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Abstract

Sympathetic neurones show a calcium-dependent after-hyperpolarization (a.h.p.) 

following action potentials. This study has investigated the currents responsible for 

generating the a.h.p. in the rat superior cervical ganglion (s.e.g.), and their inhibition 

by pharmacological agents.

The calcium current (1^^) was recorded from voltage-clamped dissociated s.e.g. 

neurones using Cs"*” filled electrodes. was abolished by removal of external Ca^~^, 

and blocked by inorganic divalent cations ( IC^q):- Cd^"*'(3.3^M), Cu^"^(87^M), 

Zn^“̂ (190/xM), Ni^“̂ (520/xM), Mn^“*"(580/AM) and Co^"^(l.lmM ) and trivalent 

cations:- Gd^“*'(2.6/xM), Lu^“̂ (72/xM) and La^“*”(3.0jLcM). Noradrenaline suppressed 

Ica  by approximately 50% (EC^q; 87nM) and slowed the rising phase of the current. 

Ica  was also reduced by the cK2-adrenergic agonists, UK14304, clonidine and 

oxymetazoline (EC^q; 37,57 and 27nM respectively) whilst a j -  and il-adrenergic 

agonists had no effect in low concentrations. The inhibition by noradrenaline was 

antagonised by phentolamine, yohimbine and prazosin with pKg values of 8.0, 7.5 and

5.4 respectively, indicating that adrenergic suppression of is mediated by an «2“ 

receptor. was also reduced by the muscarinic agonist methacholine.

The current underlying the a.h.p. (ly^jjp) was investigated in intact and dissociated 

neurones using both intracellular and whole-cell electrodes. The current was 

characterised as a small slowly decaying outward current following depolarizing voltage 

commands. A 37mV shift in reversal potential was observed as extracellular potassium 

was raised from 4.8 to 20mM confirming that was carried by potassium ions. 

Calcium dependence was shown by removal of extracellular calcium and block by 

Cd^ . The current was blocked by d-tubocurarine (dTC) and apamin but was 

insensitive to tetraethylammonium ions, distinguishing it from the fast calcium-activated 

potassium current, Noradrenaline and methacholine suppressed I^HP*



Control of I ^ h p  calcium was investigated further. Reducing the calcium load (by 

reducing extracellular calcium, blocking Ca^"*” entry with Cd̂ ~*~ or decreasing the 

duration of the voltage commands) increased the rate of decay. dTC (which blocked 

I a h ?  without effect on Iç.^) had no effect upon the rate of decay of Ia h P* ^^ese 

observations suggest that the rate of decay of Ia h p  dependent upon the size of 

calcium load. Inhibition of Ia h p  both noradrenaline and methacholine showed, in 

addition to reduction of peak amplitude, an increase in rate of decay suggesting that the 

inhibition of Ia h p  lo suppression of I(^^.

It is concluded that (1) The adrenergic suppression of Iq^ is mediated by ^ 2"

receptors. (2) The a.h.p. is generated by a calcium-activated potassium current that is

similar to the I ^ h p  bullfrog sympathetic neurones. (3) The kinetics of Ia h p  (^^cay 
by

are determined^the calcium load. (4) Noradrenaline and methacholine inhibit Ia h p  ^Y 

reduction of the preceding calcium entry.
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Chapter 1.

Introduction.

The long after-hyperpolarization of rat sympathetic ganglion cells.

The first report of a prolonged after-hyperpolarization (a.h.p.) following action 

potentials in rat sympathetic neurones was made by Yarowsky and McAfee (1977). It 

was subsequently further investigated by McAfee and Yarowsky, (1979) and Horn and 

McAfee (1979). In these studies, the a.h.p. was shown to have the following 

characteristics:

(1) It had a peak amplitude of about 12mV with a total duration around 300ms, the 

decay from peak amplitude varying between different cells.

(2) It reversed at -90mV and was inversely proportional in both magnitude and reversal 

potential to the extracellular potassium (K"*") concentration, indicating that the a.h.p. 

was generated by an increased K"*” conductance.
9  - I-(3) The amplitude of the a.h.p. was proportional to the external calcium (Ca ) 

concentration, and reduced by cobalt and manganese ions, indicating a dependence upon 

Ca^"^. In addition, the a.h.p. was still recorded in the presence of tetrodotoxin (TTX) 

which blocks the sodium current (leaving a calcium spike), and augmented by 

tetraethylammonium (TEA), which also increased the duration of the calcium spike.

(4) Both the a.h.p. and the calcium spike were reversibly inhibited in a similar manner 

by noradrenaline.

From these observations it was suggested that the a.h.p. of rat sympathetic neurones 

was generated by a calcium-dependent potassium conductance. In addition, inhibition of 

this calcium-dependent potassium conductance by noradrenaline was suggested to be via 

inhibition of a voltage-dependent calcium current. In the rat sympathetic ganglion, the 

role of the a.h.p. is to regulate cell excitability, increasing the threshold following an
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action potential, and it has been demonstrated that inhibition of the a.h.p. leads to 

repetitive firing of the neurone (Kawai et al, 1985; Kawai and Watanabe, 1986).

The aim of this project was to investigate the pharmacological control of the 

membrane currents responsible for generation of the a.h.p. in the rat superior cervical 

ganglion (s.e.g.). In order to achieve this, the calcium current, and the potassium 

current underlying the a.h.p. were recorded separately under voltage-clamp, and the 

effects of drugs on the two currents studied. In particular, the suppression of these 

currents by noradrenaline was investigated.

As two different membrane currents were investigated separately, this introduction 

is divided into two sections considering (A) calcium currents, and (B) calcium-activated 

potassium conductances.

(A) Calcium currents.

Regenerative calcium action potentials (calcium spikes) were originally recorded 

from crayfish muscle fibres in a recording solution containing K “̂  channel blockers 

(Fatt and Ginsborg, 1958). Such calcium spikes have been widely described in both 

invertebrate neurones, for example Aplysia giant neurones (Geduldig and Junge, 1968), 

Helix pomata neurones (Eckert and Lux, 1976), and in mammalian neurones, for 

example hippocampal neurones (Schwartzkroin and Slawsky, 1977), myenteric neurones 

(Hirst and Spence, 1973), and dorsal root ganglion (DRG) cells (Matsuda et al, 1976). 

Early reports of calcium spikes recorded from sympathetic neurones include bullfrog 

sympathetic neurones (Koketsu and Nishi, 1969; Minota and Koketsu, 1977), and rat 

sympathetic neurones (Yarowsky and McAfee, 1977; McAfee and Yarowsky, 1979).

Following on from these early studies of calcium spikes, much work has been 

directed at investigating the calcium current (I^a) of sympathetic neurones. The initial 

descriptions of I^-^ recorded from voltage-clamped rat s.e.g. neurones were by Adams 

(1981), and Galvan and Adams (1982), who used TTX to block the sodium current, and
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TEA and caesium (Cs"^) to block potassium currents. was characterized as an 

inward current, activated during depolarizing voltage commands from a hyperpolarized 

holding potential. Activation occurred at command potentials positive to -40mV and 

peaked at about OmV. This current was also shown to be dependent upon external Ca^"^ 

and was blocked by cadmium (Cd^"^). has since been more thoroughly 

characterized in dissociated rat sympathetic neurones using whole-cell voltage-clamp 

techniques (Wanke et al, 1987; Marrion et al, 1987; Riming et al, 1988; Schofield and 

Ikeda, 1988). The biophysical properties of in intact rat s.e.g. neurones have been

determined using two electrode voltage-clamp (Belluzzi and Sacchi, 1989). has also 

been investigated in dissociated bullfrog sympathetic neurones (Jones and Marks, 

1989a,b; Lipscombe et al, 1988).

Heterogeneity of calcium currents.

Analysis of neuronal calcium currents has shown the existence of multiple types of 

Ca^*^ channels. Voltage recordings from central neurones (Llinas and Yarom, 1981) 

revealed the coexistence of two types of calcium channels, 'low threshold' and 'high 

threshold' channels. Subsequent voltage-clamp recordings in chick DRG neurones 

demonstrated corresponding low voltage-activated (LVA) and high voltage-activated 

(HVA) channels (Carbone and Lux, 1984). LVA channels showed a low threshold of 

activation ( <  -50mV) and inactivated quickly in a voltage dependent manner. HVA 

channels exhibited a higher threshold of activation (about -20mV) and inactivated 

slowly. Investigation of LVA and HVA calcium channels in various neurones has 

suggested channel conductances (using Ba^"^ as the charge carrier) of 5 to 8pS and 20 

to 25pS respectively (reviewed by Bean, 1989a).

Nowycky et al (1985) further divided calcium channels into 'T ', 'N ', and 'L ' 

subtypes. The 'T ' channel corresponded to the LVA subtype of earlier studies. HVA 

channels could however be divided into the 'N ' and 'L ' subtypes. 'L ' type channels 

showed a large unitary slope conductance (about 25pS) and could be activated from
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relatively depolarized potentials, and inactivated slowly (as previously demonstrated for 

HVA channels). The 'L ' type channels showed a pattern of long openings separated by 

short closures (Fox et al, 1987b). Characteristics of 'L ' type channels are also consistent 

between different types of neurones (Tsien et al, 1988). The 'N ' type channel exhibited 

characteristics between those of 'T ' and 'L ' type channels (Nowycky et al, 1985). Like 

the 'T ' channel, 'N ' channels require hyperpolarized holding potentials for removal of 

inactivation, but also showed a high threshold of activation, similar to the 'L ' channel. 

The channel conductance was also intermediate between the T ' and 'L ' type channels, 

at about 13ps, using Ba^"^ as the charge carrier (Nowycky et al, 1985). 'N ' type 

channels show some heterogeneity between different neurones, showing differing 

inactivation. In the rat s.e.g., inactivation occurs with a time constant of about 500ms 

(Himing et al, 1988) whilst in chick DRG neurones it is only about 70ms (Fox et al, 

1987a). Similarly, single channel conductance varies between different neurones (Bean, 

1989a).

The various types of calcium channels have also been distinguished in terms of their 

selective modulation by pharmacological agents. LVA ('T ') channels show a different 

sensitivity to inorganic ions than HVA ('N ' and 'L')channels. Low concentrations of 

cadmium selectively block HVA channels (Fox et al, 1987a), while nickel selectively 

blocks LVA channels in various preparations (Carbone et al, 1987; Fox et al, 1987a; 

Crunelli et al, 1989). However such ions have failed to differentially inhibit separate 

HVA components.

HVA currents can be separated on the basis of their differing sensitivity to 0- 

conotoxin (fi-CgTx), a 27 amino acid peptide purified from marine snail 'Conus 

geographus' venom (Olivera et al, 1984). Initial reports showed that 0-CgTx selectively 

blocked HVA calcium channels (McCleskey et al, 1987), but failed to distinguish the 

'N ' and 'L ' components since both the transient and steady-state components of the 

current were blocked (Nowycky et al, 1985). More recent work indicates a selective 

inhibition of an 'N ' like current, rather than the 'L ' type current (Kasai et al, 1987; 

Kasai and Aosaki, 1989; Plummer et al, 1989), although the 0-CgTx sensitive channels
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determined in these studies show different kinetic properties to the 'N ' type channel of 

chick DRG neurones (Nowycky et al, 1985). The use of 0-CgTx has illustrated 

differences between calcium currents recorded from central and peripheral neurones. In 

peripheral neurones, up to 90% of is blocked by saturating concentrations, for 

example rat s.e.g. cells (Plummer et al, 1989) and bullfrog sympathetic neurones (Jones 

and Marks, 1989a), whist in central neurones only 40-50% of is blocked (Sah et al, 

1989).

Selective inhibition of the 'L ' type calcium channels has been demonstrated by 

dihydropyridine (DHP) antagonists, for example in rat sympathetic ganglion cells 

(Himing et al, 1988) where nifedipine strongly suppressed 'L ' type channels without 

any effect on the activity of 'N ' type channels. Similar results have been demonstrated 

in DRG neurones (Nowycky et al, 1985) where the DHP agonist BayK8644 increased 

the opening of 'L ' type channels.

Several studies have characterized the subtypes of calcium channel contributing to

in sympathetic neurones. In the rat s.e.g. the current is activated at potentials 

positive to -35mV indicating the absence of a 'T ' component (Marrion et al, 1987; 

Wanke et al, 1987; Schofield and Ikeda, 1988). The whole-cell current shows a 

transient 'N ' like component and longer lasting 'L ' type component (Wanke et al,

1987), although Schofield and Ikeda (1988) found no evidence for the 'N ' type current 

since inactivation of the current was slow. Himing et al (1988) provided clear evidence 

for the existence of both 'N ' and 'L ' type currents by recording single channels with 

conductances of 11 and 27pS respectively. The L' type channels were blocked by 

nitrendipine, indicating DHP sensitivity, but both 'N ' and 'L ' components of the whole­

cell current appeared to be equally blocked by Q-CgTx (Himing et al, 1988). Plummer 

et al (1989) investigated the sensitivity of I(^^ to Q-CgTx more thoroughly, showing that 

Q-CgTx irreversibly blocked 80% of I^^, the current being blocked corresponding to 

the 'N ' type current. The 'L ' type current was unaffected, indicating that 'N ' type 

channels accounted for at least 80% of Iç^  ̂in rat s.e.g. cells. It was also suggested that 

Q-CgTx revealed two components of the 'N ' type current. This was subsequently proved
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by Plummer and Hess (1991) who demonstrated that 'N ' type channels exhibited two 

kinetically distinct components of current, a rapidly inactivating component, and a non­

inactivating one, both of which were sensitive to fl-CgTx. Individual 'N ' type channels 

could show either type of behaviour. These observations also explain the apparent non­

specificity of 0-CgTx on whole-cell HVA currents in sympathetic neurones reported by 

Himing et al (1988), since the non-inactivating component of the 'N ' type current is 

kinetically similar to the 'L ' type current, and the 'L ' type component only contributes 

about 20% of the total current.

Recent research in sympathetic neurones has investigated 'N ' type channel gating 

kinetics more closely, and it now appears that 'N ' type channels display considerable 

variations in activity. In rat sympathetic neurones it has been demonstrated that 'N ' type 

calcium channels exhibit three types of activity (Rittenhouse and Hess, 1994), in 

addition to the inactivating and non-inactivating components described previously. These 

additional patterns (modes) of activity were described as (1) large unitary current 

amplitude and low open probability (LLP); (2) small unitary current and low open 

probability (SLP); and (3) small unitary current and higher open probability (SHP). 

These modes were present in both inactivating and non-inactivating recordings. Bullfrog 

sympathetic neurones demonstrate a comparable heterogeneity of 'N ' type channel 

activity, with at least three modes present, characterized as low-P^, medium-P^ and 

high-P^ according to their probability of being open at -lOmV (Delcour et al, 1993).

Transmitter modulation of calcium currents.

The inhibition of neuronal calcium currents was first reported by Dunlap and 

Fischbach (1978), who demonstrated that noradrenaline, K-aminobutyric acid (GABA) 

and 5-hydroxytryptamine (5-HT) reduced the calcium component of the action potential. 

Many examples of transmitter modulation of calcium currents have since been published 

(reviewed by Anwyl, 1991; Dolphin, 1991 for example).

In sympathetic neurones, Î -.̂  has been shown to be suppressed by several different
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neurotransmitters: noradrenaline (Galvan and Adams, 1982), acetylcholine (Wanke et 

al, 1987), dopamine (Marchetti et al, 1986), substance P (Bley and Tsien, 1990), 

somatostatin (Ikeda et al, 1987), LHRH (Bley and Tsien, 1990), and neuropeptide Y 

(Schofield and Ikeda, 1988). (Note, these examples present only a small proportion of 

the available literature describing transmitter modulation of Iç<  ̂in sympathetic 

neurones.)

Noradrenergic suppression of calcium currents in the rat s.e.g. was first suggested 

by Horn and McAfee (1979) who showed inhibition of the calcium spike. These 

findings were confirmed by Galvan and Adams (1982) who demonstrated inhibition of 

ICa by noradrenaline, recorded under voltage clamp. Inhibition was mediated by an a -  

receptor (Horn and McAfee, 1979), a consistent feature of noradrenergic suppression of 

calcium currents in various neurones (see chapter 4 for a more comprehensive discussion 

of the type of adrenoceptor mediating inhibition of the calcium current). Noradrenergic 

suppression of 1̂ ^  in the rat s.e.g. has more recently been demonstrated using whole­

cell recordings (Song et al, 1989; Schofield, 1990), and it appears that inhibition is 

specific for 'N ' type channels since dihydropyridine induced tail-currents are unaffected 

(Plummer et al, 1991). There have been no reports of the 8-enhancement of whole-cell 

ICa which has been observed in other preparations, for example frog sympathetic 

neurones (Lipscombe and Tsien, 1987), but in the absence of full investigation this can 

not be ruled out. A small enhancement of patch currents has been observed during cell- 

attached recordings (Beech et al, 1990).

Muscarinic inhibition of Iç^  ̂in rat sympathetic neurones is also well documented, 

and was initially demonstrated in intact neurones using intracellular electrodes by 

Belluzzi et al (1985b). Inhibition of whole-cell calcium currents in dissociated neurones 

was subsequently shown (Marrion et al, 1987; Wanke et al, 1987), and was suggested to 

be specific for the 'N ' type current since only the rapidly inactivating component was 

inhibited (Wanke et al, 1987) and, similarly to noradrenaline, dihydropyridine enhanced 

tail-currents were unaffected (Plummer et al, 1991). However, another study 

contradicted this showing that the sustained current was preferentially inhibited
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(Logethetis et al, 1989). Recent work has clarified the situation, showing that both 'N ' 

and 'L ' type channels can be inhibited by muscarinic agonists (Mathie et al, 1992), via 

M4 and M j receptors respectively (Bemheim et al, 1992).

The mechanism by which neurotransmitters inhibit has been extensively 

studied, and models have been proposed to account for their action. Many studies have 

demonstrated that in addition to inhibiting peak current, the activation of is slowed, 

for example by Marchetti et al (1986), Bean (1989b), Grassi and Lux (1989). This was 

initially attributed to a specific block of 'N ' type currents revealing a slowly activating 

'L ' type component, but more recent reports suggest an inhibition of a single HVA 

component (reviewed by Swandulla et al, 1991). In addition, inhibition is unaffected by 

positive holding potentials at which 'N ' type channels would be expected to be 

inactivated (Kasai and Aosaki, 1989). Also, inhibition is removed by large positive 

voltages (Bean 1989b; Marchetti et al, 1986), or by conditioning prepulses (Grassi and 

Lux, 1989), indicating that inhibition can not be a simple blocking of a proportion of 

open channels. Models have been proposed, for example by Bean (1989b), Grassi and 

Lux (1989), Swandulla et al (1991), suggesting that the slowed activation of in the 

presence of transmitter is caused by a time and voltage dependent recovery of 

transmitter inhibited channels (see chapter 3 for a discussion of these models).

The signal transduction mechanisms by which neurotransmitters suppress have 

also been studied. Initial reports, for example, in chick DRG cells (Holz et al, 1986) 

and rat DRG cells (Dolphin and Scott, 1987) showed a role for guanosine 5'- 

triphosphate-binding proteins (G-proteins), and it has subsequently been established that 

suppression of 1^^ in many neurones is mediated by G-proteins (reviewed by Carbone 

and Swandulla, 1989; Anwyl, 1991; Dolphin, 1991). In rat sympathetic cells, early 

reports showed muscarinic inhibition of I^-^ to be mediated by a pertussis toxin-sensitive 

G-protein (Wanke et al, 1987; Song et al, 1989), though there was conflicting evidence 

regarding the mechanism of noradrenaline's inhibition, with Song et al (1989) reporting 

a pertussis toxin-insensitive block and Schofield (1991) reporting a pertussis toxin- 

sensitive block. More recent studies investigating muscarinic and adrenergic suppression
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of have revealed the existence of multiple transduction mechanisms (Beech et al, 

1991; Bemheim et al, 1991; Beech et al, 1992; Mathie et al, 1992). Muscarinic 

inhibition of 'N ' type channels is proposed to be mediated by three pathways, two of 

which are rapid and membrane delimited and the other is slow and via a diffusable 

second messenger (Beech et al, 1992). The slow pathway is pertussis toxin-insensitive 

and voltage independent (Beech et al, 1992) and is blocked by BAPTA in the recording 

pipette (Bemheim et al, 1992). The two fast pathways can be distinguished on the basis 

that one is pertussis toxin-sensitive and voltage-dependent, while the other is pertussis 

toxin-insensitive and is not voltage-dependent (Beech et al, 1992). Adrenergic 

suppression is proposed to be mediated via the two fast membrane delimited pathways, 

explaining the previous conflicting reports on the pertussis toxin-sensitivity of 

adrenergic receptors. Mathie et al (1992) have also demonstrated that the slow 

muscarinic pathway inhibits 'L ' type channels as well as 'N ' type channels. It is 

therefore apparent that neurotransmitters inhibit in rat sympathetic neurones by 

multiple mechanisms. Experiments in bullfrog sympathetic neurones indicate that 

neurotransmitter suppression of is similarly complicated with at least two G-proteins 

involved (Elmslie, 1992)

Functional role of

Although the role of in generating the a.h.p. in sympathetic neurones is of 

primary interest in this study, neuronal calcium currents serve many functions such as 

mediating transmitter release (Katz, 1969), controlling excitability (Tsien et al, 1988), 

and playing a role in regulating neuronal growth (Kater et al, 1988). The various 

responses generated by calcium entry also appear to be mediated by specific subtypes of 

calcium channel (Tsien et al, 1988). For example, 'T ' type channels contribute to the 

generation of regular (pace-maker) depolarizations in cardiac muscle cells (Hagiwara et 

al, 1988) and in central neurones (Llinas and Yarom, 1981; Jahnsen and Llinas, 1984; 

Burlhis and Aghajanian, 1987). 'N ' type channels have been suggested to be
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predominantly responsible for transmitter release from nerve terminals (Miller, 1987) 

since calcium influx in synaptosomal preparations is inhibited by Q-CgTx, but is 

resistant to dihydropyridines (Reynolds et al, 1986). 'L ' type channels have also been 

demonstrated to contribute to transmitter release, for example release of substance P 

from DRG neurones (Pemey et al, 1986; Rane et al, 1987), and it has been suggested 

(Himing et al,1988) that 'L ' type channels may predominate in release of large peptide 

containing vesicles from nerve terminals.

