of factors which may have contributed to the failure to suppress TH

protein expression in these experiments. It is possible that not enough TH aODN was being

delivered to the RVL region to change the levels of TH protein. It is also possible that some

suppression of translation was occurring, but that it was undetectable using

immunohistochemistry and light microscopy. As discussed above (section 6.5.2) the amounts

we were delivering by injection were low compared to many studies, but continuous

administration by the osmotic pump technique was delivering more aODN than,many others

reported injecting or infi.rsing. It was, however, less than the total amount delivered to inhibit

TH in the ventral tegmental area (Skutella et al., 1994). It is possible that higher amounts of

aODN are required for suppression of TH translation than for other genes. TH appears to be

highly expressed in Cl neurons, perhaps reflecting a large number of mRNA copies. This

could make knockdown of TH mRNA more diflicult. While anfisense technology has allowed

specific inhibition of several systems in the central nervous system, it does not necessarily

work for all. Reports of lack of success are not common, but a few have been published in

recent years, detailing taxgets which have failed to be affected by administration of aODNs.
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For example, one study reports that although it was possible to decrease dopamine receptor

D2 density in the striatum using an aODN specific for D2, B-adrenergic receptors were not

affected by any of the aODNs tried which targeted different parts of the mRNAs for p-

adrenergic receptors (Zhang and O'Donnell, 1997). There have also been reports on non-

specific effects induced by injection of unmodified ODNs into Xenopus oocytes (Smith et al.,

1990) and phosphorothioated ODNs injected i.c.v. into the rat (Dryden et al., 1998). On this

basis, it is possible that suppression of TH in Cl neurons is not achievable.

6.5.5 Knockdown of PNMT expression

Two out of the ten experiments attempting to inhibit hanslation of PNMT were successful,

and both of these were performed using aPNMT*, which had a 1 base mismatch located in the

middle of it (see Table 2-3, Materials and Methods). In theory a I base mismatch is enough

to decrease the efficiency with which an aODN hybridises to its target mRNA (Toulm6,

1992), but this may not prevent it from actually doing so. It has been shown that aODNs for

c-/os retain most of their biological activity with 2 or 3 bases mismatched (Chiasson et al.,

1994), so it is possible that the suppression seen by the mismatched aPNMT* was a specific

knockdown of the PNMT gene expression. However, infirsion of the RW area with aODNs

with the correct sequences for hybridising with PNMT mRNA (6 experiments) did not have

an effect.

There are some factors which might have contributed to the lack of reproducibility observed in

these experiments. Implanting the cannula in the correct position was difficult, and in two of
the experiments with aPNMTI the cannula position was found to be in a lateral position in

the rostral medulla, which means that sufficient doses of the aODN may not have reached the

Cl neurons in the RVL. However, in most of the experiments the cannula was correctly

positioned. Another potential problem was the amount of damage that occurred to the brain

tissue surrounding and within the RVL region from the cannula. Whether this damage had

occurred in vivo during the infusion, or was a result of post-fixation tissue damage which had

occurred during the stages of free-floating immunohistochemistry could not be determined.

For this reason it may have been preferable to perform on-slide immunohistochemistry

instead.
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It may have been helpful to this study to have had an in vitro cell-culhre system available to

assay PNMT expression following application of aODNs. The in vivo delivery of the

aODNs directly into the RVL region was technically demanding, ffid the success of the

implantation (position and successful aODN infusion) could often not be ascertained until

completion of the experiment. It was difficult to know if PNMT aODNs were being delivered

in high enough concentrations to block protein formation suffrciently to detect differences

using immunohistochemistry. There were a number of places in the overall experiment which

could go wrong, although some could be ruled out. For example, blockage of the osmotic

pump (resulting in no aODN delivery) was routinely checked for at the end of each

experiment by observing the tip of the cannula for a few minutes after removal to see that

there was still flow, which there was in all experiments. An in vifro assay would have allowed

testing of various aODNs for PNMT, ild to determine the amounts of PNMT aODN being

taken up into cells and ef;ficiently blocking ffanslation. On the other hand, in vivo uptake and

intacellular conditions are likely to be different to in vitro conditions, so determination of
aODN concenhations and target sequences may need to be empirically arrived atby in vivo

experimentation anyway.