In sympathetic neurones, calcium entry via voltage activated calcium channels 

appears to have two main functions:

(1) Facilitation of transmitter release. The role of 'N ' type channels has been shown in 

rat s.e.g. neurones by inhibition by Q-CgTx and insensitivity to DHP antagonists 

(Himing et al, 1988). In addition, inhibition of I^-^ has been proposed to be the 

mechanism by which transmitters reduce noradrenaline release from sympathetic 

neurones (Starke, 1987), and adrenergic inhibition of noradrenaline release from frog 

sympathetic neurones has been shown to be mediated via inhibition of 'N ' type channels 

(Lipscombe et al, 1989).

(2) Activation of calcium-dependent potassium conductances. Such conductances have 

been proposed to play a role in spike repolarization (Adams et al, 1982a), generation of 

the a.h.p. (McAfee and Yarowsky, 1979) and modulation of firing characteristics 

(Kawai et al, 1985; Kawai and Watanabe, 1986; Goh and Pennefather, 1987).

It is this second consequence of calcium entry that will be considered in the second 

part of this chapter.

(B) Calcium-activated potassium conductances.

The first observation of a potassium conductance dependent upon intracellular 

calcium was made in human erythrocytes by Gardos (1958). Later experiments (Meech 

and Strumwasser, 1970) in Aplysia neurones demonstrated that microinjection of
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calcium hyperpolarized the cell, via an increase in potassium conductance, leading to the 

proposal of a calcium-activated potassium conductance, Such conductances

have since been reported in a variety of neurones, for example in rat sympathetic 

ganglion cells (McAfee and Yarowsky, 1979; Brown et al, 1982), bullfrog sympathetic 

ganglion cells (Adams et al, 1982a; Pennefather et al, 1985; Kuba et al, 1983), guinea- 

pig myenteric neurones (Morita et al, 1982), in central neurones (Seagar et al, 1984; 

Zhang and Kmjevic, 1986; Lancaster and Adams, 1986), and also in non-neuronal 

preparations, for example in hepatocytes (Cook and Haylett, 1985), smooth muscle cell 

(Gater et al, 1985) and skeletal muscle (Romey and Lazdunski, 1984; Traore et al,

1986).

^K(Ca) ^  peripheral ganglion cells.

In peripheral ganglion cells there appear to be at least three types of GK(Ca)’ 

can be distinguished in terms of their voltage sensitivity, their time-course and their 

pharmacological characteristics.

9 - 1-(1) In sympathetic ganglion cells a large rapidly activated Ca -activated current 

(designated 1^) has been observed (Adams et al, 1982a; MacDermott and Weight, 1982; 

Brown et al, 1983). Iç< shows a strong voltage dependence (independent of the voltage 

sensitivity of calcium channels) demonstrated by intracellular injection of Ca^"^ to 

bypass the calcium channels (Adams et al, 1982a). This current also activates and de­

activates rapidly, with de-activation being very rapid at normal resting potentials. is 

blocked by TEA, with 5mM TEA causing a virtually complete block, but has proved 

insensitive to ImM 4-aminopyridine (4-AP) (Adams et al, 1982a). Iq  is also insensitive 

to apamin (Brown et al, 1983). The single channels generating 1q  have been 

characterized (Smart, 1987) and have a slope conductance of about 200pS (using an 

external K “̂  concentration of 150mM). These channels were blocked by TEA, quinine 

and d-tubocurarine (dTC), but were insensitive to apamin. has been suggested to play
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an important role in spike repolarization (Adams et al, 1982a; Lancaster and 

Pennefather, 1987).

(2) Sympathetic neurones also possess a slowly decaying GK(Ca) generating the a.h.p. 

described at the beginning of this chapter. The current underlying this slow conductance 

has been investigated in bullfrog sympathetic ganglion cells where it has been designated 

Ia h p  (Pennefather et al, 1985), and showed the following characteristics:

(a) The current was activated by either action potentials recorded using a 'hybrid 

clamp' technique which switched from current clamp to voltage clamp immediately 

following an action potential, or by depolarizing voltage commands in voltage-clamped 

neurones.

(b) Decay of ly^yp slow (time constant approximately 200-300ms) and was 

independent of voltage over a wide range of membrane potentials.

(c) Calcium dependence was shown by removal of Ca^ .

(d) The current was insensitive to TEA but was reduced by apamin.

Other studies have also indicated inhibition of this slow (Kawai

and Watanabe, 1986), dTC (Nohmi zmd Kuba, 1984), hexaméthonium (Kawai et al, 

1985) and leiurotoxin I (Goh et al, 1992a). Partially purified charybdotoxin has been 

shown to block I ^ y p  (Goh and Pennefather, 1987), though a later study using low 

concentrations of a more highly purified sample of charybdotoxin demonstrated a 

selective block of 1^ (Goh et al, 1992a).

It has also been suggested (Goh and Pennefather, 1987) that the time-course of 

Ia h p  controlled by intracellular calcium (see below).

The single channels underlying I^H P sympathetic neurones have not been 

described, but the channels generating a similar current in cultured rat skeletal muscle 

have been observed (Blatz and Magleby, 1986) and have a single channel conductance 

of 10-14pS with the necessary properties to account for the a.h.p., for example high 

calcium sensitivity and block by apamin.
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(3) Another type of been observed in myenteric ganglion cells (Hirst et al,

1985) which has a slow activation and lasts several seconds (much longer than the a.h.p. 

described above). This current is insensitive to dTC and low concentrations of TEA 

(North and Tokimasa, 1987) but is blocked by 4-AP (Hirst et al, 1985).

The available evidence suggests that the a.h.p. of rat sympathetic neurones is most 

likely to be generated by a current comparable to the slow (^AHp) bullfrog

sympathetic neurones. The rest of this chapter will therefore concentrate upon this 

subtype of although the other types are mentioned where relevant.

Calcium dependence of

Although the calcium dependence of the a.h.p. has been established, there still 

remains the question of where the calcium that activates the a.h.p. comes from. The 

origin of the calcium was initially thought to be influx through calcium channels during 

membrane excitation, which was subsequently taken up into intracellular stores or 

extruded through the cell membrane (Meech 1978; Smith et al, 1983; Neering and 

McBumey, 1984). It has also been shown, however, that caffeine (which causes release 

of calcium from intracellular stores; Endo 1977) generated slow rhythmic membrane 

hyperpolarizations, for example in bullfrog ganglion cells (Kuba 1980; Kuba and Nishi, 

1976), suggesting that intracellular release of calcium may contribute to the generation 

of the a.h.p. Further experiments (Kuba et al, 1983; Nohmi et al, 1983) provided 

possible evidence for this. An a.h.p. of longer duration was recorded using an electrode 

filled with Kg-citrate (originally suggested to promote intracellular release; Morita and 

Koketsu, 1980; but see below), than by using KCl filled electrodes. In addition, 

application of caffeine prolonged the a.h.p. recorded using the KCl electrode 

(presumably via release of intracellular calcium), but showed little effect when using a 

K^-citrate electrode, when intracellular release of calcium was already being initiated. 

More recent evidence suggests, however, that the action of citrate is to buffer
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intracellular thereby removing an inhibition of Mg^"^ (Robbins et al,

1992).

However, although intracellular release of calcium by caffeine can contribute to 

generation of the a.h.p. under specific experimental conditions, it does not necessarily 

imply that this mechanism occurs during normal cell activity. More conclusive evidence 

was provided by Kawai and Watanabe (1989) who showed that ryanodine (which 

inhibits release of intracellular calcium; Sutko et al, 1985) significantly shortened the 

a.h.p. in rat sympathetic neurones. Thus the origin of the calcium that activates the 

a.h.p. appears to be both influx during the action potential and release from intracellular 

stores.

There is also the question of the role of calcium in controlling the size and duration 

of the a.h.p. In bullfrog sympathetic ganglion cells, an increased calcium influx, caused 

either by increasing the number of action potentials, or by increasing the extracellular 

calcium concentration, significantly prolonged such that the rate of decay was 

reduced (Goh and Pennefather, 1987). Peak amplitude of I^ jjP  showed a small 

increase. Similarly, when extracellular calcium was lowered, the duration of I^H P 

became shorter, with an associated increase in the rate of decay. A comparable effect of 

calcium has been observed on the slow calcium-activated potassium conductance of 

guinea-pig myenteric neurones (Morita et al, 1982) in which the mean time constant of 

decay increased from 1.5 to 6 seconds as the number of action potentials was increased 

from 1 to 6. A similar role for calcium has been described for other physiological 

systems, for example the relationship between calcium load and relaxation in frog 

skeletal muscle (Cannell, 1986).

Comparison of intracellular calcium signals with simultaneous intracellular 

recordings of membrane potentials in bullfrog sympathetic neurones (Smith et al, 1983) 

show that the decay of the a.h.p. closely reflects the decay of intracellular calcium.

Thus the available data suggests that the rate of decay of is inversely related to the 

size of the calcium load, and reflects the removal of intracellular calcium rather than the
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open time of individual channels.

Goh and Pennefather (1987) also demonstrated that pharmacological agents that 

inhibit the channels directly without any effect on the calcium current (for 

example apamin), reduce only the amplitude, without affecting the rate of decay of 

Ia h p * This therefore provides a simple method of testing whether inhibition of I ^ h P 

by pharmacological agents is direct or via inhibition of the preceding calcium current. 

Any agent which, in addition to reducing the amplitude, also increases the rate of decay 

of Ia h p  likely to do so via inhibition of 1 ;̂ .̂ Conversely any drug which inhibits 

Ia h p  without also increasing the rate of decay, probably blocks the I ^ h p  channels 

directly.

Transmitter modulation of

Compared to reports of transmitter modulation of I ^ h p  limited. I ^ h p  i"

bullfrog sympathetic ganglion cells is I reduced by muscarine (Tokimasa, 1985,

Tanaka and Kuba, 1987; Goh and Pennefather, 1987), though the effect is small

(maximum inhibition is about 30%; Goh and Pennefather, 1987) compared to

muscarine's inhibition of the M-current in the same cells (Adams et al, 1982b).
sympathetic

Muscarine has been shown to significantly inhibit a.h.p.s in bullfrog^eurones 

(Tokimasa, 1984) but this large inhibition is mainly due to a reduced input resistance 

caused by a muscarinic-induced leak current (Jones, 1985)

Goh and Pennefather (1987) also reported that inhibition of I^H P muscarine 

occurred without altering the time-course of I ^ h p  suggesting that muscarinic 

suppression of I ^ h p  bullfrog neurones is not mediated via inhibition of the calcium 

influx. This is, however, in contrast to Tokimasa (1985) who reported that muscarinic 

agonists did increase the rate of decay of Ia h P> Ibe action of muscarine on I ^ h p  

still needs to be clarified.

Inhibition of conductances by muscarine in other cells is variable. In

myenteric neurones, the slow reduced, and the a.h.p. in hippocampal
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neurones is completely blocked. Notably the a.h.p. in rat s.e.g. neurones has been 

shown to be relatively insensitive to muscarine (Brown et al, 1986), although this has 

not been studied in detail.

Inhibition of I^ jjp  by noradrenaline in sympathetic neurones has not been reported, 

although inhibition of the a.h.p. in the rat s.e.g. is well established (Horn and McAfee, 

1979). Since this inhibition is accompanied by a comparable inhibition of the calcium 

spike (Horn and McAfee, 1979) and inhibition of has been demonstrated (see 

earlier) it is likely that inhibition of the a.h.p. current in the rat s.e.g. is via inhibition

ofICa-

Functional role of I^HP*

The principle effect of is the generation of the after-hyperpolarization, which 

reduces neuronal excitability following action potentials. The effect this has on firing 

characteristics is most clearly illustrated by the use of pharmacological agents to block 

Ia h p * ^Oh and Pennefather (1987) demonstrated that block of I^ jjp  in bullfrog 

neurones by dTC increased the number of spikes evoked during current commands in 

current-clamp, and also increased the time over which adaptation occurred. Similar 

observations have been made on the a.h.p. in the rat s.e.g. using hexaméthonium 

(Kawai et al, 1895) and apamin (Kawai and Watanabe, 1986). It was also shown that 

apamin prevented transmission failure to submaximal stimuli during the a.h.p., and it 

was concluded that the function of the a.h.p. was to suppress subsequent activity 

following an initial action potenticd (Kawai and Watanabe, 1986).

Aims of this thesis.

The a.h.p. of rat sympathetic neurones has been characterized, and its role in 

controlling cell excitability, and modulation by neurotransmitters previously shown (see 

earlier). The general aim of this thesis is to investigate the currents underlying the a.h.p.
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in the rat s.e.g. and to study the pharmacological modulation of these currents. In order 

to achieve this, the calcium current, and the potassium current underlying the a.h.p. 

were recorded separately under voltage-clamp. More specifically, the objectives of this 

project were as follows:-

(1) To record Iç.^, investigate suppression by noradrenaline and to determine what 

subtype of adrenoceptor is responsible for mediating the action of noradrenaline. 

Investigation of calcium-dependent potentials suggested an (̂ 2-receptor (McAfee et al,

1981), but at the time the experiments in this project were performed, this had not been 

confirmed for I^^  ̂recorded in isolation. Furthermore no detailed evaluation of agonist 

and antagonist potencies has been attempted, and investigation in this project was 

considered relevant since the receptor mediating suppression of 1(2^ in other preparations 

does not in all cases conform to classical (%2-receptors. This is considered further in 

chapter 4.

(2) To record the current underlying the a.h.p. and characterize the properties of this 

current. It is important to be able to distinguish the current from the other potassium 

currents present in sympathetic neurones. The current underlying a similar a.h.p. in 

bullfrog sympathetic neurones (I^^jjp) has been characterized (Pennefather et al, 1985), 

and it is interesting to determine if the current in rat sympathetic neurones is similar.

The current underlying the a.h.p. in dissociated rat s.e.g. neurones has been recorded 

(Marrion et al, 1987), but has not been investigated in detail.

(3) Investigate the importance of calcium influx on the a.h.p. current, and to determine 

how the calcium load affects the magnitude and rate of decay of the current. Rate of 

decay of ly^jjP bullfrog neurones decreases as calcium load is increased (Goh and 

Pennefather, 1987). Does a similar relationship exist in rat s.e.g. neurones, and what 

relationship exists between calcium influx and current amplitude? It is also possible that 

intracellular release of calcium can contribute to the a.h.p. current.
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(4) To study the pharmacology of the a.h.p. current and to distinguish direct and

indirect (via modulation of calcium entry) inhibition of the a.h.p. current.

Noradrenergic inhibition of calcium-dependent potentials has been demonstrated (see

earlier), but has not been investigated using voltage-clamp to record the a.h.p. current.

The amplitude and duration of the a.h.p. itself are extremely sensitive to changes in

resting membrane potential and conductance (because the underlying current is small:

Adams and Galvan, 1986). By recording under voltage-clamp conditions, the effect that

subtle changes in steady-state membrane conductance have on the a.h.p. is avoided,

allowing clearer observation of inhibition. Similarly, any action of muscarinic

agonists can be determined. Assuming that calcium load does affect decay of the a.h.p.

current, then it should be possible to distinguish between direct and indirect inhibition of

the a.h.p. current as suggested by Goh and Pennefather (1987), thus eliminating the
after

need to record the current directlv by-passing activation of
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Chapter 2.

Methods.

A. Preparation of neurones for recording.

(1) Intact superior cervical ganglion.

Dissection of ganglia.

MaleSprague-Dawley rats (140-160g) were killed by nitrous oxide inhalation, and 

tied to a cork dissecting board. The skin over the throat was cut away, and the muscles 

around the carotid artery removed, taking care not to cause bleeding. With a fine pair of 

forceps, the carotid artery was separated from the superior cervical ganglion (s.e.g.) and 

vagus nerve, allowing the s.e.g. to be easily viewed under a binocular dissecting 

microscope (Prior). The s.e.g. was then carefully dissected free from the surrounding 

tissue and placed in freshly bubbled Krebs' solution. Under a higher magnification, the 

connective tissue sheath was removed from around the ganglion using fine forceps.

Experimental arrangements.

Recordings were carried out in a perspex bath (see Fig. 2.1A). The desheathed 

ganglia were pinned to the Sylgard (Dow-Coming)-coated base of the central recording 

chamber using fine insect pins. The s.e.g. preparation was viewed using a binocular 

microscope (Nikon) and illuminated from a light source via a fibre optic light pipe (Barr 

and Stroud).

The recording chamber was continuously perfused with Krebs' solution (freshly 

bubbled with 95% 0 2 /5 % CO2) at a rate of 5-10 ml/min, under gravity feed from 50ml
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reservoirs above the recording bath. Drug solutions were placed in these reservoirs, and 

selected by the use of three-way taps. Care was taken not to cause fluctuations in the 

flow rate, or to introduce air bubbles into the chamber; both these could adversely affect 

recording conditions. The superfusing solution was removed by a peristaltic pump 

(Watson-Marlow 5025) and either re-circulated, or put to waste as appropriate. Removal 

of superfusing solutions was carried out at a rate sufficient to maintain a fluid depth of 

2-3mm in the chamber. The earth reference electrode, consisting of a silver/silver 

chloride pellet (Clark Electromedical Co), was housed in a small side chamber adjacent 

to the central recording chamber. Junction potentials were not compensated.

Experiments were normally carried out at room temperature (20-25®C), but when 

ambient temperature fell below this, or the effect of changed temperature was 

investigated, the temperature was regulated using a heat-exchange unit (designed by 

C.Courtice and J.V.Halliwell).

(2) Dissociated s.c.g. neurones.

Tissue culture.

Ganglia were isolated from 16-17 day old Sprague-Dawley rats, killed using nitrous 

oxide as described previously, and placed in L-15 medium (Gibco) kept on ice. The 

ganglia were desheathed, taking care to remove all connective tissue, and cut into 

several pieces using iridectomy scissors. The pieces were then transferred into 2 ml 

Hanks (Ca^*^ and Mg^“̂  free) saline (Gibco) containing 315 )ug/ml collagenase (type 

lA, Sigma) and 6 mg/ml albumin (Sigma), for incubation at 37®C for 15 minutes. The 

incubation was terminated by removing the medium and washing with 2 ml 

unsupplemented Hanks (Ca^*^ and Mg^"^ free) saline. This was then removed and the 

tissue incubated in a further 2 ml Hanks (Ca^"*” and Mg^"^ free) saline with 2.5 mg/ml 

trypsin (Sigma) and 6 mg/ml albumin for 30 minutes. The enzymatic incubation was
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terminated by addition of 1 ml of growth medium. The pieces of tissue were then 

mechanically titurated through glass pasteur pipettes. The pipettes had previously been 

heated over a flame to constrict their tips to a diameter just sufficiently large to allow 

the pieces of ganglia to pass through. Usually two pipettes were used, the first having a 

slightly larger tip diameter than the second. The tissue suspension was [triturated through 

each pasteur pipette 4 times. The resulting cell suspension was centrifuged through 5 ml 

Horse serum (Gibco) at 1000 r.p.m. for 3 minutes. The supernatant was removed, and 

the pellet resuspended in growth medium (0.3 ml per plate); several drops of the 

suspension were put into the centre of plastic culture plates (Cell Cult) which had been 

previously coated with laminin (Sigma) to encourage adherence of the cells to the plate.

The dissociated s.c.g. neurones were maintained in culture using a growth medium 

consisting of L-15 medium supplemented with 10% foetal calf serum (Gibco), 0.2 mM 

glutamine (Gibco), 0.6% (w/v) D-glucose (B.D.H.), 0.19% (w/v) NziHCOg (B.D.H.), 

lOO^g/ml penicillin-G , lOO^g/ml streptomycin (Gibco) and 1 pg/ml nerve growth 

factor (mouse; Sigma). The cells were kept at 37°C in an atmosphere of 5% CO2 and 

high humidity to prevent evaporation from the growth medium. On the day following 

dissociation, a further 1 ml of growth medium was added to cover each plate, and every 

following 3 days, 0.5 ml of the medium was removed by aspiration and replaced with 

fresh medium. In this way, cells could be successfully maintained in culture for many 

days.

The s.c.g. neurones usually adhered to the laminin coated plate within 4 hours of 

dissociation, and at this time appeared spherical. By the following day, the neurones 

showed characteristic multipolar appearance with neuritic processes which continued to 

grow over several days. Fig. 2.2 shows photographs taken of s.c.g. neurones 1 day and 

4 days after dissociation. Investigation of calcium currents was carried out on neurones 

no more than 2 days after dissociation, since the growth of the neuritic processes 

severely hindered voltage control of the neurones resulting in poor space-clamp (see 

later). In an attempt to reduce neuritic growth, the amount of nerve growth factor in the 

medium was reduced, but this appeared to be of little help. In contrast, neurones were
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left in culture for at least 3-4 days before the study of I ^ h P* size of the recorded 

current increased over this time; the current was usually too small to use until 3 days 

after dissociation.

Experimental arrangements.

Plates of neurones were secured in the perspex recording bath, illustrated in Fig.

2. IB, and placed on the stage of an inverted microscope (Nikon TMS, lOx eyepiece

with lOx and 40x objectives). The culture plate was continuously perfused under gravity
the perfusate

feed from reservoirs at a flow rate of 5-10 ml/min, and re-circulated or disposed of by 

a Watson-Marlow 5025 peristaltic pump. The stainless steel inflow and outflow tubes 

were adjusted so that the neurones were covered at a constant depth of l-2mm, the 

outflow tube being kept firmly against the side of the dish to prevent constant surging of 

the level of the Krebs' solution. The temperature of the superfusion medium was 

regulated, when necessary, by a heat exchange unit (see above), otherwise experiments 

were carried out at room temperature (20-25°C). The Krebs' solution in the bath was 

connected to the reference electrode using an agar bridge. This consisted of a 1.5mm 

glass tube, containing 4% agar in 3M KCl solution. The reference electrode was a 

silver/silver chloride pellet set in a louer fitting (Clark Electromedical Co), in a chamber 

containing 3M KCl.

B. Composition of external solutions.

(1) Calcium currents.

The normal Krebs' solution for recording was of the following composition 

(mM): NaCl (96), KCl (4.8), KH2PO4 (1.18), MgSO^ (1.2), CaCl2 (2.5), NaHCOg 

(25), glucose (11), TEACl (20), CsCl (2). The Krebs' solution was continuously
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bubbled with a mixture of 95% O2, 5% CO2, and the pH adjusted to 7.4 using NaOH 

or HCl as appropriate. Tetrodotoxin (TTX; 0.5/xM) was routinely added to the Krebs' 

solution to block the sodium current

In experiments where Ca^"*” was omitted, the concentration of was, in some

experiments, raised to lOmM (to minimize voltage shifts due to changes in surface 

potential (Blaustein and Goldman, 1968). However, since this concentration of Mg^“*”
9 _i_partially suppresses (see Results), the concentration of Mg^"^ was raised in an 

equimolar manner to replace Ca "̂*" in other experiments. This did not affect the results.

To prevent precipitation of insoluble salts during investigation of inorganic blockers, 

MgSO^ and KH2PO4 were replaced by MgCl2 and KCl respectively.

(2) Potassium currents.

The normal Krebs' solution for recording was as follows (mM): NaCl (118),

KCl (4.8), KH2PO4 (1.18), MgS04 (1.2), CaCl2 (2.5), NaHCOg (25), glucose (11).

The pH was adjusted and the solution gassed as described above. Câ ~*’-free Krebs' was

modified by raising Mg^~^ to 10 mM (see above). In experiments where high potassium 
'and KH2PO4 was omitted, giving an initial K +  concentration of 4.8mM. 

Krebs' solution was used, the K'*' concentration was increased by addition of KCl/\

0.5/liM TTX (which blocks I^^) and 5mM TEA (which reduces outward currents) were

sometimes added to improve voltage-clamp during the depolarizing voltage commands

used to evoke I^ jjP -

C. Electrophysiological recording.

(1) Preparation of electrodes.

Impalement electrodes.

Impalement electrodes were constructed from boro-silicate fibre-containing capillary
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glass (1.2mm outside diameter, Clark Electromedical Instruments) using a Brown- 

jFlaming horizontal micropipette puller (Sutter Instruments). The electrodes were 

designed to have a short rigid shank, to enable electrodes to easily impale neurones 

rather than bending or breaking on contact. The micro-electrodes were filled with 4M 

potassium acetate (titrated to pH 6.9 using acetic acid), resulting in d.c. resistances of 

50-100MQ. Electrodes which had higher resistances, or which showed a varying 

resistance (indicating blocking of the electrode) were rejected. All electrodes were 

dipped in dimethlydichlorosilane (silane) to prevent creep of the Krebs' solution up the 

outside of the electrode, reducing electrical capacitance. Electrodes were connected to 

the amplifier headstage via a chlorided silver wire.

Whole-cell electrodes.

Whole-cell electrodes were constructed from boro-silicate fibre-containing capillary 

glass (1.5mm outside diameter, Clark Electromedical Instruments) using a two-stage 

horizontal micropipette puller (Campden Instruments Limited). Electrodes were coated 

with Sylgard (Dow-Coming) to reduce capacitance, and were heat-polished to aid the 

formation of high-resistance seals. For recording of potassium currents, whole-cell 

electrodes were usually filled with the following solution: KGluconate (120mM), KCl 

(50mM), MgCl2 (ImM), Hepes (5mM), NaOH (3mM), Na2ATP (ImM), at pH 6.9 

(free Ca^“*” < lOnM). For some experiments 0.5mM EGTA was included, with CaCl2 

added to give a free Ca "̂*" concentration of 100 nM.

For investigation of calcium currents, whole cell electrodes were filled with the 

following solution: CsCl (150mM), EGTA (3mM), Hepes (lOmM), NaOH (2mM), at 

pH 6.9. For some experiments, lOmM TEA was included in an attempt to reduce 

contaminating potassium currents; ImM Na2ATP and O.lmM GTP were also sometimes 

included to reduce run-down of the calcium current.

The whole cell electrodes had d.c. resistances of 4-8M0 when filled with the filling 

solutions described above.
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(2) Impaiement and whole-cell patch formation of neurones.

Impalement electrodes were fastened to a perspex rod and lowered into either the 

intact ganglion or towards a cultured neurone by a 3-dimensional hydraulic 

micromanipulator (Narishige). Electrodes were set at vertical for the intact s.c.g., and at 

about 45® for dissociated neurones; this was to allow clear visualization of the electrode 

tip with the different optics used for the different types of preparation, and had no effect 

on the actual impalement. Cells were impaled by lightly pressing the electrode tip 

against the membrane of the dissociated neurone, or the surface of the intact ganglion 

(with the optics used for intact ganglion recording, individual cells could not easily be 

visualized), and briefly over-compensating the negative capacity neutralization. To aid 

impalement, 0.2nA hyperpolarizing pulses of 0.2s duration were applied to the 

electrode. Contact with a cell was hence indicated by an apparent increase in electrode 

resistance. A successful impalement was shown by a drop in the potential recorded, and 

the development of a slow membrane capacitance. Upon impaling a cell, a 

hyperpolarizing current (up to In A) was applied and maintained for several minutes. 

This procedure appeared to promote the increase in membrane potential, resistance and 

capacitance as the membrane sealed around the microelectrode. The amount of 

hyperpolarizing current was continually reduced as the quality of the impalement 

improved. Successful impalements generally resulted in a membrane potential of -60 to - 

70mV, and an input resistance of 100-200MQ.

Whole-cell electrodes were used to gain access to the interior of neurones using the 

method of Hamill et al (1981). Electrodes were mounted in a perspex microelectrode 

holder (Clark Electromedical Instruments), and gently lowered towards dissociated 

neurones using the Narishige micromanipulator. Prior to making contact with a neurone, 

positive pressure was sometimes applied to the electrode to remove debris from the 

surface of the neurone. The electrode tip was then slowly lowered until it was touching 

the membrane of a cell; this was usually characterized by a slight increase in electrode
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resistance. Gentle suction was applied to the electrode to form a seal between the cell 

membrane and the tip of the electrode. Seal formation was characterized by a large 

increase in electrode resistance, usually of 1 to lOGfi (cells with electrode seals of less 

than IGO were rejected). Once the seal had reached a maximum, further suction was 

applied to break through the membrane; this was indicated by a sudden drop in electrode 

resistance and the development of typical membrane charging characteristics.

(3) Voltage-clamp recording.

Intracellular and whole-cell voltage-clamp recordings were made using an 

Axoclamp 2A amplifier (Axon Instruments) via a xO. 1 headstage. The amplifier was 

operated in a discontinuous (switched) 'single-electrode voltage-clamp' mode, allowing 

both voltage-recording and current passing to be performed on a time-share basis 

(Wilson and Goldner, 1975). The headstage output was viewed on an oscilloscope, and 

the gain, capacitance neutralization and phase were adjusted for optimal performance 

(see Finkel and Redman, 1984). Once correctly adjusted, the switching frequency was 

raised to the maximum possible while still allowing the electrode voltage to decay to 

zero. Switching frequency was approximately 3kHz for intracellular electrodes, and 

between 5-7kHz for whole-cell electrodes. A duty cycle of 30% current passing, 70% 

voltage-recording was used.

The headstage output was continually monitored during experiments, this being 

important because minor variations in the bath fluid level alter electrode capacitance 

(adjustment of capacitance neutralization compensated for this). Also, an increase in 

electrode resistance (common with intracellular electrodes) was detrimental to clamp 

performance, although this was more difficult to compensate for and recordings often 

had to be aborted.
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(4) Space-clamp conditions.

The electrotonic length of intact rat s.c.g. neurones has been estimated to be 1.2-2.2 

(Belluzzi et al. 1985a) suggesting that intact neurones are electrically compact. During 

dissociation, however, the dendritic processes are cleaved leaving neurones appearing 

spherical. Once dissociated neurones have adhered to the culture plate, dendritic growth 

resumes, such that the processes are far more extensive after several days in culture 

compared to 1 day. Since cells were used at both 1 day and several days following 

dissociation, space-clamp conditions were investigated for both recording conditions.

The electrotonic length of neurones at 1 day and 6 days following dissociation was 

calculated on the basis of the lumped soma, finite-length equivalent model of Rail 

(1977). Electrotonic potentials, evoked by hyperpolarizing current injections were 

recorded using whole-cell electrodes, and the passive membrane time constant, and 

superimposed faster time-constant calculated. The electrotonic length, L, was calculated 

using the following formula:

where:

t q  — passive membrane time constant

=  faster superimposed time constant (n can be any positive integer).

Calculated mean values for 'L ' were 1.2 ±  0.08 and 1.5 ±  0.05 for 1 day and 6 day 

old neurones respectively, similar to the values reported in intact neurones (Belluzzi et 

al. 1985a), and suggesting that dissociated neurones were quite compact. These values 

correspond to a recorded steady-state voltage of 55 % and 42 % respectively at the end of 

the dendrites compared to the electrode potential. Consequently, full voltage control of 

the dendrites will not be achieved, the situation being worse for I^ j^p  experiments on 

several day old neurones. This means that the relationship between membrane currents
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and potential will be distorted, and that direct quantitative comparisons between I^ jjP  

and voltage-dependence can-not really be made. Poor space-clamp was illustrated in 

experiments by badly distorted current shapes, even though the recorded voltage 

indicated adequate clamp.

(5) Data acquisition and analysis.

Membrane currents and voltage protocols were routinely recorded onto a Gould 

2400S chart recorder. This gave limited resolution, so for analysis of fast currents and 

for preparation of figures, current records from some experiments were digitized 

(typical sampling frequencies l-2kHz) on-line using a Labmaster (TL-1) DMA interface 

(Axon Instruments) and recorded on computer (Ness PC-286). The currents were 

usually filtered at 0.3KHz (for recording I^jjP^ and IKHz (for recording Iç.^) prior to 

digitizing. Acquisition, and the subsequent analysis and plotting of the digitized data 

was performed using 'pClamp' software (Axon Instruments). Curve-fitting and plots of 

analysed data were carried out using 'Graphpad Inplot' computer software (Graphpad, 

California).

D. Drugs and solutions.

The following drugs were obtained from commercial sources: Sigma Chemical 

Corporation - (-)noradrenaline (arterenol) bitartrate, (-)adrenaline bitartrate, clonidine 

hydrochloride, (-)isoprenaline hydrochloride, phenylephrine hydrochloride, yohimbine 

hydrocloride, phentolamine hydrochloride, prazosin hydrochloride, (±)propranolol 

hydrochloride, tetraethylammonium chloride, tetrodotoxin, hepes, EGTA, ATP (sodium 

salt), d-tubocurarine chloride, methacholine chloride. UK14304 (tartrate salt) was 

obtained from Pfizer.

The constituents of the Krebs' solution and other inorganic salts were obtained from
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BDH and were of 'Analar' grade.
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Fig. 2.1 Recording baths used for electrophysiological study of neurones.

A. Illustrates the bath used for the intact ganglion preparation. The ganglion was 

viewed from above.

B. Illustrates the bath used for dissociated neurones. Cells were viewed from below 

using an inverting microscope.
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Fig. 2.2 Photographs of dissociated s.c.g. neurones maintained in culture.

A. Shows neurones 1 day following culture, the typical age at which recordings of 

were made.

B. Shows neurones 4 days following culture (different plate). Recordings of

were usually made from neurones at least this age. Beyond this time neurones appeared 

similar but there was greater growth of non-neuronal cells.
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Chapter 3.

Characterization and inhibition of the calcium current.

A. Initial observations.

Introduction.

The calcium current recorded from isolated rat sympathetic neurones is 

activated at potentials positive to -35mV, and is maximal around OmV (Marrion et al, 

1987; Wanke et al, 1987; Schofield and Ikeda, 1988). Once activated, the current 

decays slowly (Schofield and Ikeda, 1988; Himing et al, 1988). Cell-attached patch 

recordings have revealed two distinct calcium channels with slope conductances of 1 IpS 

and 27pS respectively (Himing^Tal, 1988) corresponding to the 'N ' and 'L ' type 

calcium channels in chick DRG neurones (Nowycky et al, 1985). The aim of this 

section is to isolate, and record under stable conditions Iç«ĵ  from dissociated rat s.c.g. 

neurones. Since the properties of in the rat s.c.g. have already been extensively 

studied (see chapter 1), no attempt was made to dissect the components contributing to 

the current.

Methods.

Voltage-clamp recordings were made from dissociated superior cervical ganglion 

(s.c.g.) neurones, using whole-cell patch pipettes (see Chapter 2, Methods). Cells were 

selected to be spatially compact, in that they appeared spherical and had a minimal 

growth of neuritic processes. The aim of this was to maximise voltage-clamp control of 

the cells so that the recorded voltage was an accurate measure of the membrane potential 

across the whole cell.
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Cells were voltage-clamped at hyperpolarized potentials (usually -80 to -90mV), 

and calcium currents were evoked by depolarizing voltage commands to approximately 

OmV, of 0.1- 1 seconds duration. Before recordings could be made, the pipette solution 

had to fully dialyse^ witli the intracellular contents of the cell. This was assumed to be 

the point at which reached a steady amplitude, as Cs"^ ions replaced K “̂  ions. This 

usually took between 5 and 15 minutes.

Current-voltage relationships were constructed by evoking voltage-clamp commands 

to a wide range of potentials from constant holding potentials. Unless otherwise stated, 

calcium currents were measured at peak amplitude.

Results.

Fig. 3.1 shows an example of the calcium current recorded from an s.c.g. neurone, 

evoked by a voltage-clamp command to lOmV from a holding potential of -80mV. The 

calcium current is characterized by a rapidly developing inward current, which peaks 

within about 10ms, and then decays slowly during the 100ms voltage command. 

Although this decay varied between different cells, even with long depolarizations (0.5- 

1 seconds) the current relaxation rarely reached a true steady-state. Any measurements 

of 'steady-state' calcium currents were therefore arbitrarily made at the end of 0.5 or 1 

second depolarizations.

At the end of the depolarizing command, in Fig. 3.1, the membrane current rapidly 

returned to its original value. The absence of an outward tail-current following 

repolarization indicates a successful block of K"*” channels by the internal and external 

solutions used. However in many cells, slow inward tail-currents were observed. These 

were occasionally larger than the calcium current evoked during the depolarizing 

command. These tail-currents probably indicate poor voltage control, leading to 

regenerative activity in the dendrites. Alternatively they might suggest the presence of a 

Ca^"*"-dependent CT current which has been identified in other cells, for example rat
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DRG neurones where it generates an after-depolarization (Mayer, 1985). Because of 

this, cells showing large tail-currents were rejected from use in experiments.

Stability of during long experiments was variable. A constant current amplitude 

could in some cells be maintained for up to an hour, whilst in others the current ran 

down to less than 50% of its original amplitude within 20 minutes, and the variability 

was such that run-down was not possible to quantitate. Fig. 3.2 shows that stable 

currents could be maintained for sufficient time to allow investigation of However, 

the only reliable method of checking stability of during an experiment was to 

compare the current recorded at the end of an experiment with that obtained initially. 

The addition of 3mM ATP to the pipette solution failed to noticeably reduce run-down. 

A creatine phosphate/creatine phosphokinasej nucleotide regeneration system (Forscher 

and Oxford, 1985) was also tried but no successful calcium currents were recorded, 

although this was possibly due to the tip of the pipette being contaminated with the 

solution, preventing adequate seal formation.

Current-voltage relationship.

Fig. 3.3 illustrates the experimental protocol for investigating the current-voltage 

relationship of Neurones were voltage-clamped at a hyperpolarized level (-90mV), 

and subjected to increasing voltage commands, with intervals of 30s to allow for 

removal of inactivation.

From potentials of -90 to about -30mV, the voltage steps produced outward 

currents. These increased as a linear function of command potential (ohmic) from -90 to 

-70mV, but between -70 and -30mV the currents were of similar amplitude. Voltage 

commands to more positive potentials produced inward currents, peaking at around 

OmV. Increasing the voltage commands further produced progressively smaller inward 

currents until outward currents predominated. Fig. 3.3B also shows the data presented 

in the form of a current-voltage plot. The relatively positive activation of implies 

the absence of a transient (T) component of (Himing et al, 1988; Wanke et al.
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1987). The slow rate of rise of (Fig.3.1) also indicates this, but a frequent problem 

of studying the rise of in many neurones was the presence of a rapidly inactivating 

outward current, which with a similar time-course to the rise of masked the actual 

rise of The characteristics of this contaminating outward current, which was 

evoked by stepping positive from potentials negative to -50mV, and inactivated at 

holding potentials more positive than -50 mV, might indicate this current to be I^ , 

previously characterized in s.c.g. neurones (Belluzzi et al, 1985a; Galvan and Sedlmeir, 

1984; Marrion et al, 1987). Small inward currents were often observed between 

commands to -50 and -30mV (see Fig. 3.3) but it is unlikely that these currents 

represented a low threshold calcium current because this component of inward current 

was not increased in high Ca^"*” containing solution, unlike the larger inward currents 

recorded at higher potentials, and was only partially reduced by 300f jM  cadmium. 

However, T ' type currents are relatively unaffected by Cd^"*” (Fox et al, 1987a), and 

are preferentially blocked by Ni "̂*" (Fox et al, 1987a; Carbone et al, 1987). 

Consequentially, two cells were tested with 3mM Ni^"^, but again only showed a partial 

reduction of this inward current even though the calcium current recorded at OmV is 

completely blocked at this concentration (see later).

Fig. 3.3 also shows the current-voltage relationship from a holding potential of - 

50mV. The calcium current is activated at command potentials more positive than - 

30m V. Despite being very much smaller than the currents recorded from -90/ the 

shape of the current-voltage relationship is otherwise similar (other than the smaller 

inward current between -50 and -30mV.)

24-Dependence of on external Ca

Assuming that Ca^*^ is the only cation contributing to the inward current evoked, 

then removal of Câ ~*” from the external solution should eliminate the inward current. 

Fig. 3.4 illustrates a neurone subjected to a brief superfusion of Krebs' solution
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containing no added Câ ~*~. This resulted in almost total loss of the inward current.

Once the normal Ca^~*~-containing medium had been replaced, the inward current 

returned to near its control value. This implies that the current observed is due to Ca^"*” 

ions entering the cell, rather than, for example, by Na"^ ions entering via Ca^"^ 

channels.

Discussion.

The current recorded here appears similar to the calcium currents reported for 

dissociated adult s.c.g. neurones (Marrion et al, 1987; Schofield and Ikeda, 1988). 

Dependence of the inward current on external Ca "̂*" strongly suggests the current to be 

1(2^. The current was activated at potentials positive to -30 mV, and was maximal at 

about OmV, again characteristic of in s.c.g. neurones. One problem in this study 

was the large contaminating outward currents recorded during voltage commands to 

positive potentials. These were possibly potassium currents activated by depolarization 

such as the delayed rectifier (Galvan and Sedlmeir, 1984; Schofield and Ikeda, 1989) 

which may not have been completely blocked by the Cs~^ and TEA ions. The 

concentration (20mM) of TEA used was, for example, probably insufficient, since the 

EC^q for Ik(dR ) ii^hibition by TEA is at least 10 mM (Marsh and Brown, 1991). In 

addition, a rapidly inactivating outward current was occasionally observed resembling 

I ^  recorded from dissociated s.c.g. neurones (Marrion et al, 1987). 4-aminopyridine (4- 

AP) is an effective blocker of ly ,̂ but was not tested in this study.

B. Block of by inorganic ions.

Introduction.

Inorganic ions are potent calcium channel blockers in a variety of preparations
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(Hagiwara and Byerly, 1981);[this has been demonstrated in s.e.g. neurones by the 

block of by 500^M Cd^"*”; Schofield and Ikeda, 1988). Such ions can prove a 

useful tool for separating calcium current components, for example low concentrations 

of Cd^*^ selectively block 'N ' and 'L ' type currents leaving the 'T ' type current 

unaffected (Fox et al, 1987a). Low concentrations of Ni^"^ selectively inhibit'T ' type 

currents in some preparations (Carbone et al; 1987, Fox et al, 1987a; Crunelli et al, 

1989). However, these ions can not distinguish 'N ' from 'L ' type channels. Selective 

inhibition of the 'N ' type current by gadolinium ions (Gd^"^) has been suggested in 

NO 108-15 cells by Docherty (1988) who demonstrated that the Gd^*^ sensitive 

component had a time-course very similar to the 'N ' type current of s.e.g. neurones. 

Lansman (1990) however failed to demonstrate a selective action of Gd̂ "*~ in cardiac 

cells.

In this study a variety of divalent and trivalent inorganic ions were tested for their 

ability to block in dissociated rat s.e.g. neurones.

Methods.

Dissociated rat s.e.g. neurones were whole-cell voltage-clamped at about -90mV 

and calcium currents evoked by depolarizing commands to OmV. Depolarizing 

commands were usually 100ms in duration to minimise current run-down during 

experiments to determine dose-response relationships, but were occasionally increased to 

500ms, to compare peak with steady-state currents. Cells were only used if showed 

no appreciable run-down prior to addition of drug. Inorganic cations were added directly 

to the perfusion chamber, and applied until the response had reached steady-state. Dose- 

response relationships were constructed by cumulative applications of cations. Following 

each experiment, I^^ was allowed to recover fully. When using some ions, from which 

recovery was only partial or did not occur, a fresh plate of cells was used for each 

experiment.

A modified Krebs' solution was used for these experiments because of the poor
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solubility of the salts of some of the cations used. MgSO^ was replaced by MgCl2 , and 

KH2P0 4 replaced by KCl. However, at the highest concentrations used, precipitates 

were occasionally seen with some of the cations.

Results.

Divalent cations.

Fig. 3.5 illustrates inhibition of by Cd^"*”. The current is inhibited in a 

concentration-dependent manner with complete block occurring at about 300/iM. Fig. 

3.5 also indicates that Cd "̂*" did not noticeably alter the kinetics of inactivation, 

giving no indication of sub-populations of calcium channels differentially sensitive to 

Cd^ . Cd^ did however reduce the inward holding current observed at negative 

potentials in many cells (not present in Fig. 3.5). The identity of this inward current is 

uncertain; though it may be an outward chloride current was approximately 4mV) 

which has been shown to be Cd^“*~ sensitive (Selyanko, 1984).

Fig. 3.6 shows concentration-response curves to a range of divalent cations. 

Concentration-response curves were constructed by applying cumulative concentrations 

of each divalent ion, and finally adding a maximal concentration of Cd^"*" (300/xM) to 

determine the total amount of blockable current. All the divalent cations used were 

effective at blocking producing similarly shaped dose-response curves to that seen 

with Cd^"^. However, Cd^"^ was far more potent than the other divalent cations used. 

The order of potency (approximate IC^Q)in blocking peak was Cd^"*” (3.3^M), 

Cu^+ (87/xM), Zn^+ (190/iM), N i^+ (520/xM), M n^+ (580^M), Co^+ (l.lm M ), 

M g^“*” (approximately lOmM). All the divalent cations appeared to block without 

any obvious alteration in the kinetics of the current. It was noted that the block of 

by each divalent cation showed no relationship to the suppression of the steady-state 

inward current at the hyperpolarized holding potential. For example Co^"^ and Ni^"^ 

both had virtually no effect upon this current at concentrations which completely
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blocked Subsequent addition of Cd^“̂  had no further effect upon but reduced 

this holding current.