Antisense oligonucleotides are providing an approach which can specifically reduce or block

production of particular proteins. This specificity makes it a very powerful tool. It also

avoids the unwanted side effects usually associated with pharmacological intervention,

although it is not yet clear that the antisense ODNs do not have associated side effects of their

own. Often complete blockage of the enryme, receptor, or neurotransmitter is not necessary

before functional modifications can be observed, and in some cases reported in the literature,

relatively small reductions in protein amounts can be associated with large functional

modifications. This underlines the importance of in vivo studies in understanding neuronal

mechatrisms of blood pressure control. The present study represents the first attempt to

target the PNMT gene with aODNs, and although preliminary in nature, it provides some

useful information for future studies of this system. Although the initial findings were mostly

negative, further development of the technique may yield better results. Antisense ODN

suppression of genes in the RVL may prove to be not only an interesting avenue for

investigating the fi.rnctional significance of specific genes being expressed in the RVL reglorL

but may provide a potentially important avenue for therapeutic treatment of hypertension in

the future.
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7.1 RT.PCR ruTIIysIs oFGENE ExPRESSIoN IN RYL MIcRoPUNcHES.

The micropunch technique, first described 25 years ago (Palkovits, 1973), is a useful method

for obtaining small discrete regions of the CNS for further analysis. It has previously been

used successfully in combination with various biochemical (e.g. Grattan and Selmanofi 1993;

Lawler et al., 1996) and molecular (e.g. Kim et al., 1993; Okabe et al., 1997) techniques, and

was in the present work modified for use with RT-PCR to analyse gene expression in the

RVL region of the medulla oblongata. RVL micropunches were taken from the region

ventromedial to the compact formation of the NA in transverse sections through the medulla

just caudal to the facial nucleus. RT-PCR performed on the RNA exhacted from the

micropunches revealed expression of GAPDH, NSE, TH, PNMT, G& MR, NET, EAACI

and GLYT2. Expression of GLT was detected only weakly in one punch. The technique was

very sensitive, detecting genes which are not highly expressed in the RVL.

Use of micropunches with RT-PCR allows the investigation of discrete areas of the brain for

the expression of weakly expressed genes that conventional techniques such as in situ

hybridisation might not detect. It also provides a rapid assay for detecting the expression of
particular genes in an are4 before one progresses to other techniques such as single-cell RT-

PCR.

7.2 AoUTE DIssocIATIoN oF RVL xsuRoNs.

RVL neurons were acutely dissociated from the medulla oblongata of young rats to allow

characterisation of the neurons under conditions where all cell-to-cell interactions had been

eliminated. Isolated RVL neurons were mostly viable and retained their anatomical,

chemical/molecular, and functional identity. They were dissociated from a small, well-defined

medullary region, and could be identified as spinally projecting or non-spinal by the presence

of fluorescent rhodamine microbeads which had been previously injected into the thoracic

spinal cord.
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Patch-clamp recordings, made in cell-attached mode before rupturing the patch, revealed that

dissociated RVL neurons showed no spontaneous fuing. Whole-cell recordings made

following rupture of the membrane also revealed no spontaneous activity. In current-clartp

mode, depolarising current pulses elicited single or repetitive spike fuing in the neurons, and in

voltage-clamp mode depolarising voltage steps elicited a fast-activating (spike-like) inward

current which was rapidly inactivated, and could be reversibly abolished by TTX. Sustained

and transient outward currents could be observed during recordings with K--containing

pipettes. Extracellular application of either kainic acid or t -glutamic acid onto RVL cells

under voltage-clamp conditions elicited dose-dependent inward currents.

The major difference observed between the present in vitro results and previous studies

conducted in RVL slices was the absence of spontaneous fuing in dissociated neurons, in

contrast to its presence in cells recorded in slices (Huangfu et al., 1997; Kangrga and Loewy,

1995; Li et al., 1995; Li and Guyenet, 1996; Sun et al., 1991; Sun et al., 1988b; Sun et al.,

1988c). It is possible that the 'spontaneous' activity recorded in slices is due to the generally

lower level of membrane potential in neurons studied in this type of preparation, or that some

unidentified cell-to-cell interactions, a factor which is not present in isolated neurons, induced

autodepolarisations in slices. The absence of spontaneous firing in dissociated neurons

corresponds to the results of studies of RVL neruons conducted invivo, which showed that

the activity of these neurons is evoked by synaptic inputs and not by autodepolarisations

(Lipski et al., 1996; Lipski et al., 1995b).