Trivalent cations.

Trivalent cations were also investigated for their ability to block I^.^. Gadolinium 

(Gd^"*”) caused a dose-dependent inhibition of (Fig, 3.7A). Gd^"^ produced a half- 

maximal block of at 2.6/xM showing it to be a potent blocker of the calcium 

current. However unlike the divalent cations which produced a complete block of 

Gd^"*" only blocked about 55% of total at concentrations of 10 to 30/xM. Higher 

concentrations had no further effect. Gadolinium also appeared to alter the kinetics of 

Ic a  relaxation. In the presence of Gd̂ ~*~ the current inactivated more rapidly than the 

control current. This is more clearly shown in Fig. 3.7B where the effects of Gd "̂*" are 

compared to Cd^"*” on the same cell. At the concentrations used, Cd^"^ had a greater 

effect on the peak current than Gd^ , but the initial rate of inactivation of the Gd^ 

resistant current is much faster than the Cd "̂*" resistant current. As a result Gd^"*” had a 

greater effect on the sustained current.

Fig. 3.8 illustrates the dose-response curves for Gd^"*”, Lu^"^ and La^~^ ions.

Their relative potency (approximate IC^q) for block of was Gd^"^ (2.6^M), Lu^“*” 

(72/xM), La^"*" (3.0mM). Whilst Gd^"^ only blocked about 55% of the current, Lu "̂*" 

reliably blocked 1 ;̂  ̂by up to 80% at 300/xM (higher concentrations formed a precipitate 

so could not be tested). La^"*” caused only a small inhibition of at concentrations of 

up to ImM. Although a greater block could be seen at higher concentrations, the results 

were very variable and were irreversible. In contrast to Gd^ , La^ did not cause any 

obvious effect upon the shape of the calcium current, although the limited resolution of 

the Gould chart recorder, used for routine acquisition of data, may have obscured any 

small effect. Lu^ increased the initial rate of current relaxation similarly to Gd^ , but 

the effect was small. The trivalent cations tested were all less effective as calcium 

current blockers than the divalent cations, and it was noted that addition of 300/liM
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Cd to maximal concentrations of the trivalent ions produced a more complete block

ofICa-

Discussion.

This study showed that inorganic cations were potent blockers of in rat s.c.g.

neurones. All the divalent ions tested produced a complete block of and did not

appear to distinguish between peak and sustained current. Block by the trivalent ions 

was less complete, particularly noticeable with Gd^ which also altered the decay 

kinetics. The similar block reported in NG108-15 cells (Docherty 1988), was suggested 

to be due to selective block of the 'N ' type current leaving the 'T ' and 'L ' currents 

intact. However, s.c.g. neurones do not show an obvious 'T ' type current, and Gd^"^ 

appears to block the sustained current more than the peak current, inconsistent with the 

preferential block of 'N ' type current in NG108-15 cells. Similarly in rat pituitary 

GH^C]^ cells, low concentrations of Gd^“*” blocked T ' and 'L ' type currents 

preferentially to 'N ' type channels (Biagi and Enyeart, 1990).

It is not clear why Gd^ altered the decay of and may be due to an alteration 

in the inactivation properties of a single subtype of channel. Alternatively, it has been 

suggested that Gd^"^ preferentially blocks open channels (Biagi and Enyeart, 1990), 

such that greater block of the sustained current reflects entry and block of the calcium 

channels by Gd^"*" during the voltage command.

This study also revealed the probable identity of the large inward current at 

hyperpolarized holding potentials as the chloride current identified by Selyanko (1984) 

in s.c.g. neurones. Similarly to the current recorded by Selyanko, the steady-state 

current observed here was blocked by Cd^“̂  but resistant to Co^"*”. Since there was no 

correlation between the block of 1̂ ^  and the holding current, it is unlikely that there is 

any link between the two effects of inorganic cations observed in this study.
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C. The effect of noradrenaline on 

Introduction.

Inhibition of calcium currents in the rat s.c.g. was originally suggested by Horn and 

McAfee (1979) who demonstrated that noradrenaline antagonised the calcium spike, 

along with other calcium dependent potentials via an action on «-receptors (see chapter 

4). recorded from voltage-clamped intact s.c.g. neurones, was subsequently shown 

to be suppressed by noradrenaline (Galvan and Adams, 1982). Inhibition was shown to 

occur without any obvious change to the voltage dependence, and appeared to be due to 

suppression of I^^ rather than activation of an outward current (Galvan and Adams,

1982).

Suppression of Iq^ has more recently been reported in dissociated s.c.g. neurones 

(Song et al, 1989; Schofield, 1990) and it appears that inhibition is selective for the 'N ' 

type current, since dihydropyridine (DHP)-induced tail currents are unaffected 

(Plummer et al, 1991). Investigation of noradrenaline's suppression of I^^  ̂in various 

neurones has also revealed, as with other transmitters, the time-course of activation of 

Iç.^ is slowed, for example in chick DRG neurones (Marchetti et al, 1986).

The aim of this study is to investigate the effects of noradrenaline on Î -.̂  in rat 

s.c.g. neurones and to determine any changes to the voltage dependence and activation 

kinetics.

Methods.

Voltage-clamp recordings were made in the absence and presence of noradrenaline. 

Cells were only used provided the calcium current showed little or no run-down during 

several consecutive control records before addition of noradrenaline. The application of 

noradrenaline was maintained for at least 1 minute to allow the response to stabilise. 

Where appropriate, leak subtraction was performed by subtracting the current remaining 

following addition of high concentrations of Cd^"^ (usually lOOfiM) from the currents
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recorded in the presence and absence of noradrenaline. The currents illustrated in the 

figures have not been leak subtracted unless otherwise stated.

Results.

Noradrenaline was a potent and reversible inhibitor of the calcium current in s.c.g. 

neurones. Fig. 3.9A illustrates current records from an s.c.g. neurone. Addition of l^M  

noradrenaline to the superfusing solution caused a rapid reduction of the peak amplitude 

of 1(2^. Maximal inhibition was observed within 1 minute of noradrenaline being added, 

the time taken for noradrenaline to reach and fill the bath accounting for this delay. 

Following removal of noradrenaline the response was fully restored. Also shown is the 

complete block of by 100/xM Cd^"^. Noradrenaline reduced the amplitude of the 

calcium current in all cells tested, although the extent to which the current was inhibited 

was variable (mean inhibition by lO^M = 51.2 ±  2.4%, n =  16). Noradrenaline had no 

effect on the residual outward current following block of by Cd^"*", indicating that 

the apparent inhibition of 1̂ ;^ by noradrenaline was genuine rather than representing the 

appearance of an outward current activated by the depolarizing voltage commands in the 

presence of noradrenaline.

Although noradrenaline reduced the amplitude of the peak calcium current, the 

effect of noradrenaline on the shape of the current trajectory during the voltage- 

command was variable. Fig. 3.9 illustrates two different types of response obtained. 

Some cells gave a response to noradrenaline which showed inhibition of the peak current 

but with little change to the time of peak current (Fig. 3.9A). Fig. 3.9B illustrates 

calcium currents recorded from another cell under the same conditions showing a 

different response where, in addition to reduction of peak current, the time at which 

peak current occurs is visibly delayed with a slowed rate of rise of Most cells 

showed responses which varied between the two extremes shown here.

The effect of noradrenaline on the time-course of the calcium current was
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investigated further. Fig. 3.10A shows calcium currents recorded in the absence and 

presence of 1/iM noradrenaline illustrating the slowed activation of the peak 

current being delayed from 12 to 70ms. Fig. 3.1GB shows the same data plotted as log 

amplitude current against time. The rise of the calcium current in the absence of 

noradrenaline was fitted to a single exponential with a time constant (r) of 1.7ms. In the 

presence of noradrenaline the rise of the calcium current was fitted to two exponentials, 

a fast component (r=  2.1ms) and a slow component ( r=  16.8ms).

During longer voltage commands it was also noticed that noradrenaline often caused 

greater inhibition of peak calcium current than the steady-state current although this was 

difficult to quantify because the time-course of calcium current relaxation often varied 

during an experiment.

Effect of membrane potential.

Current-voltage curves were constructed in the absence and presence of 

noradrenaline to determine any effect of noradrenaline on the voltage dependence of 

Fig. 3.11 illustrates records from an experiment in which the effect of l^M  

noradrenaline on at different command potentials was investigated. Fig. 3.1 IB 

illustrates the data shown in A as a current-voltage relationship. In the absence of 

noradrenaline, the leak current was linear at potentials between -130 and -80mV. At 

more positive potentials a small inward current was observed (see earlier). The calcium 

current was activated at potentials more positive than -30mV and reached a peak at 

OmV. Addition of noradrenaline had no effect upon the leak current, or the small inward 

current, but inhibited I(--  ̂at all potentials between -30mV and 30mV. There was no 

obvious selectivity by noradrenaline on any part of the current-voltage relationship 

between these potentials, although maximum inhibition was observed around OmV. 

Above +30mV, noradrenaline appeared to produce very little effect but this was 

difficult to determine accurately because of the large contaminating outward currents.
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The effect of noradrenaline on at different holding potentials.

Fig. 3.12 shows calcium currents evoked by commands to lOmV from holding 

potentials of -80 and -40mV in the absence and presence of l^M  noradrenaline. The 

calcium current recorded under these conditions shows considerable inactivation at a 

holding potential of -40mV, particularly the loss of an initial rapidly decaying 

component. At both holding potentials, however, noradrenaline inhibited a similar 

proportion of the recorded calcium current, although the slowing of the calcium current 

rising phase was more pronounced at the holding potential of -40mV. In similar 

experiments performed at holding potentials of -90 and -40mV the proportion of 

inhibited by 1/iM noradrenaline was 60.5 ±  1.6% and 57.7 ±  1.6% (mean ±  s.e.m., 

n=3) respectively. Fig. 3.12B also shows steady-state inactivation curves obtained in 

the absence and presence of noradrenaline. At each holding potential, noradrenaline 

blocked almost the same proportion of current.

Duration of inhibition by noradrenaline.

The effect of a prolonged single application of noradrenaline was investigated. This 

was important because of the method used to construct dose-response curves for 

noradrenaline by cumulative additions (see chapter 4). In order for this method to be 

suitable, the inhibition by noradrenaline needed to reach a maximum rapidly and then

show no fading of response for at least ten minutes (the time taken to construct a
i  curve

complete dose-respons^for noradrenaline). Fig. 3.13A shows peak I^.^ plotted against 

time for a voltage-clamped neurone, with noradrenaline producing maximal inhibition of 

ICa within one minute . The application of noradrenaline was maintained for 30 minutes 

with very little fading of response, but with recovery following removal. It therefore 

seems valid to construct dose-response curves by cumulative additions.

Even when the calcium current ran down, it was possible to obtain reproducible
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responses to brief applications of noradrenaline.. Fig. 3.13B illustrates the inhibition by 

noradrenaline on calcium currents recorded 25 minutes apart. A small decrease with 

time was noticed, but this could be due to deterioration of the cell rather than any 

alteration to the receptors or transduction pathway involved. Run-down of the current 

during long experiments was therefore not a problem provided that the current was still 

measurable and that adequate control records of were made prior to each addition of 

noradrenaline.

Discussion.

The inhibition of observed in this study confirms the inhibition of calcium 

action potentials reported by Horn and McAfee (1979), and the inhibition of 

described by Galvan and Adams (1982), and is also consistent with the inhibition more 

recently described in acutely dissociated s.c.g. neurones (Schofield, 1990). The current- 

voltage relationship indicated that noradrenaline did not alter the threshold for activation 

of and that inhibition occurred at all potentials up to around -l-40mV. At higher 

command potentials, the contaminating outward currents hindered investigation, but 

inhibition by noradrenaline appeared to be negligible, consistent with the suggestion by 

Bean (1989b) that strong depolarization removes inhibition of (see below for 

discussion of models of transmitter action). Similarly, it has been reported that the size 

of modulated calcium currents is increased by preceding the command pulse with a 

positive conditioning pre-pulse (Grassi and Lux, 1989, Elmslie et al, 1990). Inhibition 

by noradrenaline was also independent of the holding potential, with steady-state 

inactivation curves appearing similar under both control conditions and with 

noradrenaline present. This is in contrast to frog sympathetic neurones, where very little 

inhibition was observed from a holding potential of -40mV, indicating the selective 

inhibition of ’N' type channels (Lipscombe et al, 1989). However, the action of 

noradrenaline observed here agrees with Schofield (1990), and it has been suggested that 

both 'N ' and 'L ' type channels show similar steady-state inactivation (Wanke et al.
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1987) such that investigation of steady-state inactivation would be unlikely to reveal 

selective inhibition of either 'N ' or 'L ' type currents.

The other observed action of noradrenaline was the slowing of the calcium current 

rising phase. The same effect was observed by Schofield (1990) and has been reported 

in a variety of neurones. It is possible that this slowing of the rise of represents the 

unmasking of a slowly activating 'L ' type component which is relatively resistant to 

noradrenaline. However most available evidence suggests a different mechanism by 

which the slow rise of is caused by a time and voltage dependent recovery of 

inhibited channels of a single HVA component (see below).

Bean (1989b) proposed a model in which calcium channels can exist in either 

'willing* or 'reluctant' states, which are in equilibrium with each other. Channels in the 

'willing' state are opened by moderate depolarizations, while channels in the 'reluctant' 

state are unlikely to be opened by moderate depolarizations and require large 

depolarizations to open. In the absence of transmitter most channels are in the 'willing' 

state, and therefore open easily upon depolarization. However, in the presence of 

transmitter, the equilibrium is shifted to the 'reluctant' state so that upon depolarization 

fewer channels open. Strong depolarization still cause all the channels to open, this 

explaining the small inhibition noticed above 4-40mV. In addition, this model also 

explains the slow rise of I^-^ in the presence of transmitter. Following a moderate 

depolarization, all the 'willing' channels are opened, so that channels in the closed 

'reluctant' state are converted to the 'willing' state to maintain the equilibrium, thus 

themselves becoming available for activation, and therefore increasing total current with 

a time-course that represents the conversion from 'reluctant' to 'willing' states. The 

results obtained in this study are consistent with this. Under control conditions there is a 

single fast component of the rise of I^^  ̂ ( r=  1.7ms) representing the opening of channels 

from the 'willing' state. In the presence of noradrenaline there are two components, a 

fast component (r=2.1m s) representing the opening of channels from the 'willing' state, 

and a slow component (t= 16.8ms) representing conversion from the 'reluctant' to 

'willing' state and subsequent activation. This model therefore explains both the voltage
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dependence of inhibition and the slowing of the rising phase observed in this study.

Other similar mechanisms for the action of neurotransmitters on have been 

suggested indicating that a G-protein subunit interacts in a voltage-dependent manner 

with a closed state of the channel to give a closed-inhibited conformation, the two states 

equilibrating in a time and voltage dependent manner during depolarizing commands 

(Grassi and Lux, 1989; Kasai and Aosaki, 1989, Carbone and Swandulla 1989). The 

role of G-proteins has been demonstrated by the similarity of inhibition by|GTP-if-S 

compared with neurotransmitters (for example. Dolphin and Scott, 1987; Wanke et al, 

1987, Ikeda and Schofield, 1989; Grassi and Lux, 1989) , and the involvement of G- 

proteins in the noradrenergic suppression of has been established (Schofield, 1990 

for example). A model has been proposed (Carbone and Swandulla, 1989; Swandulla et 

al, 1991) which suggests that under control conditions, the calcium channel opens and 

closes in a simple voltage dependent manner. In the presence of transmitter, the 

receptor/G-protein complex couples to the channel inhibiting current flow during 

depolarization. Once depolarized, charged groups of the G-protein re-orientate, leading 

to a relief of inhibition so that the channels open, the time this takes causing the 

apparent slowed activation. In addition, larger depolarizations will cause greater 

dissociation of the G-protein from the channel, consistent with the reduced inhibition at 

higher command potentials observed in this study.

Both the models described above adequately account for the inhibition of Iç-̂  ̂

investigated in this study, though these models may both be oversimplified now that it 

has been established that there are multiple modes of 'N ' type channel activity in 

sympathetic neurones (Delcour et al, 1993; Rittenhouse and Hess, 1994). It has been 

demonstrated in bullfrog neurones that noradrenaline decreases high-P^ behaviour whilst 

increasing low-P^ behaviour (Delcour and Tsien, 1993) suggesting that 

neurotransmitters act by altering the balance between the different modes, though this is 

still consistent with a willing-reluctant hypothesis. It remains to be seen how 

neurotransmitters effect the multiple modes of 'N ' type channels observed in rat s.c.g. 

neurones, and it is likely that this will prove valuable in determining the mechanism of
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noradrenaline's inhibition of
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Fig. 3.1 Calcium current recorded from an s.c.g. neurone.

Membrane currents recorded from a dissociated s.c.g. neurone during depolarizing 

voltage commands from a holding potential of -80mV. Upper records, voltage; lower 

records, current. The records on the left show a voltage command (V^«) to a 

subthreshold potential for activation of (-40mV). The records on the right show a 

Ccdcium current evoked by a command to +  lOmV (the clamp potential at which the 

largest inward current was observed in this cell).
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Fig. 3.2 Stability of during long experiments.

Records obtained at the times shown illustrating stability of during long 

experiments. Currents were evoked by 100ms voltage-commands to OmV from a 

holding-potential of -90mV with intervals of 30s between commands. The first record 

shown was obtained approximately 12 minutes after formation of the whole-cell patch, 

once the cell had dialyzed with the whole-cell pipette solution. Initial holding current 

was -0.04nA.
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Fig. 3.3 Current-voltage relationship for an s.c.g. neurone.

A. Membrane currents recorded during lOOmS depolarizing voltage commands from a 

holding potential of -90mV (above) and -50mV (below).

B. Current-voltage plot of the records shown in A (# V y  -90;O V jj -50). The data 

presentedhavebeen leak subtracted by extrapolation of the leak current at potentials 

negative to activation of the calcium current, assuming that the leak was a linear 

function of potential (probably not true at positive command potentials).

Measurements were made of initial current. This is illustrated on current records at -40, 

0 and 4-60mV in A., where the current measured is indicated by a dashed line.
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Fig. 3.4 Dependence of the calcium current on extracelullar calcium.

Calcium currents recorded from an s.c.g. neurone clamped at -80mV and evoked by 

jumps to OmV showing records (a) before and (b) during perfusion with Ca^"*” free 

Krebs' solution, and (c) after return to normal Krebs' solution.
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Fig. 3.5 Effect of cadmium on the calcium current.

Superimposed calcium current records (V y=-80, V^«=OmV) showing the 

inhibition of by cumulative additions of CdCl2 (control current, 0.03, 0.1, 0.3, 1.0, 

3.0, 10, 30, 100, 300^M Cd^“*”). Recovery from Cd^"^ was not recorded.
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Fig. 3.6 Inhibition of by divalent cations.

Dose-response relationships for the inhibition of by cadmium (n = 4 ,B ), copper 

(n = 3 ,0 ) , zinc (n = 3 ,# ) , nickel (n = 4 ,4 ) , cobalt (n=3 ,D ), and magnesium (n=3,A ). 

The curve for manganese is omitted for clarity, but had a half maximal block of at 

580^M (n=3). Data represents mean ±  s.e.m.
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Fig. 3.7 Effect of gadolinium on

A. Calcium currents (Vjj=-80mV, V(^=OmV) recorded before and after addition of 

increasing concentrations of gadolinium (Gd^'*’).

B. Calcium currents (Vjj=-80mV, V(^=OmV) recorded from another cell comparing 

the effects of Gd^*^ with Cd^~^. The records illustrate responses obtained before and 

after addition of 10/iM Gd^"^, and following recovery, subsequent addition of 2/xM 

Cd2+.
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Fig. 3.8 Inhibition of by trivalent cations.

Dose-response relationships for the inhibition of by gadolinium ( ■ ) ,  lutetium 

( A ) and lanthanum ( •  ). Complete block of l^^  ̂was induced by 300/iM Cd^"*” in each 

experiment. Measurements were of peak current and data is presented as mean ±  s.e.m 

(n=4 for all data except for 10 and lOOmM La^“*” where n=3).
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Fig. 3.9 Inhibition of by noradrenaline.

A. Calcium currents recorded from a voltage-clamped s.e.g. neurone (V jj=-90, 

Vjj=OmV) showing the inhibition of by 1/xM noradrenaline. Also shown is the 

complete block of 1 -̂  ̂by lOO^M Cd^"*".

B. Inhibition of Iç-^ (V jj=-90, Vy=OmV) by l^M  noradrenaline illustrating a 

different response than that in A, in that the time of peak inward current is clearly 

delayed by noradrenaline.
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Fig. 3.10 Effect of noradrenaline on rising phase.

A. Calcium current records during 100ms commands to 0 from -80mV in the absence 

and presence of 1/xM noradrenaline, illustrating the slowing of the rise of by 

noradrenaline.

Note that noradrenaline also shortens the tail-current.

B. Semi-logarithmic plot of amplitude against time for the records shown in A. 

Data was fitted by least-squares regression analysis. The control values (#) give a time 

constant (r ) of 1.7ms for the rise in The noradrenaline data is best fitted by the 

sum of two exponentials, a fast component (□ ) of 2.1ms and a slow component (■ ) of 

16.8ms.
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Fig. 3.11 Effect of noradrenaline on the current-voltage relationship.

A. Calcium currents recorded from a voltage-clamped s.e.g. neurone during 

commands to the potentials indicated from a holding potential of -90mV in the absence 

(above) and presence (below) of 1/xM noradrenaline.

B. Current-voltage relationship from the calcium currents shown in A. Measurement 

was made of peak current, and the plot illustrates absolute current with no leak 

correction applied.
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Fig. 3.12 Effect of noradrenaline at different holding potentials.

A. Calcium current records evoked by commands to OmV from two different holding 

potentials (-80mV, above; and -40mV, below) showing the effect of 1/xM 

noradrenaline. The records have been leak subtracted using records obtained in the 

presence of Cd^"^.

B. Effect of noradrenaline on the steady-state inactivation of the calcium current. 

Records were obtained by commands to OmV from a range of holding potentials in the 

absence and presence of I f i M  noradrenaline (same cell as above). One minute was 

allowed at each potential to attain steady-state. Currents were leak subtracted using 

lOOjtM Cd2+.
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Fig. 3.13 Calcium current inhibition by sustained and repeated application of 

noradrenaline.

A. Calcium current amplitude plotted against time. 1/xM noradrenaline was present 

during the time indicated. Data has been leak subtracted using records obtained, at the 

end of the experiment, in the presence of Cd^“*". The calcium currents shown are the 

uncorrected records obtained at the times indicated.

B. Inhibition of the calcium current by repeated application of noradrenaline with an 

interval of 25 minutes between the two sets of records. Although the current has 

partially run down a similar proportion (51% and 45 % respectively) of current is 

blocked by noradrenaline.

Records show (a) control current, (b) suppression by l^M  noradrenaline, (c) complete 

block with 100fiM  Cd^"*”, (d) recovery.

86



A.

,0

u

(T3
U  0.5

time (mins) 
4

r

35 45

0.5nA

0.0

l^M  noradrenaline

10 20 30
time (mins)

40 50

B.

J r r -

(a) (b) (c) (d)

r

(a) (b) (c) (d)

0.5nA

87



Chapter 4.

Pharmacology of noradrenaline's suppression of 

Introduction.

The species of adrenoceptor responsible for mediating the effect of noradrenaline on 

the calcium current has been pharmacologically evaluated in various neurones (see 

below). The high potency of noradrenaline's inhibition of observed in the previous 

chapter suggests that noradrenaline too acts via a specific adrenoceptor in rat s.e.g. 

neurones.

Adrenoceptors have been divided into subtypes based on their pharmacological 

characteristics, the initial differentiation into a -  and fi-subtypes being described by 

Ahlquist (1948). Subsequent studies divided 15-receptors into 15̂ - and 152-receptor 

subtypes (Lands et al, 1967), and a-receptors into a j -  and (%2-subtypes (Langer, 1974; 

Berthelson and Pettinger, 1977; and more convincingly by Starke and Langer, 1979).

Previous investigations of the calcium current in neurones have shown that 

inhibition by noradrenaline is mediated by «-receptors, although doubt remains of the 

subtype of «-receptor. In the rat sympathetic ganglion inhibition of the calcium spike by 

noradrenaline in postganglionic neurones was reduced by the «-antagonist phentolamine 

(Horn and McAfee, 1980). Further experiments showed the effects of noradrenaline 

were mimicked by the «2-agonist clonidine, and blocked by the «2-antagonist 

yohimbine but not by the «^-antagonist prazosin (McAfee et al, 1981), suggesting the 

involvement of the «2-receptor. In rat preganglionic sympathetic neurones, however, 

the failure of I fxM yohimbine to antagonise the inhibition of the calcium spike by 

noradrenaline suggested an «-receptor which did not correspond to either «^- or «2~ 

subtypes (Elliott et al, 1989). In frog sympathetic neurones inhibition of whole-cell 

calcium currents by noradrenaline was also shown to be mediated via a distinct type of
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(%2-receptor at which clonidine was inactive (Lipscombe et al, 1989). Similarly NG108- 

15 neuroblastoma/glioma hybrid cells showed no response to clonidine, though 

yohimbine and phentolamine antagonised inhibition by noradrenaline (Docherty and 

McFadzean, 1989).

The pharmacology of the receptors mediating inhibition of by noradrenaline in 

other neurones is not uniform either. The receptor has been described as «2 guinea- 

pig submucosal neurones (Surprenant et al, 1990) and in rabbit vesical parasympathetic 

neurones (Akasu et al, 1990) on the basis of sensitivity to clonidine and antagonism by 

yohimbine. In chick dorsal root ganglion neurones inhibition of the calcium action 

potential by noradrenaline was mimicked by phenylephrine and antagonised by 

phentolamine suggesting an a-receptor (Dunlap and Fischbach, 1978). Although a later 

study (Canfield and Dunlap, 1984) indicated an (̂ 2-like receptor (being antagonised by 

yohimbine but not by prazosin), both clonidine and xylazine (an «2-agonist) were 

without effect. Furthermore, inhibition of the calcium action potential by dopamine and 

5-hydroxytryptamine showed a similar sensitivity to antagonists compared with 

noradrenaline, suggesting that a general amine receptor was responsible (Canfield and 

Dunlap, 1984). In rat locus coeruleus neurones the receptor mediating inhibition of the 

calcium action potential proved insensitive to both yohimbine and prazosin, though was 

antagonised by high concentrations of phentolamine (Williams and North, 1985). In 

addition clonidine showed no effect, implying that «2"receptors were not involved 

(Williams and North, 1985), particularly since the catecholamine-induced outward 

potassium current observed in the same cells showed classical « 2"pharmacology 

(Williams et al, 1985). In general though, most of the available evidence does implicate 

the role of «-receptors in mediating noradrenergic inhibition of neuronal calcium 

currents.

Facilitation of Iç-^ is observed in some preparations, an action which is due to 

stimulation of 8-receptors, as demonstrated by the action of isoprenaline on frog 

sympathetic neurones (Lipscombe and Tsien, 1987). The role of 8-receptors in
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enhancement of has also been demonstrated in hippocampal neurones (Gray and 

Johnston, 1987) and in heart cells (Reuter, 1983; Kameyama et al, 1985; Tsien et al, 

1986). A similar enhancement of in rat sympathetic neurones is possible, and it has 

been observed that noradrenaline causes a small increase in patch currents during cell- 

attached recordings (Beech et al, 1990). There have been no reports of fi-adrenergic 

enhancement of whole-cell but this does not exclude the possibility of a small 

enhancement being hidden by a dominant «-inhibition.

Although the adrenoceptor mediating the inhibition of by noradrenaline in the 

rat s.c.g. has not been fully characterized, convincing descriptions of receptors 

mediating other effects of catecholamines are available. The catecholamine-induced 

hyperpolarization is mediated by «2"rGceptors: clonidine and oxymetazoline were potent 

agonists, and the receptors were blocked by yohimbine (pA2 for block of noradrenaline 

was 8.7; Caulfield, 1978) but not by prazosin (Brown and Caulfield, 1979). It is 

possible that the same receptors mediate the action of noradrenaline on but the 

failure of yohimbine to block inhibition of preganglionic calcium spikes at 

concentrations which block the postsynaptic hyperpolarization (Elliott et al, 1989) 

indicate the receptor is different, at least in preganglionic neurones. Other actions of 

catecholamines in the rat s.c.g. are mediated by 8-receptors, for example the 82- 

mediated ganglionic depolarization and facilitation of submaximal transmission (Brown 

and Dunn, 1983a).

Since catecholamines produce numerous effects in the rat s.c.g., it is necessary for 

the adrenergic pharmacology of suppression to be determined under conditions 

where can be studied in isolation. The aim of this section is to attempt a detailed 

pharmacological characterization of the adrenoceptor responsible for the inhibition of 

I(2a in isolated rat s.c.g. neurones, using selective agonists and antagonists.
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A. Agonists.

Methods.

Dissociated rat s.c.g. neurones were voltage-clamped at between -80 and -90mV, 

and calcium currents evoked by depolarizing voltage commands to OmV. The duration 

of the voltage command was usually limited to 100ms, with intervals of 30 seconds 

between commands to minimise run-down of Cells which showed noticeable run­

down were rejected.

Agonists were applied in the bath, and each concentration of agonist was maintained

until the response had reached a steady-state. Increasing concentrations of agonist were
I

applied cumulatively until a maximalj inhibition was reached. Previous tests (see 

chapter 3) showed no significant fade of the response (see earlier results). In addition, 

some run-down of Iq ^  was likely during the time-course of the experiment, so 

experiments needed to be carried out quickly. If there was no recovery from the agonist- 

evoked response, the experiment was rejected on the basis that run-down may have 

contributed to the response. At the end of each experiment, cadmium (usually 100/xM) 

was applied to the cell, to determine the total calcium current. Also, in some cells,

10/xM noradrenaline was applied following complete wash, so that direct comparisons of 

agonist and noradrenaline efficacy could be made.

Measurements of peak I^<̂  were made, regardless of any agonist-induced shift in 

the time of peak current. The percentage inhibition by each concentration of agonist was 

calculated using the following formula:

(1 - Ica*/ICa) 100

where I(^^ =  peak amplitude of control calcium current (using residual current in

Cd^*^ as baseline)

I(2a* =  peak amplitude of calcium current in presence of agonist.
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The data obtained was used to construct dose-response relationships by plotting % 

inhibition against log concentration.

Some of the agonists were also tested for antagonist behaviour. The potential partial 

agonists were briefly applied during continuous exposure to noradrenaline. It was 

assumed that noradrenaline was itself a full agonist. EC^q values are expressed as mean 

(95% confidence limits). All other results are expressed as mean ±  s.e.m. The data 

obtained from curve-fitting is summarised in Table 1.

Results.

(a) Noradrenaline.

The suppression of by noradrenaline was concentration dependent. Fig. 4.1 A 

shows a typical experiment illustrating the effect of cumulative application of 

noradrenaline. Noradrenaline suppressed at concentrations as low as lOnM, and 

produced a maximal response at about lO/xM. The data for each experiment was fitted 

(using an iterative curve-fitting routine) to the hyperbolic function below :-

Y =  Y^ax • X" / (X" + EC50")

where Y = % inhibition

Ymax — maximum inhibition

X = agonist concentration

EC5Q = concentration producing half maximal inhibition

n =  molecular ratio of ligand to receptor

Free estimates of Y ^ ^ ,  EC^Q, and n were allowed, and the results obtained 

plotted on a log-concentration scale producing the sigmoidal derivative of the hyperbolic
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function shown above.

Separate fits were calculated for each experiment and the combined results used to 

calculate mean values. The mean EC^q (n=16) for noradrenaline was 86.5nM (71.9- 

104.7nM), assuming a log-normal distribution of EC^q values (see Hancock et al, 

1988), although actual analysis of the distribution in this study was not possible because 

of the low number of determinations. The maximal inhibition of by noradrenaline 

varied from 31 to 69% (mean =  51.2 ±  2.4%), There was no correlation between 

maximum inhibition and EC^q between different cells. The value o f 'n ' was calculated 

as 1.08 ±  0.05 suggesting that calcium current inhibition is mediated by noradrenaline 

interacting with a receptor on a one-to-one basis.

The data was also plotted in the form of a Hill plot (log (r/l-r) against log 

concentration, where r =  fractional response). Using least-squares linear regression, a 

slope of 1.04 ±  0.04 was obtained again indicating a molecular ratio of ligand to 

receptor of 1 (plot not shown).

Fig. 4. IB shows the dose-response relationship constructed from combined data 

from 16 experiments, clearly illustrating that the data obtained was accurately fitted by 

the equation described above.

(b) Adrenaline.

Suppression of by adrenaline produced similar dose-response relationships to 

those of noradrenaline (Fig. 4.2). Using the same method of analysis as for 

noradrenaline, the mean EC^q (n=4) was calculated as 52.6nM (29.8-93.2nM), and 

maximal inhibition was 45.9 ±  6.6 %.

(c) ^2-agonists.

Using the same procedure as for noradrenaline, dose-response relationships were 

obtained for the selective (%2-agonists oxymetazoline (n=5), UK14304 (n=9) and
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clonidine (n=4), see Fig. 4.2. The EC^q values obtained for the three agonists were 

26.9nM (14.7-49.0nM), 37.3nM (23.0-60.6nM) and 57.1nM (25.5-127nM) 

respectively. The dose-response relationships obtained for both oxymetazoline and 

clonidine showed a much lower maximal suppression of compared with that seen 

with noradrenaline (22.1 ±  3.1%, 21.5 ±  3.4% respectively), suggesting that clonidine 

and oxymetazoline were partial agonists compared to noradrenaline. This was 

investigated further, and Fig. 4.3 illustrates antagonism of noradrenaline's suppression 

of by oxymetazoline. A similar effect was produced by clonidine (not shown).

The dose-response relationship obtained with UK 14304 showed a maximal 

inhibition more comparable to that seen with noradrenaline (40.5 ±  3.7%). Although 

this value is lower, suggesting partial agonist activity, UK 14304 displayed the greatest 

efficacy of the a 2-selective agonists tested.

(d) O ther agonists.

Phenylephrine, an a  ̂ -agonist, showed no suppression of at concentrations

below 1/xM (Fig 4.2). At 1 mM, phenylephrine reduced by only 22 ±  1.7% (n=3). 

The shallow slope also suggested that phenylephrine was a partial agonist, but with no 

clear maximal response, this was not certain.

Isoprenaline, a 13-agonist, exerted no significant effect on at concentrations

below lO^M (Fig 4.2). At higher concentrations of isoprenaline, when a-receptor 

activation would be expected, there was some reduction of Facilitation of 1 ;̂  ̂was 

never observed.
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Table 1. Results obtained by non-linear regression analysis of 1 ;̂  ̂ suppression by 

adrenergic agonists.

Agonist max. inhibition 
(% ±  s.e.m.)

EC^o/nM 
(95% limits)

n

oxymetazoline 22.1 ±  3.1 26.9 (14.7-49.0) 5

UK 14304 40.5 ±  3.7 37.3 (22.9-60.6) 9

adrenaline 45.9 ±  6.6 52.6 (29.8-93.2) 4

clonidine 21.5 ±  3.4 57.1 (25.5-127) 4

noradrenaline 51.2 ±  2.4 86.5 (71.9-104) 16

B. Antagonists.

Methods.

As described for agonists (see above), dissociated s.c.g. neurones were voltage- 

clamped at -90mV, and calcium currents usually evoked by 100ms voltage commands to 

OmV at 30 second intervals. Initial determination of antagonist activity was made by 

application of a single concentration of noradrenaline in the presence and absence of the 

antagonist.

A more detailed investigation of antagonist properties was then attempted, in order 

to estimate pA2 values. Ideally, dose-response curves to noradrenaline should be 

constructed in the presence of increasing concentrations of antagonist on each individual 

cell. However, in order to achieve an adequate number of dose-response curves to 

agonist in the presence of different antagonist concentrations, a cell needs to remain 

viable for up to several hours. This was impractical because of the gradual run-down of 

1(2^. Instead, therefore, dose-response curves to noradrenaline were constructed in the 

presence of a single concentration of antagonist, using several different cells. The
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concentration of antagonist was then altered, and, after allowing 30 minutes for 

equilibration of antagonist, dose-response curves to noradrenaline were redetermined in 

previously unused cells. Each fresh plate of cells was initially tested with noradrenaline 

to ensure that the preparation responded similarly to noradrenaline, before antagonists 

were added. The dose-response relationships obtained to noradrenaline alone during the 

course of this study were pooled and used as the control data for all the antagonists 

used.

This method yielded consistent results (see below), and the dose-responses obtained 

were used to make estimates of pA2 and pKg values (as defined by Jenkinson, 1991) for 

the antagonists used, using the method of Arunlakshana and Schild (1959).

Data obtained from the Schild plots is expressed as mean (95% confidence limits).

Other data is expressed as mean ±  s.e.m.

Results.

(a) Phentolamine.

Phentolamine, an «-antagonist, was an effective antagonist of the noradrenergic 

suppression of Fig. 4.4 illustrates an experiment in which the suppression of 

by 0. l^M  noradrenaline is reduced by l^M  phentolamine. It was also noted that 

phentolamine alone had no effect on (not shown).

Dose-response curves were constructed for noradrenaline in the presence of 

different concentrations of phentolamine, as described above. Fig. 4.5A shows the 

pooled data for all of these experiments. There was an increasing rightward shift in the 

dose-response curve for noradrenaline, for each increasing dose of phentolamine. The 

shifts in the dose-response produced by 0.01 and 0.1/iM phentolamine appeared to be 

parallel, though the dose-response obtained in the presence of 1/tM phentolamine was 

comparatively shallow. The data was fitted to a sigmoidal function (see agonists), a 

separate fit being made for each experiment. There was no significant change to the 

maximal inhibition produced by noradrenaline (control, 51.2 ±  2.4%; 1/zM
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phentolamine, 56.2 +  5.2%). The EC^q values obtained were used to calculate dose- 

ratios, and these were plotted in the form of a Schild plot (Fig 4.5B). The least-squares 

regression line had a slope of 0.871 (0.681-1.062), intercepting the abscissa at a point 

giving an apparent pA2 value of 8.12 (7.95-8.30), corresponding to a phentolamine 

concentration of 7.5nM (5.0-11.4nM).

Assuming the antagonism by phentolamine is of a competitive nature, then the line 

can be represented by the equation:

Log [DR-1] = log [B] - log Kg

where [B] = antagonist concentration

[DR] = dose-ratio of the antagonist

Kg =  antagonist dissociation constant

The intercept on the abscissa therefore provides an estimate of the dissociation

constant (Kg) for the antagonist.

Schild analysis of a competitive antagonist should, however, yield a slope of unity 

(Schild, 1949). Accordingly the regression line was constrained to satisfy this 

requirement (see Jenkinson, 1991), and yielded an intercept (pKg) value of 7.97 (7.80- 

8.13), corresponding to an apparent Kg value of 10.8nM (7.4-15.8nM).

(b) Yohimbine.

Experiments investigating the antagonist properties of the cx2-selective antagonist, 

yohimbine, were performed using the same methods as for phentolamine. Fig. 4.6 

illustrates the antagonism by 1/xM yohimbine on the suppression of by l^M  

yohimbine. Yohimbine was an effective antagonist, though less potent than 

phentolamine. Dose-response curves to noradrenaline were constructed in the presence 

of different yohimbine concentrations (see Fig. 4.7A); again, a rightward parallel shift
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of the dose-response curve was seen. The Schild plot for this data (Fig. 4.7B) gave a 

least-squares regression line of slope 0.739 (0.502-0.959), and a pA2 of 7.65 (7.42- 

7.89). Constraining the slope to unity yielded an apparent pKg value of 7.46 (7.24- 

7.68), apparent Kg for yohimbine of 34.8nM (20.9-58.5nM).

(c) Prazosin.

antagonist
The a  -selective ^  prazosin was tested for its ability to block the effect of 

noradrenaline on The noradrenergic suppression of proved insensitive to 

prazosin at concentrations below 1/xM. At higher concentrations however, prazosin 

caused a rightward shift in the agonist dose-response curve (Fig. 4 .8A).The Schild plot 

(Fig 4.8B) for this data had a unconstrained slope of 0.709 (0.439-0.979), and a pA2 of 

5.44 (5.15-5.73). Constraining the slope to unity provided a pKg value of 5.36 (5.16- 

5.57), apparent Kg of 43.7/^M (26.9-69.2/xM).

(d) Propranolol.

The 8-antagonist propranolol was used to determine whether any 8-receptors were 

involved in the effect of noradrenaline on At concentrations as high as 10/xM, 

propranolol showed no significant antagonism of the noradrenergic suppression of 

(n=3), implying that 8-receptors were not involved and was therefore not further 

investigated.

The possibility of 8-facilitation of was considered, in which case block of 8- 

receptors by propranolol should potentiate noradrenaline's suppression of 1(2^. This was 

not observed (n=3). In addition, block of a-receptors by phentolamine did not reveal 

facilitation 1̂ ^  by isoprenaline (n = 3).
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Discussion.

The inhibition of was concentration dependent with an EC^q of approximately 

86nM. This was lower than the value obtained (200nM) in a recent study of the 

adrenergic suppression of of acutely dissociated rat s.c.g. neurones (Schofield, 

1990), although inhibition was otherwise similar with a maximal blockade of 51% and 

57% by noradrenaline^respectively for the two studies. The EC^q obtained was also 

lower than that reported in NG108-15 cells (Docherty and McFadzean, 1989; 177nM). 

Noradrenaline's inhibition of calcium spikes recorded from intact rat preganglionic 

sympathetic nerves yielded an EC^q of 1.5/^M (Elliott et al, 1989), much higher than 

that recorded for inhibition of in isolated postganglionic neurones (although the 

EC^q in intact postganglionic neurones was also probably at least 1/iM). This does not 

imply a different receptor since the apparent low potency in the study by Elliott et al 

(1989) was probably caused by uptake of noradrenaline into the intact ganglion 

preparation used. Such an effect has been clearly demonstrated for the adrenergic 

hyperpolarization recorded from amphibian sympathetic ganglia where an uptake 

blocker, desmethylimipramine, lowered the EC^q for adrenaline from 1.65^M to 

0.30^M (Rafuse and Smith, 1986). Uptake blockers were not tested in this study but the 

low EC^q suggests that uptake of noradrenaline is unlikely to be a significant problem. 

Furthermore since there were only a small number of isolated cells in each culture dish 

compared to the intact ganglion, and a rapid perfusion of Krebs' solution, any uptake 

would have only a small effect. Previous investigation of uptake blockers on the 

adrenergic hyperpolarization of the intact rat s.c.g. failed to show potentiation (Brown 

and Caulfield, 1979) though this was probably due to a-receptor blockade. The 

phenomenon of noradrenaline uptake into the rat s.c.g. has however been well 

documented (Fischer and Snyder, 1965; Hanbauer et al, 1972; Burton and Bunge,

1975).

The use of selective agonists and antagonists in this study allowed the subtype of 

adrenoceptor to be determined, the results suggesting an «2-receptor. The selective «2"
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agonists, clonidine and oxymetazoline, both inhibited in low concentrations, the 

action of clonidine being in agreement with Schofield (1990). However because of the 

low maximum of the dose-response relationships shown by both agonists, with some 

cells showing a very small response to the agonists, raised doubt to the subtype of a-  

receptor. This discrepancy was probably due to the partial agonist behaviour of 

clonidine and oxymetazoline, illustrated by the ability of these agonists to antagonise 

noradrenaline: the partial agonist nature of these agonists has been well documented 

(e.g. Medgett, 1978). It is possible that this effect is responsible for some of the 

confusion over the subtype of a-receptor mediating inhibition in other tissues, for 

example in frog sympathetic ganglia where clonidine's lack of effect suggested a distinct 

type of cK2-receptor (Lipscombe et al, 1989).

UK14304, which has been described as a full agonist at (%2-receptors (Grant and 

Scrutton, 1979), proved useful in this study, proving both to be potent, and to produce a 

maximal response similar to noradrenaline. Therefore UK 14304 is probably a much 

better agonist to determine ^ 2-receptor stimulation than more commonly used agonists 

such as clonidine.

In contrast to cK2-agonists, the a  ̂ -agonist phenylephrine and the 8-agonist 

isoprenaline inhibited Iç<  ̂only at very high concentrations suggesting that activation of 

a y  and 8-receptors did not contribute to the adrenergic inhibition of I^^  ̂in s.c.g. 

neurones.