RT-PCR was used to establish that fifty percent of the RVL cells tested were

catecholaminergic, which is within the range of proportions (39 to 80%) found in previous

anatomical studies (Haselton and Guyenet, 1989b; Kangrga and Loewy, 1995; Li et al., 1995;

LiandGuyenet, 1996; Ruggieroetal., 1994; Svedetal., 1994). Thisdifferencecouldbedue

to the method used to identifr spinal projection (electrophysiologically or with retograde

tracers), or to the inconsistent defurition of the borderlines of the RVL region. The present

study used a triangular area ventromedial and ventrolateral to the compact formation of

nucleus ambiguus, which is somewhat larger than some of the previous studies.

Using RT-PCR, it was also possible to identify the expression of a number of other genes in

single bulbospinal RVL neurons. MR mRNA was expressed in half the neurons tested,
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whereas GR mRNA was present in only I neuron (5%). The low expression of GR mRNA

conflicted with the results of several previous immunohistochemical and ir situ hybridisation

studies (Aronsson et al., 1988; Cintra et al., 1994a; Cintra et al., 1993; Fu:re et al., 1985q

Morimoto et al., 1996; Sousa et al., 1989; van Eekelen et al., 1987),' including one identiffing

GR-immunoreactivity n 63% of the Cl neurons which project to the thoracic spinal cord

(Sawchenko and Bohn, 1989). The reasons for this difference are not clear, but may reflect

different GR mRNA expression patterns in different regions of the Cl group, which extends

beyond the RVL reglon studied in the present experiments. The presence of MR mRNA in

the RW region is in agreement with previous studies which reported MR expression in the

brainstem at both the mRNA (Arrizaet al., 1988) and protein (Ahima et al., 1991) level. The

MR was found to be present in just under half of the bulbospinal RVL neurons tested for it,

which suggests that it is this receptor which mediates many of the cardiovascular effects

elicited by injection of both glucocorticoids and mineralocorticoids into the RVL region.

Expression of the neuronal transporter for glutamate, EAACI, was detected in 58% of the

bulbospinal RVL neurons tested. No difference was observed in the proportion of adrenergic

and non-adrenergic neurons which expressed EAACI. As EAACI may be both a presynaptic

and postsynaptic transporter, ild has been localised to both glutamatergic and non-

glutamatergic neuronso its presence in RVL neurons can not be used to identiff a glutamatergic

neuron. Howevero as 58% of putative vasomotor bulbospinal RVL neurons expressed this

transporter, it may be of importance for understanding the complex neuronal signalling in this

region responsible for the regulation of blood pressure. Expression of mRNA for the glial

glutamate transporter GLT was detected weakly in RVL micropunches, but as expected it was

not expressed in dissociated RVL neurons. The neuronal glycine transporter was similarly

detected in RVL micropunches, but was not present in the RVL neurons tested for it.

Another transporter which was detected in bulbospinal RVL neurons was the noradrenaline

transporter NET, although it was expressed in a relatively low number of the cells tested

(10%). [t was expressed predominantly in Cl neurons in the area, as determined by RT-PCR

for both NET and PNMT in the sarne neurons. The mRNA expression level of NET in the

RVL was compared to protein expression levels using immunohistochemistry, and the

proportion of Cl-neurons expressing NET protein was very similar to the RT-PCR results.

Two NET-positive neurons were also found to express EAACI mRNA, although it is unclear

n2
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whatthe significance of this coexpression is, as the presence of EAACI does not necessarily

identiff a glutamatergic neuron

The GABA hansporter GAT-I was detected in no bulbospinal and only one (4%) non-spinal

RVL neuron, and likewise only two non-spinal neurons were identified as GABAergic (SYo),

by the presence of GAD67 mRNA. Only one of the two GAD67-positive neurons expressed

GAT-I, indicating that this transporter may not always be present in GABAergic neurons. It
is an interesting point that these results suggest that GAT-I is not an important neuronal

postsynaptic transporter in the RVL, as the RVL is known to contain many GABA terminals

and GABA receptors (Hayar et al., 1996). It is possible that another GABA transporter such

as the glial form GAT-2 might be present in astrocytes of the RW region to remove GABA

from synapses. The low number of GAD67-positive neurons detected in the RVL region is in

contrast to previous studies which have reported considerable numbers of GABAergic

neurons in the area (Matsumoto et al., 1994; Ruggiero et al., 1985). It is possible that the

proportion of GABAergic neurons in the RW is low compared to other cell types, and thus

much larger numbers would need to be tested to detect them. A previous elechophysiological

study suggested that there is a GABAergic projection from the RVL region to the IML in the

thoracic spinal cord (Deuchars et al.,1997), but this also is not supported by the present RT-

PCR results, which detected no bulbospinal GABAergic neurons.