The quantitative determination of antagonist affinities provided further evidence for 

the subtype of adrenoceptor. The «-antagonist phentolamine inhibited noradrenaline's 

suppression of I^^  ̂with a pKg of 7.97 comparable to values for phentolamine on 

various «-receptor responses (Furchgott, 1970; Besse and Furchgott, 1976). This is also 

in agreement with the reported blockade of the noradrenergic suppression of calcium 

spikes in s.c.g. neurones (Horn and McAfee, 1980) although a quantitative evaluation 

was not made. Interestingly^ the pA2 obtained in the present study was different from the 

value obtained for the noradrenergic suppression of calcium spikes in preganglionic 

s.c.g. neurones (Elliott et al, 1989) although this does not necessarily imply a different
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type of receptor because antagonist activity can be distorted by agonist uptake (see 

below).

The (%2-antagonist yohimbine also showed an effective block of noradrenaline's 

response with a pKg of 7.46, consistent with yohimbine's block of (X2-receptors in other 

preparations (for example Starke et al, 1975). These experiments also confirm the block 

of noradrenaline's suppression of calcium spikes in the intact s.c.g. (McAfee et al,

1981) and appeared similar to the action of yohimbine against adrenergic inhibition of 

calcium currents in frog sympathetic neurones (Lipscombe et al, 1989). However , as 

with phentolamine, yohimbine was far more potent in this study than in preganglionic 

s.c.g. neurones where yohimbine was only effective at very high concentrations (Elliott 

et al, 1989).

In contrast prazosin, which is a selective a  ̂ -blocker, showed no block of the 

noradrenergic suppression of at low concentrations, although it did show antagonist 

action at higher concentrations (pKg of 5.36). The experiments using antagonists 

therefore agree with the agonist studies, and suggest that the (%2-subtype of receptor is 

responsible for mediating the effects of noradrenaline.

Accurate estimation of pA2 values was difficult for the antagonists used in this 

study because the slopes of the Schild plots were less than unity (phentolamine, 0.87; 

yohimbine, 0.74; prazosin, 0.71 without constraint). Since Schild analysis of a 

competitive antagonist yields a slope of unity (Schild, 1949), the values obtained here 

suggest either the antagonists were not fully competitive, or there were other factors 

distorting antagonist activity. The possibility that the antagonists were not competitive 

was considered unlikely since these drugs have been extensively used to characterize 

adrenoceptors making use of their competitive nature. Furthermore the parallel shifts of 

dose-response curves are consistent with a competitive block, although it is possible that 

the antagonists produced both a competitive and non-competitive block. Alternatively 

more than one type of receptor could have contributed to the block of although since 

both a j -  and B-selective drugs were ineffective any additional receptor involved is
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unlikely to be a classical adrenoceptor.

Another possible explanation for the non-ideal behaviour shown by the antagonists 

is the influence of noradrenaline uptake. Reduced dose-ratio shifts have been reported 

for agonists (including noradrenaline) which are substrates for uptake (Blinks, 1967; 

Furchgott, 1967). Such an effect which has been demonstrated in the intact rat s.c.g. for 

phentolamine's block of the ganglionic hyperpolarization (Brown and Caulfield, 1979), 

where isoprenaline (not taken up) and phenylephrine (only poorly taken up) were more 

effectively antagonised than noradrenaline. The role of uptake has been demonstrated by 

its elimination by uptake blockers (Moore and O'Donnell, 1970). It has been proposed 

(Langer and Trendelenburg, 1969) that this reduction in dose-ratio is due to a lack of 

proportion between the api)lied concentration of an agonist and the effective 

concentration (the effective^^^^^^^^^^^only being a proportion of the applied 

concentration). As the applied agonist concentration is increased (necessary during 

antagonist experiments)^ the uptake mechanism becomes saturated so that further increase 

results in a disproportionate increase in the effective concentration. This has the 

apparent effect of reducing the potency of a competitive antagonist, hence the smaller 

dose-ratios than expected. Although uptake was not considered a  significant problem in 

this study (see earlier), it was not investigated, so can not be totally discounted as the 

cause of the non-ideal antagonist behaviour. In conclusion further investigation is 

necessary before the cause of the low slopes of the Schild plots can be determined.

Despite the potential errors in the antagonist affinities presented in this chapter, the 

size of these errors are probably small. Constraining the slopes of the Schild plots to 

unity (see results) has only a small effect on the pA2 values obtained, mainly because 

the antagonist concentrations used were close to the pA2 values at which point slope 

differences are minimal (see Tallarida et al, 1979). The data, therefore, still provide a 

good estimate of antagonist potency and selectivity and does not alter the conclusions 

from the experiments.

The pharmacological characteristics observed allow comparison with other 

investigations of noradrenergic suppression of I(^^. This work is in agreement with the
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suppression of calcium spikes in intact rat sympathetic ganglia (Horn and McAfee,

1980; McAfee et al, 1981) and in acutely dissociated s.c.g. neurones (Schofield, 

1990) both studies indicating an «2-receptor. The receptor mediating suppression in 

preganglionic sympathetic neurones appears different (Elliott et al, 1989) but the low 

antagonist potencies are possibly due to distortion by uptake (see earlier).

Suppression of in other neurones indicatefthat the receptor characterized here 

most closely resembles the receptor described in guinea-pig submucosal neurones 

(Surprenant et al, 1990) where both «2-agonists and antagonists were effective. 

Inhibition of in NG108-15 cells (Docherty and McFadzean, 1989) and frog 

sympathetic neurones (Lipscombe et al, 1989) was also similar except for the inactivity 

of clonidine. The receptor described in this study, however, appears appreciably 

different to the receptors described in avian DRG neurones (Canfield and Dunlap, 1984) 

and locus coeruleus neurones (Williams and North, 1985).

It is also interesting to compare the receptor characterized here to the &2-receptor 

responsible for generating the adrenergic hyperpolarization observed in the rat s.c.g. 

(Brown and Caulfield, 1979). Noradrenaline and adrenaline were both much more 

potent in this study (approximately 10 fold and 5 fold respectively) as would be 

expected since agonist responses were affected by uptake in the previous study. 

Clonidine and oxymetazoline were partial agonists in both studies. Surprisingly though, 

both phenylephrine and isoprenaline were potent agonists generating the 

hyperpolarization (EC^q values of approximately 4.2 and 3.2/xM respectively), whilst 

these agonists inhibited Iç<  ̂only at much higher concentrations. The effects of • 

antagonists were similar, though not identical, in the two studies, with yohimbine being 

approximately 10 times more potent at preventing the hyperpolarization, and 

phentolamine twice as potent at blocking suppression of I^^. Given this evidence, it 

appears that the two receptors may not be the same, implying the coexistence of 

different types of (%2-receptor in the s.c.g. Caution must be applied, though, since 

experimental conditions were different, particularly since different! strains and age of rat 

were used, and the dissociation and culture techniques used in this study may possibly
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alter receptor characteristics. Ideally, a direct comparison needs to be made using the 

same cells under the same experimental conditions. This was not possible here because 

the conditions necessary to record also block other membrane currents, including 

the outward current (representing the hyperpolarization) generated by noradrenaline (see 

chapter 5).

Despite doubt whether the receptor characterized in this study is identical to the 

hyperpolarizing cx2-receptor, the results still suggest a strong similarity to the «2'  

autoreceptors proposed for noradrenergic neurones (reviewed by Starke, 1987). One 

mechanism by which autoreceptors are proposed to reduce transmitter release is via 

inhibition of (Starke, 1987) and^since the role of 'N '-type calcium channels in 

release of noradrenaline from rat s.c.g. neurones has been shown (Himing et al, 1988), it 

is likely that the receptor investigated here is typical of noradrenergic autoreceptors.

There was no evidence for a B-adrenergic enhancement of Isoprenaline was 

without effect, other than suppression at high concentrations. In addition, a-receptor 

blockade failed to reveal any facilitation of Iç.^ that might have been obscured by the 

dominant a-inhibition. This is in contrast to frog sympathetic neurones where 

facilitation was observed in response to isoprenaline (Lipscombe and Tsien, 1987), an 

effect which was reproduced by 8-bromocyclic AMP indicating the involvement of 

cAMP. Since B-adrenergic stimulation also increases cAMP in the rat s.c.g. (Brown and 

Dunn, 1983b) it is tempting to speculate that an enhancement of similar to that 

observed in frog neurones, might be expected. Furthermore, facilitation of 

noradrenaline release by B-receptors has been widely reported (reviewed by Langer, 

1981), notably in cultured rat s.c.g. neurones (Weinstock et al, 1978). It is possible that 

facilitation of I(-«̂  can occur in the rat s.c.g. but was not observed in this study because 

of the washout of soluble intracellular messengers during the whole-cell recording. 

Evidence for this is provided by the observation that noradrenaline facilitated patch 

barium currents during cell-attached recordings from s.c.g. neurones (Beech et al,

1990). Use of this recording method prevents both washout of intracellular molecules, 

and eliminates the dominant a-inhibition which has been shown to be membrane
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delimited (Beech et ai, 1991; Bernheim et al, 1991), and it is possible that only under 

specific recording conditions such as these/will enhancementbe observable. Using 

intracellular electrodes, no effects of isoprenaline, other than those replicating the 

actions of noradrenaline, were observed against Ca^"^ dependent potentials in intact 

s.c.g. neurones (Horn and McAfee, 1979). The physiological relevance of such a small 

and virtually unobservable enhancement is likely to be negligible when compared to the 

a-inhibition. However, since the recordings described above have all been made from 

the soma, it is possible that B-enhancement of plays a more important role at the 

nerve terminal, where control of noradrenaline release is important.

In conclusion, the results from this chapter indicate that the noradrenergic 

suppression of in rat s.c.g. neurones is mediated by the a 2-subtype of receptor.

During the course of this study it has become increasingly apparent that there are 

multiple subtypes of a 2-receptors, evidence for this being provided from both 

pharmacological and molecular cloning studies. Thus whilst the conclusion that an a 2~ 

receptor mediates suppression in s.c.g. neurones is still valid, further work will be 

necessary to determine the identity of the sub-type of a 2-receptor involved. The question 

of tt2-receptor subtypes is discussed further in chapter 6.
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Fig. 4.1 Concentration-dependence of the inhibition of hy noradrenaline.

A. Membrane currents recorded from a voltage-clamped s.c.g. neurone (Vjj =  -80, 

=  OmV) showing inhibition of 1^^ by cumulative increases in noradrenaline

concentration (records show control, 0.01, 0.03, 0.1, 1, 10/xM). Each concentration of 

noradrenaline was allowed one minute to equilibrate with the recording chamber.

B. Log-concentration response relationship for the inhibition of by noradrenaline. 

Inhibition was determined by measurement of peak Results are plotted as mean ±  

s.e.m. The numbers in parentheses are the number of determination^ (from 16 cells). 

Non-linear regression was used to fit the combined data to the hyperbolic function 

below, the sigmoidal derivative shown here being the result of plotting log agonist 

concentration on the abscissa.

Y =  Ym ax X "

X" +  EC50"

where Y =  inhibition of

Ymax — maximum inhibition of

X =  agonist concentration

n =  molecular ratio of agonist to receptor

EC^q =  agonist concentration at half maximal inhibition

EC5Q, Y ^ ^  and n were variables and yielded values of 81.5nM, 52% and 0.93 

respectively. Note these values are slightly different to the values obtained by 

calculating a separate fit to each experiment (see text).
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Fig. 4.2 Inhibition of by adrenergic agonists.

Dose-response relationships for the inhibition of by adrenaline (□ ), UK14304 

(O ), clonidine (■ ), oxymetazoline (A), phenylephrine (♦ )  and isoprenaline (A). 

Results plotted as mean ±  s.e.m. The numbers in parentheses are the number of 

determinations.
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Fig. 4.3 Partial agonist activity of oxymetazoline.

A. Records showing inhibition of by 1/xM oxymetazoline (V jj=-90, V^=OmV)

B. Records obtained from the same cell as above showing antagonism of 

noradrenaline's suppression of by oxymetazoline. Records show (a) control current,

(b) 1/iM noradrenaline, (c) 1/xM oxymetazoline (noradrenaline still present), (d) 

removal of oxymetazoline, (e) complete wash.
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Fig. 4.4 Effect of phentolamine on inhibition of by noradrenaline.

Membrane currents recorded from a s.c.g. neurone (Vjj =  -80, Y q  =  OmV) 

showing inhibition of by 0.1/xM noradrenaline in (a) the absence, and (b) 10 

minutes after adding l^M  phentolamine.
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Fig. 4.5 Analysis of antagonism of noradrenaline's suppression of by 

phentolamine.

A. Combined dose-response curves illustrating the shift in dose-response relationship 

for noradrenaline's inhibition of by increasing concentrations of phentolamine. The 

curves show data obtained in the absence ( • ) ,  and the presence of lOnM (n= 3,H ), 

lOOnM (n=4,A) and 1/xM (n = 4 ,^ )  phentolamine. The results are plotted as mean ±  

s.e.m.

Note that for use in calculations, the data from each experiment was analysed 

separately.

B. Schild plot using data from the experiments illustrated above. The log (dose-ratio - 

1) for the shift in noradrenaline response is plotted against log (phentolamine 

concentration). Dose-ratios were measured at 50% maximal inhibition of current, 

assuming that phentolamine did not alter the maximum inhibition.

The solid line represents the fit obtained by least-squares regression analysis to the 

equation y =  mx -I- c, where m (slope) and c (y-axis intercept) are variables. The 

dashed line represents the solution to the same equation when the slope is constrained to 

unity.
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Fig. 4.6 Effect of yohimbine on inhibition of by noradrenaline.

Inhibition of by 1/xM noradrenaline recorded (a) before, and (b) 10 minutes 

after adding 1/xM yohimbine. Currents were evoked by 500ms steps to OmV from - 

80mV.
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Fig. 4.7 Analysis of antagonism of noradrenaline's suppression of by yohimbine.

A. Combined dose-response relationships illustrating the inhibition of by 

noradrenaline in the absence (# )  and the presence of lOnM (n = 3 ,B ), lOOnM (n=4,A ) 

and l^M  (n = 4 ,$ )  yohimbine. Data plotted as mean ±  s.e.m.

B. Schild analysis of the data shown above. See fig. 4.5 for details.
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Fig. 4.8 Antagonism of noradrenaline’s inhibition of by high concentrations of 

prazosin.

A. Combined dose-response relationships for the inhibition of by noradrenaline in 

the absence (# )  and the presence of 1/xM (n= 3 ,H ), lOf iM (n= 3 ,A ) and 30ftM 

(n = 3 ,^ )  prazosin. Data represents mean ±  s.e.m.

B. Schild analysis of the data shown above (see fig. 4.5 for details)
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Chapter 5.

Investigation of I^uP*

Introduction.

The aim of this chapter is to investigate the current that generates the after­

hyperpolarization (a.h.p.) of s.c.g. neurones, to determine the basic characteristics of 

the current, investigate the calcium dependence of the current, and to investigate the 

pharmacological properties of the current.

Methods.

Initial experiments were performed using intact s.c.g. neurones. Voltage-clamp 

recordings were made via an intracellular microelectrode (see chapter 2, Methods). 

Later experiments were performed on dissociated s.c.g. neurones, voltage-clamp 

recordings usually being made via a whole-cell patch electrode (chapter 2, Methods). In 

addition, a few experiments on dissociated neurones were performed using intracellular 

electrodes.

Neurones were voltage-clamped at constant holding potentials (usually -40 to - 

55mV) and currents evoked by depolarizing commands (usually to about OmV and of 

50ms in duration). The amplitude of the evoked current was generally measured 25ms 

after the end of the voltage command, the value obtained being used as peak amplitude 

in calculations, though occasionally I ^ y p  amplitude was measured at later times to 

make investigation of drug effects easier. Although the evoked current had partially 

decayed by 25ms, measurements of the current could not reliably be made before this 

time. Where appropriate, an approximate value for the rate of decay of the outward 

current was calculated as the time taken for the current to decay to half of its peak 

value. The rate of decay of current was also, when possible, more accurately estimated
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by plotting log amplitude against time to produce a linear decay, allowing 

calculation of the slowest component and curve-stripping to obtain faster components.

The effects of drugs were determined by recording currents in the absence and 

presence of each drug. Dose-response relationships were constructed using cumulative 

additions of drug, allowing the response to reach steady-state at each concentration. 

The effects of various drug treatments on ^n^plitude and time-constant are 

summarized in table 3.

Results.

A. Characterization of in s.c.g. neurones

^AHP in intact neurones.

Initial experiments were carried out using microelectrode recordings from intact 

s.c.g. neurones. Fig. 5.1 A illustrates a typical example of the outward tail-current 

evoked by a depolarizing command in voltage-clamp. The current was maximal 

immediately following the end of the voltage-command, and slowly decayed back to the 

holding-current recorded prior to the command. Similar depolarizing voltage-clamp 

commands from holding potentials of around -SOmV evoked slow outward tail-currents 

in many other cells. The peak amplitude of these outward currents (measured at 25ms 

after the end of the voltage-command) varied from 0.1 to InA (mean 0.723 ±  0.06nA 

from a sample of 38 neurones), and the total duration varied between 0.5 and 3s.

The pattern of decay of the outward current varied: many neurones showed slow 

tail-currents that could be fitted by either 1 or, more commonly, 2 exponentials. 

Currents obtained from a sample of 15 neurones exhibiting a 2-exponential decay 

yielded time constants of approximately 135 ±  11 ms and 441 ±  36 ms, calculated 

from semi-logarithmic plots. In some neurones the current showed a more complicated
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time course that could not be fitted to an exponential decay (illustrated by non-linear

semi-logarithmic plots). Because of this variability, kinetic analysis of recordings from
I  be

large populations of neurones could not reliablj^provided by the semi-logarithmic plots 

described above and was also provided by measurement of the time from peak current 

(measured at 25 ms after the command) to half-decay. This varied between 100 and 

350ms (mean 197 ±  15ms; n=31).

The slow tail-current recorded here appears similar to recorded in bullfrog 

neurones (Pennefather et al, 1985) and it seems reasonable, at this point, to similarly 

designate this slow outward tail-current in s.c.g. neurones as I ^ ^ p .

In addition to the slow outward tail-current following depolarizing pulses, a large 

rapidly-decaying outward tail was usually observed, superimposed on the early part of 

the slow tail. Using data obtained from the semi-logarithmic plots described above, a 

time constant of approximately 20ms was calculated. Since this fast tail decayed within 

50ms of the end of the depolarizing pulse it did not hinder investigation of the decay of 

the slow tail-current beyond this period. However, this large fast component obscured 

any rising phase of the slow tail-current that might have otherwise been observable. 

Because of the difficulty in resolving this fast tail with the single-electrode voltage- 

clamp used, this current has not been investigated in detail.

The amplitude and time-course of the outward tail-currents in any one cell were 

generally constant with successive command pulses, though run-down of the peak 

amplitude of the current was frequently observed during longer experiments. Not all 

neurones showed slow tail-currents in response to depolarizing commands. Failure to 

record an evoked current was most commonly observed in neurones with low input 

resistances following damage during impalement.

in dissociated neurones.

Most experiments using dissociated neurones were made via whole-cell patch
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electrodes. Fig. 5. IB illustrates an example of the outward tail-current recorded from a 

dissociated neurone using a whole-cell electrode. The current observed appeared similar 

to that recorded from the intact ganglion although the peak amplitude of the current was 

smaller (0.307 ±  0.023nA, n=28). The current recorded from dissociated neurones 

also appeared to decay more slowly than the current recorded from intact neurones (time 

to half decay = 285 ±  17ms in 19 cells). Decay of I^ jjP  dissociated neurones was 

more consistent than in intact neurones. Semi-logarithmic plots yielded a single 

exponential decay in most cells (illustrated in Fig. 5.2), with a mean time constant of 

440 ±  34ms (n=22). Because of the greater consistency of decay in dissociated 

neurones the effect of drugs on the decay time constant could be investigated.

A few experiments using dissociated neurones were made with intracellular 

electrodes. Under these conditions, the mean amplitude of the was 0.282 ±  

0.029nA, and the time constant of decay was 345 ±  31 ms (n=9).

It was noticed that the size of recorded from dissociated neurones increased 

during the first few days following dissociation and recordings made 1 or 2 days 

following dissociation often failed to show the presence of Recordings were

therefore only made from neurones that had been dissociated at least four days 

previously, though neurones were generally not used beyond 1 week after dissociation. 

Run-down of I ^ y p  was frequently observed with whole-cell recordings, though there 

was little consistency between recordings with the current decaying within 10 minutes in 

some cells and maintaining a constant amplitude for at least 1 hour in others. No 

relationship between current run-down and pipette resistance was noticed.

Dependence on extracellular Câ "*”.

The Ca^“*" dependence of ly^jjp was shown by the removal of Ca^"^ from the 

extracellular solution (Fig. 5.3A). On switching to nominal Ca^"*” free solution, the 

slow outward tail-current representing ly^yp was very much reduced, although the 

initial fast component of the tail-current was less inhibited. The effect of a calcium
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channel blocker, Cd^"^, on was also investigated (Fig. 5.3B). Following addition 

of 5(X)fcM Cd^"*” the slow tail-current was abolished and the fast tail substantially 

reduced.

Effect of membrane potential.

In intact neurones, the tail-current amplitude varied with holding potential in the 

manner shown in Fig. 5.4, and reversed between -80 to -95mV. The linear relationship 

between amplitude of and membrane potential observed over the range -60 to - 

90mV suggests that the conductance was independent of voltage in this range. However 

in many cells the reversed inward current was very small, suggesting possible outward 

rectification. In addition, decay of the initial fast outward component following the 

command pulse frequently reversed at a more positive potential (-70 to -80mV) than the 

later I^ jjp , possibly due to accumulation of K"*" in the extracellular space (see Belluzzi 

et al, 1985b). The duration of I^^jjp remained constant at holding potentials of -40 to - 

llOmV (Fig 5.4A), although measurement was difficult in many cells around and 

beyond reversal due to the small currents observed.
, (using whole-cell recording)

A similar voltage relationship was observed in dissociated neurones^(Fig. 5.5).

Again the relationship was linear between -60 and -90mV with reversal around 85mV. 

It was, however, noted that above -60mV : ly^jjP became maximal and then

decreased with depolarized holding potentials. It is reasonable to assume that 

depolarized holding potentials will lead to inactivation of I(^^ and therefore reduce 

calcium entry during the command pulse. To avoid this, and investigate the voltage- 

dependence of I^ jjp  under conditions of constant Câ "*~ entry, the holding potential 

prior to the command pulse was kept constant with different post-command voltages 

being applied (Fig. 5.6). As can be seen, ly^jjp is approximately linear between -40 and 

-90mV, and not reduced at depolarized membrane potentials. The effect of the pre­

command membrane potential was also recorded to investigate the effect of steady-state 

inactivation of I^g  ̂on I/^jjp, and is shown in Fig 5.7. ly^jjp amplitude decreases with
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depolarized pre-pulse potentials in a manner similar to that observed with the steady- 

state inactivation of

Dependence of I o n  command potential.

The amplitude and time-course of was dependent on the command potential. 

Fig. 5.8 illustrates a dissociated s.e.g. neurone subjected to increasing voltage 

commands. is activated by commands above -30mV and reaches a maximal 

amplitude around 4- lOmV. At higher potentials the peak amplitude of the current 

remains similar. The time-constant of current decay increases as command potential is 

raised above -30mV (r =  317ms at a command potential of -16mV in this cell) and, like 

the amplitude, is maximal around 4-lOmV (r = 447ms). However, at higher potentials 

the decay time constant decreases (r =  252ms at -H42mV)  ̂the effect being that the 

appearance of ly^jjp is considerably altered. The plot of time-constant against command 

potential is similar to the current-voltage relationship obtained for (see Fig. 3.3), 

suggesting that the time-course of I^ jjP  (^^cay is dependent upon the size of the calcium 

load (see later). The relatively consistent amplitude of ly^jjp at command potentials 

above +  lOmV is possibly due to the early part of decay being contaminated by 

Ik (d r )j which will be strongly activated by the large depolarizing commands.

Dependence of I^jjp on extracellular K" .̂

Fig. 5.9A illustrates the effect of raised extracellular K"*” on ly^jjp recorded at - 

58mV in an intact neurone. As K"*” is raised from 5 to 20mM, I^ jjp  amplitude is 

reduced and then reversed. Reversal of I^ jjP  became less negative as the external K"*” 

concentration was raised. Thus in one intact s.e.g. neurone (Fig. 5.9B) reversal

occurred at -85mV in normal extracellular K“*” (4.8mM), decreasing to -48mV as K"*”
I  well

was raised to 20mM. This reversal potential shift of 37mV compares^with an expected 

shift in reversal for a pure K"*” conductance of 36mV at 20®C. There was no noticeable
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effect of varied external K"*” on the time-course of ^AHP"

Effect of altering temperature.

Fig. 5.I0A illustrates the effect of temperature on the temperature

of the Krebs' solution perfusing the intact s.e.g. from 25 to 35®C caused a large 

increase in the amplitude of (Q^q of up to 4) and slowed the decay rate. Fig 

5. lOB shows the record obtained at 25®C scaled up illustrating the change in the decay 

pattern. It was noticed that as the temperature of the preparation was raised, the 

command pulse became more difficult to clamp reliably, the actual potential attained 

being lower than the command potential. This was overcome as far as possible by 

continually adjusting the command pulse as the temperature was changed, so as to 

produce a constant depolarizing pulse in the cell.

B. Regulation of I^jjp by calcium.

Effect of varying external Câ "*" concentration.

Fig. 5.11 illustrates the effect of altering extracellular Ca^"*” in intact neurones. 

Increasing extracellular Ca^"^ from 2.5mM to 5mM (Fig 5.11 A) caused an increase of 

both the peak amplitude and the time to half-decay. Using data from 15 neurones there 

was a mean increase of the time to half-decay of 15.0 ±  3.8 % but only afjmsignificant 

increase in the peak amplitude (3.9 ±  3.2 %). Increasing the extracellular Ca^~^ further 

to 7.5mM produced no further consistent effect on the time to half-decay (4-13.5 ±  4.3 

% n = l l  from control), and a slightly larger peak amplitude (4-7.0 ±  4.8 %).

However there was no consistent effect upon the total duration of I ^ y p . Following 

return to normal extracellular Ca^"*~, the time to half-decay and peak amplitude returned
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to control values.

Decreasing extracellular Ca "̂*" (for example Fig 5.11B) had greater effect on 

than was found with raising Ca^“*”. Following reduction in extracellular Ca^“̂  from 

2.5mM to 1.25mM (2.8mM Mg^“̂ ), the time to half-decay decreased (-27 ±  1.5 % 

n=5) and peak amplitude was also reduced (-12.5 ±  2.3 %). There was no change to 

the total duration of I^ y p . It thus appeared from these experiments that the rate of 

decay of I ^ h P measured by time to half decay) is more sensitive to the size of the 

Ca^"^ influx than is the peak amplitude. However the effects described varied 

considerably between cells, and since alteration in the extracellulzir Ca^"*” and Mg^*^ 

concentrations might have effects other than just reduction of Ca^"*” influx, further 

experiments were considered necessary.

Effect of varying pulse duration on

The size of the Ca^“̂  influx into the cell was also varied by altering the duration of 

the depolarizing command pulses. Fig. 5.12 illustrates records from an intact neurone 

with the duration of the command pulse varied from 1ms to 100ms. This resulted in 

lAHpS of both increasing amplitude and time to half decay. The total duration of the 

lAHpS also increased as the command was lengthened. With the longer commands it 

was noticed that the decay of Ia h p  became more complex with an obvious slow 

component. It was also noticed that whilst a 2ms command evoked clearly evoked 

Ia h p , a Ims command failed to evoke any current.

The relationship between pulse duration and Ia h p  investigated further in 

dissociated neurones. Fig. 5.13A shows records from an impaled dissociated neurone. 

Similarly to intact neurones, both amplitude and the time-course increased with 

increasing pulse duration. The decay was mono-exponential and thus allowed calculation 

of the decay time-constant in addition to measurement of amplitude (Fig 5.13B). Data 

from 9 impaled neurones was analysed and the results are shown in Table 2, with data
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standardized to the values obtained at 10ms. Although it is obvious that increasing 

Ca^"^ influx leads to increases in both I^ jjP  ^i^plilude and time-course, the 

relationship between and Ca^"*” influx can-not be directly deduced from the data 

shown since 1^^ will not be constant during the command. An approximate value for the 

Ca^*^ charge influx for each pulse duration was calculated from recordings (using 

neurones 1 day following dissociation). The relationship (plotted on a log-log scale) 

between Ca^"*” charge, and amplitude and time constant is shown in Fig. 5.14. 

Both ly^Hp amplitude and time-course show a similar relationship to the size of the 

calcium load.

Table 2. Effect of command pulse-length on I ^ y p  parameters (standardized to 10ms).

Pulse-length 
(ms)

2

5

10

20

50

100

Amplitude Time-constant n

0.305 ±  0.059 0.530 ±  0.064 5

0.700 ±  0.044 0.790 ±  0.033 17 9

1 1 31 9

1.330 ±  0.045 1.228 ±  0.071 75 9

1.957 ±  0.120 1.663 ±  0.097 125 9

2.534 ±  0.181 2.282 ±  0.148 208 9

Effect of cadmium on I ^ ^ p .

High concentrations of cadmium (Cd^"*") cause an almost complete block of I^ jjP  

(see earlier). Using dissociated neurones, lower concentrations of Cd̂ "*~ caused a dose- 

dependent block (Fig. 5.15A) with a dose-response relationship showing 50% of the 

current being blocked at 5/xM (Fig 5.15B).

Since the effect of Cd^"*” on I^ fjP  li^^ly to be due to its action as a calcium
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channel blocker, it might be expected that Cd^"*” would accelerate the decay of I^up* 

This was observed and the increase in rate of decay of is illustrated in Fig 5.15A. 

Data from 10 cells show that 3/xM Cd^~^ caused a decrease in the time constant of 

decay from 396 ±  51ms to 270 ±  36ms (a decrease of 38%).

The effect of Cd^"*" on ^ p lil^ d e  and were compared. Fig 5.16A shows 

the dose-response curves for both inhibition of ly^jjp and illustrating that inhibition 

of both currents is closely related. Fig 5.16B shows inhibition of IAHP Plotted against 

inhibition of for each concentration of Cd^"*", and shows that the relationship is 

approximately linear. There is a small discrepancy between inhibition of and ly^jjp
7 Iwith a slightly higher proportion of being blocked by each concentration of Cd^

(Fig 5.16A), with 98% block of corresponding with 84% block of I^j^p  (100/iM 

Cd^"^). This is reflected in the plot in Fig. 5.16B. The reason for this discrepancy is 

probably due to contamination of I^ jjP  rapidly decaying currents following the 

command, which are Cd^"*”-insensitive (such as 1k (DR)^’ which have not 

completely decayed by the time that I^j^p is measured (25ms after end of the 

command).

Effect of Caffeine on I^^p.

7 4-Caffeine prolongs the a.h.p. in rat s.e.g. neurones, possibly by the release of Ca^ 

from intracellular stores (Kawai and Watanabe, 1989). In this study it was observed that 

caffeine greatly prolonged the a.h.p. recorded in current-clamp. However voltage-clamp 

experiments failed to demonstrate a corresponding increase in I^ g p ,  with only a small 

effect being observed. Since the main difference between the 50ms command pulse in 

voltage-clamp and the action potential is the very much greater duration of the command 

pulse, the effect of caffeine on I^ jjP  evoked by command pulses of different length was 

investigated. Fig 5.17A illustrates that 2mM caffeine caused a substantial increase in the 

duration of ly^jjp evoked by short commands, but had a smaller effect on evoked 

by longer commands. A similar effect was observed in 3 other neurones. It was also
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noticed that caffeine often reduced the peak amplitude of ^ neurones, another

effect of caffeine was to cause an apparent slowing of the activation of I^ jjp  such that 

peak current occurred up to 100ms after the end of the command pulse (illustrated in 

Fig. 5.17B).

C. Pharmacological inhibition of 

Tetraethylammonium

In the presence of tetraethylammonium (TEA) (5mM) an inward current (typically 

0.05-0. InA) was induced at the holding potential of -50mV. There was a clear 

inhibition of the initial fast outward tail-current, but only small and variable effects on 

the slow outward tail representing (Fig. 5.18). In some cells a small increase was 

seen in the amplitude of the later part of ly^j^p with a clear slowing of the decay 

(illustrated in Fig 5.18). This was possibly due to an improved clamp of the 

depolarizing command, because the outward current during the pulse was reduced (data 

not shown) and a consequential increase in Ca^"^ entry. The reduction of the fast tail- 

current following voltage-commands made measurement of ly^jjP easier and 5mM TEA 

was frequently added to the Krebs' solution during experiments for this reason.

D-tubocurarine.

D-tubocurarine (dTC) caused a reversible reduction of ly^jjp in both intact and 

dissociated neurones. Fig. 5.19A illustrates the inhibition of I ^ jjp  by dTC in 

dissociated neurones, and Fig. 5.19B shows the dose-response relationship for the 

inhibition in dissociated neurones, with 50% block of Iy\^yp occurred at about 30^M. 

Using intact neurones, higher concentrations of dTC (up to ImM) resulted in a block of 

up to 77 %. There was no change in the leak conductance, and no noticeable change in
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holding current induced following addition of dTC suggesting that 

contribute to the resting conductance.

The effect of 30/xM dTC on both amplitude and decay was investigated. 

Using data from 7 neurones, the amplitude of I^ j^p  was reduced by 58 ±  5% from 

control, but the time constant was unchanged (an increase of 1 ± 2 % ).

Inhibition of I ^ y p  by dTC occurred without effect on Ca^“*“ entry. The effect of 

30/xM dTC on was tested in 3 neurones with no effect.

Apamin.

The effect of apamin on I^ jjP  investigated in 3 dissociated neurones and Fig. 

5.20 illustrates inhibition of ly^jjp by 30nM apamin. The amplitude of I^ jjp  was 

substantially reduced (by 53.7 ±  3.9%) without effect on the time-course, but the 

inhibition by apamin was not reversible. The action of apamin appeared qualitatively 

similar to dTC, and since dTC was more readily available in a pure form as well as 

producing a reversible response, dTC was used in preference to apamin to investigate 

block of ly^Hp.

4-Aminopyridine.

The effect of the potassium channel blocker 4-aminopyridine (4-AP) was 

investigated (Fig. 5.21). In 3 dissociated neurones 3mM 4-AP was without any 

observable effect, and was consequently not investigated further.

Noradrenaline.

The effect of noradrenaline was investigated in both intact and dissociated s.e.g. 

neurones. Addition of noradrenaline to intact neurones caused a reversible inhibition of 

I a h p  (% -  5.22A). The inhibition was dose-dependent from 0.03 to 100/iM, and had a
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mean half-maximal inhibition of at 1/xM (n =  10; Fig 5.23A). The mean maximal 

block of the current was 58 ±  3%, though in some cells up to 65% of could be 

blocked.

In dissociated patch-clamped neurones, noradrenaline also caused a reversible dose- 

dependent inhibition of I^H P (% -  5.22B) with half-maximal inhibition at 0.4/xM 

(n=4, Fig. 5.23B). However the maximal block of I ^ j jp  by noradrenaline was only 13 

±  6 % (measured 50ms after the end of the voltage command). When measured 150ms 

after the end of the voltage command,inhibition increased to 27 ±  4%, still less than 

half the block achieved in intact neurones. The inhibition of I ^ j jp  by noradrenaline in 

dissociated neurones was compared to the inhibition of Iç-^. Fig. 5.24A shows the dose- 

response relationships for both ("i^asured at 150ms) and Iç-^. Inhibition of ly^jjp

is obviously very much less, in contrast to the similar inhibition of both ly^jjP ^Ca 

by Cd "̂*" (see Fig. 5.16). However, when the data is standardized to the inhibition by

10/xM noradrenaline, the curves appear similar (not shown). Fig. 5.24B shows a plot of
inhibition of

inhibition of l^ y p  against ^  for each concentration of noradrenaline, and also the 

data obtained for Cd^“*” for comparison.

Assuming inhibition of ly\jjP noradrenaline to be due to the reduction in Iç.^

then, in addition to a decrease in the peak amplitude of l ^ y p ,  an increase in the rate of 

decay of ^AHP '^ould be expected. This was observed: lO^M noradrenaline reduced the 

decay time constant by 31 ±  3% in 4 dissociated neurones (illustrated in Fig 5.22A). 

The rate of decay in intact neurones was also increased, though because of the variable 

kinetics of decay this had to be expressed in terms of the time to half-decay which was 

reduced by 18 ±  2% (n=10).

The pharmacology of noradrenaline's inhibition of l^ j jP  qualitatively 

investigated. Clonidine and oxymetazoline showed no significant inhibition of l^ jjp . 

However, the a 2-antagonist, yohimbine was also tested and was an effective antagonist. 

Fig. 5.25 illustrates the antagonism by yohimbine of noradrenaline's suppression of 

I a h p  ^ dissociated neurone.

In many cells there was also an outward current induced following application of
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noradrenaline with an associated increase in membrane conductance. In most cells this 

outward current was very small (> 50  pA) and could not be reliably measured. It is 

likely that this current generates the hyperpolarization observed during extracellular 

recording from the intact s.e.g. preparation (Brown and Caulfield, 1979). One 

observation made on this current in an intact neurone was that dTC had no effect on it at 

concentrations which largely blocked ly^jjP I^e same neurone.

Muscarinic inhibition of

Muscarine (10/xM) produced small and variable effects on I ^ ^ p  in intact neurones, 

and in the absence of any consistent inhibition by muscarine it seemed unlikely that 

Ia h p  coupled to muscarinic receptors. However the experiments were performed 

in the presence of 5mM TEA, a competitive antagonist of muscarinic receptors, and 

may therefore have prevented any inhibition which would otherwise have been 

observed. Consequently, muscarinic inhibition of I ^ h p  considered further, and the 

effect of methacholine on I^ h p  dissociated cells was investigated. Methacholine 

reduced both peak amplitude and the decay time constant (Fig. 5.26A). In 7 cells,

10/iM methacholine reduced I^ h P  ^"^P^ l̂ude by 27 ± 5 %  and the decay time constant 

by 27 + 4% from control. Recovery from methacholine was often poor. The reduction 

in the decay time constant suggested that methacholine suppressed I/^hP inhibition 

of the preceding Câ ~*~ entry. Consequently, methacholine was tested against Iç-^ and 

fig. 5.26B shows the inhibition of Î <̂  by lOfxM methacholine. The effect of 

methacholine was also directly compared to the inhibition caused by dTC and Cd^"^. 

Fig. 5.27 illustrates inhibition of I^ h p  by lO^M dTC, lO^M Cd^“̂  and finally lO^M 

methacholine. Peak amplitude is reduced by each drug application, but only Cd^"b and 

methacholine]reduce the decay time constant, illustrating that the effect of methacholine
7 -i-more closely resembles the effect of Cd than dTC.
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Table. 3. Effect of drug treatment on parameters relative to controls in 

dissociated s.e.g. neurones.

Experiment Amplitude time-constant n
(% ±  s.e.m.) (% ±  s.e.m.)

Cd2+ (3f iM)  71.9 ±  3.3 68.2 ±  3.4 10

d-Tubocurarine (30^M) 57.7 ±  4.6 100.8 ±  4.6 7

noradrenaline (10/aM) 87.3 ±  5.6 69.3 ±  2.5 4

methacholine (10/aM) 73.0 ±  4.8 73.0 ±  4.2 4

Reduced Ca^"*"-influx 68.0 ±  4.3 73.8 ±  3.9 9
(20ms command pulse)

I All data measured 25ms after end of voltage command.

Discussion.

The experiments in this chapter describe some of the properties of the Ca?~^- 

dependent K “̂  current that underlies the a.h.p. of rat s.e.g. neurones. The current 

showed the following basic properties:

(1) It was characterized as a small, slowly decaying outward current following 

depolarizing voltage-commands.

(2) The current was clearly Ca^ “d ep en d en t and was affected by conditions that alter 

Ca^"*” influx.

(3) The current appeared to be a pure K “*" current.

(4) The underlying conductance of the current was independent of membrane potential.

(5) The current was maximally activated by commands to around OmV, and was reduced 

by depolarizing holding potentials prior to the command pulse.

(5) The current was blocked by low concentrations of dTC and apamin, but not by TEA 

or 4-AP.
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(6) Noradrenaline and methacholine both reduced the current.

The current recorded in this study appears to share similar characteristics with the 

after-hyperpolarization current (designated I^ g p )  observed in bullfrog sympathetic 

neurones (Pennefather et al. 1985) which likewise was Ca^"^-dependent, insensitive to 

membrane voltage, and blocked by low concentrations of dTC but not TEA. Because of 

this similarity, it is reasonable to refer to the current recorded in this study as

Ia h p  was recorded from both intact and dissociated neurones, and showed similar 

characteristics using both preparations. The most noticeable difference was the smaller 

amplitude of I ^ y p  recorded from dissociated neurones. The appearance of I ^ y p  

dissociated cells was dependent upon the time in culture since dissociation^with ly^yp 

only being consistently recorded about 4 days following dissociation. The reason for this 

slow development of ly^yp is unclear since other membrane currents are readily 

observable in freshly dissociated cells. Another difference was the altered pattern of 

decay in that the time-course of decay was usually mono-exponential in dissociated 

neurones^whereas there were frequently two components of decay observed in intact 

neurones. This made analysis easier since the time-course could be fitted by a single 

exponential allowing accurate estimation of drug effects on the time-course of I ^ y p  

decay. It does, however, leave open the question of whether there are two separate 

currents, only one of which was maintained in dissociated neurones, and whether direct 

comparison can be made between ly^yp recorded under the two conditions.

The variable pattern of decay of I ^ y p  intact neurones does suggest that more 

than one current may contribute to ly^yp- The decay was frequently 2-exponential with 

times constants of approximately 135 and 440ms^but the effects of drug treatment upon 

the two components were very variable not allowing comparisons to be made. One 

observation suggesting multiple components was that TEA appeared to suppress the 

early part of I ^ h p  while leaving the later part unaffected (or even enhanced due to the 

improved clamp and consequent increase in Ca^“*" entry). The suppression of the early 

Ia h p  lasted over 2(X)ms in some cells (not shown in Fig. 18), far longer than can be 

accounted for by the suppression of either I^i or Ik (d R)- The inference from this is that
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there are two separate components to but in the absence of further information no

conclusions can be reliably made. A 2-component has been reported in bullfrog 

sympathetic neurones with time-constants of 50 and 250ms, the two components being 

pharmacologically distinct (Tanaka et al, 1986; Tanaka and Kuba, 1987). Other studies 

in bullfrog neurones have however failed to demonstrate the presence of 2-components 

(Pennefather et al., 1985; Goh and Pennefather, 1987)^so clarification on the existence 

of separate ly^jjP components is also needed in bullfrog neurones.

Not all cells showed ly^jjp following the voltage-command protocol used to evoke 

currents, and the magnitude of varied considerably from cell to cell. During 

experiments with intact neurones it was noticed that poor currents were often associated 

with a low input resistance, following damage during impalement. It has been suggested 

that the variability of I^ jjP  bullfrog neurones is due to such damage, rather than 

representing different cell types (Lancaster and Pennefather, 1987). However there were 

some cells with high input resistances but which had a small ly^jjP’ currents were 

also a frequent problem during whole-cell experiments, even immediately following 

whole-cell patch formation before intracellular proteins would have diffused into the 

pipette. ly^Hp was also quite labile, with run-down being frequently observed during 

both intracellular and whole-cell recordings. This might reflect run-down of the calcium 

current, particularly with whole-cell recording of since showed a similar run­

down (see chapter 3). Alternatively, this may be due to Ca^"*” loading in the cell from 

impalement damage or from frequent stimulation resulting in permanent activation of 

Ia h p » though since dTC did not alter the holding current this seems unlikely.

Ia h p  is distinguishable from other membrane currents present in s.c.g. neurones 

on the basis of its biophysical and pharmacological properties. Thus I/^jjP i  ̂distinct 

from another Ca^"^-dependent K"*” current I^j^since Iq is strongly voltage-dependent 

(Galvan and Sedlmeir, 1984; Belluzzi et al. 1985b) and blocked by TEA (Marsh and 

Brown, 1991). I ^  is activated by depolarizing commands and decays with a comparable 

time-course to ly^jjp but can also be eliminated on the basis of its voltage-dependence 

(Constanti and Brown, 1981).
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Although raising the temperature caused a large increase in the amplitude of 

there was no obvious change! to the total duration of although the shape of decay 

was altered. This is differenP^^yenteric neurones, for example, where the Q^q of 

inactivation is approximately 3 (North and Tokimasa, 1983). Interpretation of the decay 

of at raised temperature is however difficult because of the greatly enhanced 

amplitude of I/^gp. This may at least be partially due to an enhanced Ca^"^ influx, 

taking longer to be sequestered possibly masking the faster kinetics of removal. 

Difficulty was also encountered in adequately clamping the command pulse at raised 

temperature which caused variable command potentials to be attained.

Calcium dependence of I ^ n p .