In summary, these results show that acute dissociation of RVL neurons provides a new and

useful way for studying the propenies of these neurons, and single-cell RT-PCR provides an

extremely useful tool to study their mRNA expression.

7.3 KNOCKDOWN oF TH AND PNMT ExPRESSIoN IN THE RVL

This section of the study sought to use molecular techniques to suppress the formation of
adrenaline in RVL neurons, by inhibiting TH or PNMT expression using aODNs. Antisense

ODN technology provides a way to target specific genes in the CNS without the

complications of the non-specific side affects often associated with pharmacological

manipulations.

l13
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TH has previously been the target of successful aODN-induced suppression in the CNS

(Skutella et al., 1994; Skutella et al.n 1997), so it was initially targeted in the present work.

Injections into the RVL region of a phosphorothioated aODN targeting TH mRNA did not

result in any suppression of TH protein levels (assessed by immunohistochemistry).

Continuous perfusion of unmodified aODNs targeting TH mRNA also failed to suppress TH

protein levels. The reasons for this were not clear, but it is possible that to suppress TH

expression a greater amount of aODN was required than could be delivered.

Suppression of PNMT was also attempted, and two experiments resulted in a statistically

significant reduction in PNMT protein levels (assessed by immunohistochemisty).

However, the aODN which was used to accomplish this was found to have a one base

mismatch with the target PNMT mRNA, and while it is possible that it remained able to

specifically block PNMT Eanslation (Chiasson et al., 1994), infusion of the RVL area with

aODNs with the correct sequences for hybridising with PNMT mRNA (6 experiments) did

not have any effect. The reason for this is unclear, as experiments with a biotinylated aODN

showed cellular uptake of the molecule up to 500 pm from the cannula tip. Placement of the

cannula into the correct location was difficult, and incorrect location may have conhibuted

something to the lack of success in some of the experiments, but in several instances the

location was precise and still no suppression of PNMT was observed in Cl neurons.

This study represents the first attempt to target the PNMT gene in the RVL with aODNs,

and it provides some useful information for future studies of this system. Although the initial

findings were mostly negative, better results may be obtained in the future if further

development of the technique is pursued. Antisense ODN suppression of genes in the RVL

could potentially offer an avenue for investigating the functional significance of specific genes

expressed in the RVL region. Gene therapy may in the future provide a potentially important

avenue for therapeutic treatment of hypertension.

ll4
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VIII. CONCLUSIONS

l. The micropunch technique, combined with RT-PCR, offers a simple non-radioactive way

to identifu genes being expressed in the RVL and other medullary regions. Most genes

investigated using RT-PCR analysis of micropunches were expressed in the RVL region.

2. Results presented in this study demonstrate that acute dissociation of RVL neurons

provides a new and useful model for studying the biophysical and molecular properties of

these cells. Such neurons can be retrogradely labelled with fluorescent microbeads and

therefore positively identified as bulbospinal. Dissociated RVL neurons retained the major

classes of voltage-sensitive ionic channels, previously identified in studies conducted in tissue

slices, as well as excitatory amino acid receptors. The isolated RVL neurons fired tonically

when depolarised with current pulses, but normally showed no spontaneous activity.

3. This study demonstrated the expression of mRNA for corticoid receptors and

neurotransmitter transporters in single bulbospinal RVL neurons. Multiple genes could be

tested from single neurons, allowing identification of complex phenotypes in these neurons,

and the technique offers a potentially powerfi.rl way to identifr the properties of individual

neurons from the RVL regioq and could be used in the future in combination with

electrophysiology to investigate the contribution corticoid receptors and neurotransmitter

transporters make to the regulation of blood pressure by this region. The results show that

single-cell RT-PCR is an extremely useful tool to study mRNA expression in these neurons.

4. The expression of NET protein and mRNA was shown in a small proportion of Cl

adrenergic neurons, and NET protein expression could also be demonstrated, in all major

noradrenergic cell groups in the medulla oblongata and pons of the rat brainstem. The first

flndittg leaves us with three possibilities: (a) that the majority of Cl neurons do not use

adrenaline (or noradrenaline) as a neurofansmitter; (b) that adrenaline is synthesised and

released but not taken-up by presynaptic endings; or (c) that adrenaline is released and taken

up by these endings, but the specific transporter has not yet been identified in the majority of
Cl neurons. Further studies will need to be trndertaken to determine which of these

hypotheses is correct.
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