Both amplitude and time-course of I^ jjp  were dependent upon the level of 

Ca^*^ influx into the cell, as illustrated by the relationship between the rise in 

intracellular Ca^"*” concentration, and ly^jjp amplitude and time-constant. In addition to 

an increase in I/^jjP &rnplilude, the time-constant of decay increases with calcium load, 

such that I^H p takes much longer to decay. This suggests that the time-course of ly^jjP 

reflects the removal of intracellular Ca^"^ as has been suggested in bullfrog sympathetic 

neurones (Goh and Pennefather, 1987)^rather than the open time of individual channels.

This view is supported by other experiments in bullfrog sympathetic neurones (Smith et
?

al. 1983),which demonstrated that the kinetics of the post-tetanic hyperpolarization 

reflect the kinetics of the intracellular transient, indicating that the removal of Ca^"^ is 

the rate limiting step in the decay of ly^jjp. It was noted that a minimum pulse length of

2ms was necessary to generate I ^ h P* possible that the failure of a 1ms pulse to
9 Igenerate ly^jjp is due to a requirement for a minimum Ca^“̂  entry to 'prime' the ly^jjP 

channels. Alternatively Iç;^ may not be activated during a 1ms pulse, particularly since

Ca^"^ entry is likely to occur mainly during the falling phase ofanaction potential, as
1

implied by computer modeling by Belluzzi and Sacchi (1989; 1991).

The inhibition of I^ jjp  by Cd^“̂  is consistent with dependence of I^ jjP
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calcium load. Cd^"^ both inhibits peak current and reduces the time constant of decay, 

further suggesting that decay is dependent on the size of the Ca^"*” load and the 

rate of removal of Ca^“̂ . In contrast dTC inhibited only the amplitude of IAHP without 

any effect on the time-course of decay, and also did not block It would

therefore appear that drugs which inhibit I ^ j jp  by reducing Ca^"*" influx also increase 

the rate of decay, while drugs which inhibit I ^ y p  independently of I^g  ̂do not increase 

the rate of decay, as suggested for bullfrog neurones (Goh and Pennefather, 1987). This 

provides a simple method of determining whether a drug inhibits I ^ jjp  directly or via 

inhibition of

Noradrenaline increased the rate of decay of I^ jjp  in both intact and dissociated 

neurones, an action consistent with its suppression of I(̂ ^̂  (Chapter 3). There was a 

discrepancy between the intact and dissociated preparations in that noradrenaline showed 

a smaller inhibition of peak current in the dissociated neurones. This is difficult to 

interpret since noradrenaline still increased the rate of decay, such that a greater 

inhibition of current was observed 150ms after the end of the voltage-command. 

Noradrenaline inhibited Iç.^ by approximately 50% in the dissociated neurones, so the 

small inhibition of ly^jjp compared to intact neurones is unlikely to be due to receptor 

alteration following dissociation, unless the culture conditions resulted in receptors being 

altered or lost over the several days between dissociation and use for ly^j^p recordings.

It is possible that there is an early component to I ^ h p  dissociated neurones that is 

resistant to suppression by noradrenaline. In addition, the relationship between I^ jjp  

and 1(2^ inhibition by Cd^"^ was linear, whilst the relationship for inhibition by 

noradrenaline was both l in e a r  and comparatively shallow. The shallow relationship is

probably due to the comparatively low degree of inhibition of ly^jjp by noradrenaline in
explanation

dissociated neurones. One possible^for the non-linear relationship is that at higher

concentrations noradrenaline blocks ly^fjp directly. In contrast, methacholine showed a

clear reduction of ly^jjP ^^iplilude. In addition, methacholine also increased the rate of
, 'S

decay of I ^ h p » strongly implying that muscarinic suppression of ly^gp via inhibition of 

Ica> confirmed by the observation that methacholine did block Interestingly, Goh
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and Pennefather (1987) reported that muscarine did not increase the rate of decay of 

Ia h p  bullfrog neurones, concluding that muscarine did not suppress Ia h p  

inhibition of The reason for this difference is not clear, but it may suggest a direct 

inhibition of Ia h p  occurs in addition to inhibition of Ia h p  suppression of

The effect of caffeine was to prolong Ia h P evoked by short commands. A similar 

potentiation of the a.h.p. in s.c.g. neurones has been observed (Kawai and Watanabe, 

1989; Kawai and Watanabe, 1991), and of Ia h p  bullfrog neurones (Goh et al,

1992b). The relationship between command-length and effect of caffeine was 

unexpected, showing that the effect of caffeine was greater on short commands. One 

possible explanation for this is that the longer voltage-commands caused a substantial 

release of Ca^ from caffeine dependent stores such that caffeine produced little further 

release. Alternatively, the caffeine-sensitive stores may only be able to provide a small 

release of Ca^*^ following a stimulus, such that the slow decay following long 

commands obscure the relatively small effect of caffeine. It is, however, possible that 

the effect of caffeine is to inhibit uptake of Ca^*^ into caffeine-sensitive stores rather 

than to potentiate release. Assuming that the uptake is saturated by larger Ca^*^ loads, 

such that uptake is proportionally greater for small loads, then block by caffeine would 

be expected to have a greater effect on Ia h p  evoked by short commands. The 

importance of the mobilization of intracellular Ca^*^ could be more closely investigated 

using ryanodine, which shortens the a.h.p. in rat s.c.g. neurones (Kawai and Watanabe, 

1989; Kawai and Watanabe 1991) by depleting the caffeine-sensitive store (Fill and 

Coronado, 1988).

Since the rate of decay of I a h p  ^PP^ars to be closely related to the calcium load, it 

is possible that I a h p  provide a sensitive indication of the time-course of calcium 

signals. I a h p  recorded after a calcium charge influx of 16pC during a 5ms 

command (probably less, since a 2ms command evoked I a h p  some neurones, but 

measurement of from I^.^ traces was impractical for the 2ms command). However, 

this in itself is not necessarily meaningful since the measurement of the Ca^"*” charge is 

across the whole cell and not just localized to the region containing I a h p  channels.
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Experiments in GH3 cells suggest a calcium sensitivity of 100-300nM (Lang and 

Ritchie, 1987), and this is probably a better measure of the dependence of on 

Ca^*^. Since the basal level of Ca^"^ in s.c.g. cells is approximately 80nM (Trouslard 

et al, 1993), it is likely that I^ jjP  channels can be activated by very small changes in 

intracellular Ca^ .

Suppression of by noradrenaline was antagonized by yohimbine, suggesting 

an (X2-receptor. Whilst quantitative evaluation was not undertaken, this is consistent with 

the (̂ 2-block of (Chapter 4) and is further evidence that noradrenaline exerts its 

effect on ly^jjp via

In conclusion, the results in this chapter describe the basic properties of I ^ ^ p .  Both

amplitude and decay kinetics are dependent on Ca^“*" load, and it appears that control of
9 _j_

Ia h p  is provided by Ca . In addition, neurotransmitters appear to exert their effect 

on Ia h p  inhibition of I ;̂^* Finally the pharmacological properties of Ia h p  recorded 

here suggest it to be analogous to the Ia h p  recorded in bullfrog neurones.

It was noticed, however, that clonidine did not reduce Ia h p * reason for this is not 

clear, but clonidine also had little effect on I^^ in some neurones (chapter 4), and the 

failure of clonidine to inhibit Ia h p  likely to reflect a lack of effect on I^^ .̂
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Fig. 5.1 recorded from intact and dissociated s.c.g. neurones.

Records illustrate the outward tail-currents recorded by 50ms depolarizing voltage 

commands in s.c.g. neurones.

A. Records were obtained from an intact neurone using an intracellular electrode. 

Holding potential was -49mV and the command potential was -3mV

B. Records obtained from a dissociated neurone using a whole-cell patch electrode. 

Holding potential was -48mV and the command potential was -5mV.

143



A,

20mV

0.2nA

0.5s

B.

20mV

0.2nA

0.5s

144



Fig. 5.2 Exponential decay of in a dissociated neurone.

Plot of amplitude on a logarithmic scale against time for the dissociated

neurone illustrated in Fig IB. The decay time-constant (t ) was calculated as 329 ms. 

Zero-time on the plot represents the end of the command pulse.

145



( N
O

O

IT)
O

P
O

O

C/D

<U
S

\o

(y u )  dH V j



Fig. 5.3 Calcium dependence of ^AHP intact neurones (different cells).

A. Records showing effect of a nominal Ca^*^- free Krebs' solution on recorded 

from an intact neurone. Records were obtained by 50ms commands to -3mV from - 

51mV.

B. Records showing inhibition of by 500/xM Cd^"^. Currents were evoked by 

50ms commands to -2mV from -50mV.
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Fig. 5.4 Effect of holding potential on peak amplitude of (i^^ct s.c.g. neurone).

A. Shows superimposed outward tail-currents recorded at different holding potentials 

from an intact s.c.g. neurone. I ^ y p  was evoked by 50ms voltage commands to OmV. 

The holding current at each potential is offset so that the currents can be easily 

compared.

Note that the fast component of the tail-current reverses at a more depolarized potential 

than the slow component.

B. Shows the relationship between peak current and holding potential.

In this cell reversal occurred at approximately -95 mV.
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Fig. 5.5 Relationship between holding potential and in a whole-cell voltage-

clamped dissociated neurone.

A. Shows tail-currents evoked by voltage commands to -2mV from different holding 

potentials (same procedure as in Fig. 5.4).

B. Shows the relationship between I^ jjp  amplitude and holding potential. Reversal in 

this cell was approximately -85mV.
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Fig. 5.6 Relationship between membrane potential and when evoked from a 

constant holding potential.

A. Illustrates I^ jjP  evoked by 50ms voltage commands to -2mV from a holding 

potential of -50mV, and recorded at the post-command potentials indicated. Records 

show the difference current between the current evoked by the protocol described above, 

and records obtained without the command pulse, to minimise contamination by other 

currents. Same cell as previous figure.

B. Shows the relationship between peak current and membrane potential.
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Fig. 5.7 Effect of altering the pre-command potential on I^jjP  ̂whole-cell voltage-

clamped dissociated neurone.

A. Illustrates currents evoked by voltage commands to -2mV from the holding potentials 

indicated. Currents were recorded at -50mV and the records illustrated here show the 

difference current between the protocol described above, and records obtained without 

the command pulse to isolate the current evoked by the command.

B. Shows the relationship between the evoked current and pre-command potential.

155



A.

-80 mV

-60

-70

0.5nA

0.5s
- -50

-40

B.

I
A4

-40-60

pre-command potential (mV)

-80

156



Fig. 5.8 Dependence of I^jjp on command potential in an whole-cell voltage-clamped

dissociated neurone

A. Illustrates evoked by 50ms commands to the potentials indicated.

B. Plot showing ly^yp amplitude (■ ) and decay time-constant ( r ;# )  against command 

potential.
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Fig. 5.9 Effect of high K"̂  on

A. Voltage-clamp records (Vjj=-58mV, V^=OmV) from an intact s.c.g. neurone 

showing the effect of raising the concentration of KCl from 5mM (normal) to 12 and 

20mM.

B. Plot showing the effect of altered K"*" concentration on reversal. The reversal 

potential (mV) was plotted against K"*” concentration (on a logarithmic scale).

Same neurone as above.
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Fig. 5.10 Effect of temperature on

A. Records illustrate outward tail-currents obtained from a voltage-clamped intact s.c.g. 

neurone (Vjj=-50mV, V(^=-10mV) at temperatures of 25, 30, and 35®C.

I f i M  TTX and 5mM TEA were present in the Krebs' solution.

B. Illustrates the record obtained at 25®C scaled up to compare the decay of current with 

the record obtained at 35°C.
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Fig. 5.11 Effect of altered external Ca^“̂  concentration on

A. Records obtained from an intact neurone (Vjj=-50mV, V^=-2m V) illustrating the 

effect of raising extracellular Câ ~*” from 2.5 (normal) to 5mM.

B. Records obtained from another neurone ( Y q — -50mV, V(^=OmV) showing the 

effect reducing extracellular Ca^"*" from 2.5 to I.25mM.

5mM TEA was present in the Krebs' solution.
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Fig. 5.12 Effect of different command pulse lengths on I^j^P ^  intact neurone.

Records obtained from a voltage-clamped intact s.c.g. neurone following voltage 

commands (Vjj=-50m V, V ^ = -8mV) of increasing duration from 1 to 100ms.
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Fig. 5.13 Effect of different command pulse lengths in an impaled dissociated neurone.

A. Records show evoked by voltage commands (V j|=-55m V , V ^ = -6mV) and of 

the duration indicated.

B. A plot of log I^ jjP  amplitude against time to illustrate the relationship between pulse 

duration and decay of plot shows data obtained from 10ms (#  ; r =  169ms), 

20ms (■ ; T=227ms), 50ms (A;  r=365ms) and 100ms (4 ;r= 468m s) pulses. The plot 

for the 5ms pulse is omitted for clarity (r was calculated as 162ms).
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Fig. 5.14 Relationship between calcium load in dissociated neurones.

Plot showing amplitude (■ ) and time-constant ( r ;# )  against calcium charge 

(Qca) entry during the voltage command (plotted on a log-log scale). was 

calculated from calcium current recordings (obtained from neurones 1 day following 

dissociation; n=4).
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Fig. 5.15 Effect of cadmium on

A. Whole-cell voltage-clamp records from a dissociated s.c.g. neurone showing 

recorded in the absence and presence of 3 and 30/^M Cd^"*”. Currents were evoked by a 

50ms command to OmV from a holding potential of -49mV. Inset shows log ly^gp 

amplitude plotted against time for the records obtained for control ( # ;  t= 675ms) and 

3/xM Cd^"^ (■ ; r=416ms) to illustrate the effect of Cd "̂*" on the rate of ly^jjp decay.

9 . are
B. Dose-response relationship for the block of ly^jjP - D a ta ^  expressed as

mean ±  s.e.m. (n=7).
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Fig. 5.16 Comparison of the inhibition of and by Cd^" .̂

A. Illustrates the dose-response relationships obtained for inhibition of and by 

Cd2+.

B. Plot showing inhibition of I^ jjP  by Cd^"^ against inhibition of for each 

concentration of Cd^"*".
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Fig. 5.17 Effect of caffeine on in an impaled dissociated neurone.

A. Records show (Vjj=-55mV, Vç.=-2mV) recorded in the absence (above) and 

presence (below) of 2mM caffeine for the command durations indicated.

B. Records show (Vy=-52m V, VQ=OmV) in the absence and presence of 2mM 

caffeine to illustrate the apparent slowing of the activation of I^ jjP  caffeine.

Duration of command pulse was 10ms.
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Fig. 5.18 Effect of tetraethylammonium (TEA) on

Currents recorded from an voltage-clamped intact neurone in the absence and presence 

of 5mM TEA. Currents were evoked by 50ms commands to -4mV from a holding 

potential of -50mV.

TEA inhibits the fast component of the tail-current, but increases the slow component 

(see text).
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Fig. 5.19 Effect of d-tubocurarine (dTC) on

A. Whole-cell voltage-clamp records from a dissociated s.e.g. neurone showing 

inhibition by cumulative addition of dTC. The holding potential was -49mV and 

currents evoked by 50ms commands to -3mV. Also shown is a plot of log 

amplitude aginst time for control ( # ;  T=410ms) and 10/zM dTC (■ ; r=423ms) to 

illustrate the lack of effect by dTC on the time course of decay.

B. Dose-response curve for the block of ly^yp by dTC. Data expressed as mean 

±  s.e.m. (n=5).
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Fig. 5.20 Effect of apamin on I^yp.

Records illustrate I ^ y p  (Vj^=-53mV, Vç=5m V ) recorded from a whole-cell voltage- 

clamped dissociated neurone and obtained in the absence, and presence of 30nM 

apamin. There was no recovery.
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Fig. 5.21 Effect of 4-aminopyridine (4-AP) on

Records illustrate (Vg=-55m V, Vç. =  +  lmV) recorded from a whole-cell 

voltage-clamped dissociated neurone and obtained before, during and after addition of 

3mM 4-AP.
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Fig. 5.22 Effect of noradrenaline on

A. recorded from a voltage-clamped intact s.e.g. neurone (a) before, and (b) 

following addition of IO/-1M noradrenaline to the Krebs' solution, and (c) following 

wash.

The holding-potential was -45mV and ly^jjp was evoked by a 50ms command to -ImV.

B. Whole-cell voltage-clamp records from a dissociated s.e.g. neurone showing currents 

obtained (a) before, (b) during and (c) after addition of 10/xM noradrenaline.

The holding-potential was -50mV and I^ jjp  was evoked by a 50ms command to -4mV. 

Also shown is a plot of log ly^yp amplitude against time for the records for control (#  ; 

T=724ms) and 10/iM noradrenaline (■ ; r=489ms) to illustrate the effect of 

noradrenaline on
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Fig. 5.23 Dose-response relationship for inhibition of noradrenaline.

Mean dose-response curves for the inhibition of by noradrenaline using (A) intact 

neurones, and (B) dissociated s.e.g. neurones (whole-cell voltage-clamped). Data is 

expressed as mean ±  s.e.m. (intact, n=10; dissociated, n=4) and experiments were 

performed using cumulative additions of noradrenaline.

Data from the dissociated cells was measured 150ms after the end of the voltage command.
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Fig. 5.24 Comparison of noradrenaline's suppression of and

A. Compares the dose-response relationships obtained for inhibition of and 

by noradrenaline in dissociated neurones.

B. Plot showing inhibition of I^ jjp  by noradrenaline against inhibition of for each

concentration of noradrenaline (# ) . was calculated from recordings and 

represents Ca^“*" influx during a 50ms command. is used instead of since

noradrenaline alters kinetics, such that measurement of peak inhibition may not 

give an accurate estimation of the change in Ca^"*” entry. Also shown for comparison is 

the plot obtained for Cd "̂*" (■ ; data taken from Fig. 5.16). The values for Cd^"^ were 

not converted from to since Cd^"^ did not alter the shape of the recorded 

current.
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Fig. 5.25 Antagonism of noradrenaline's suppression of by yohimbine.

Records show (^ ^ = -5 2 , V^=-3m V) recorded before, during and after 

superfiision of 10/xM noradrenaline (a) in the absence and (b) in the presence of 10/xM 

yohimbine. Data obtained from a whole-cell voltage-clamped neurone.
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Fig. 5.26 Inhibition of by methacholine in whole-cell voltage-clamped

dissociated neurones.

A. Records show I^ jjp  (Vjj=-55mV, Vç.=-2mV) obtained in the absence and the 

presence of 10 and 100/xM methacholine. There was only a poor recovery from the 

response. Also shown is a plot of log decay against time for the records obtained 

for control ( # ;  r=387ms) and IG t̂M methacholine (■ ; T=292ms).

B. Shows the inhibition of by lO/iM methacholine (Vjj=-90mV, V^=OmV; see 

chapter 3 for details of recording).
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Fig. 5.27 Comparison of the suppression of by methacholine with block by

and dTC.

Illustrates the effects of methacholine, Cd and dTC on amplitude and time- 

course in the same whole-cell voltage-clamped neurone.

Records show I^ y p  (Vjj=-55m V,V^=-4m V) recorded before, during and after 

application of (a) 10/xM dTC, (b) 10/xM Cd "̂*" and (c) 10/xM methacholine. Also shown 

are plots of log I^ jjP  ^"^pbtude against time for the records obtained for each drug (■ )

and control records (# ) ,  to illustrate the effect of each drug on (^^cay.

Calculated values for time constant (r) of ly^yp decay

(a) control, 521ms; 10/xM dTC, 492ms.

(b) control, 502ms; 10/xM Cd^"^, 287ms.

(c) control, 575ms; 10/xM methacholine, 317ms.
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Chapter 6.

General discussion.

This study has investigated the membrane currents responsible for the generation of 

the long after-hyperpolarization (a.h.p.) of rat superior cervical ganglion (s.e.g.) 

neurones. The a.h.p. was generated by a potassium current, I^H P ’ similar to the 

of bullfrog sympathetic ganglion cells. was shown to be calcium-dependent, 

independent of membrane potential and suppressed by neurotransmitters. It was blocked 

by d-tubocurarine and apamin, but insensitive to tetraethylammonium and 4- 

aminopyridine. The calcium necessary for activation of originates primarily from 

influx through voltage-gated calcium channels, which showed a corresponding 

sensitivity to neurotransmitters. The size of the calcium load determined the decay 

kinetics of I ^ h P ’ such that a decreased calcium load reduced the duration of the 

current. It also appeared that the inhibition of I^ jjp  by neurotransmitters was mediated 

via inhibition of Iç.^. Noradrenergic suppression was primarily investigated, and 

inhibition of Î ĝ̂  was mediated by (%2-receptors. Thus, some of the pharmacological

properties of ly^yp in rat s.e.g. neurones have been characterized. The physiologically
needs

relevant question that no\v^o be addressed clearly is, what is the functional role of 

Ia h p  in particular its inhibition by noradrenaline (and other neurotransmitters)?

The principle action of I ^ h p  sympathetic neurones is the reduction of neuronal 

excitability following action potentials. Block of the a.h.p. decreases accommodation 

and increases repetitive firing during sustained depolarization (Kawai et al, 1985; Kawai 

and Watanabe, 1986), suggesting that the role of the a.h.p. is to suppress subsequent 

firing of postganglionic neurones following an initial action potential, thereby 

modulating ganglionic transmission (Kawai and Watanabe, 1986). It would therefore 

appear that I ^ h p  does play an important role in s.e.g. neurones, but is there also a 

functional significance for the suppression of I ^ h p  neurotransmitters? It was noticed
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during the course of this study that noradrenaline did increase repetitive firing during

depolarizing current commands in current-clamp though the effect was small,

presumably due to activation of Ij^ during the current command. This observation might

suggest that a physiological action of catecholamines in the s.e.g. is to increase the

excitability of postganglionic neurones via inhibition of I^HP* However, the situation is

much more complicated than this since noradrenaline exerts several actions in

sympathetic ganglia (see below), and it is therefore necessary to consider the various

actions of noradrenaline, in addition to inhibition of I^H P ’ before a physiological
be

significance to the suppression of can^suggested. A role for noradrenaline in the 

s.e.g. is likely since there are small catacholamine containing cells (Eranko and 

Harkonen, 1963; Koslow, 1975; Eranko, 1976) in the ganglion, some of which function 

as intemeurones (Williams et al, 1976; Elfvin et al, 1993). In addition, there is evidence 

that noradrenaline is released from the soma or dendrites of the postganglionic neurones 

(Reinert, 1963), though more recent evidence from cultured chick sympathetic neurones 

indicates that release of noradrenaline is from neurites and growth cones but not from 

cell bodies (Przywara et al, 1993).

One reported action of noradrenaline on postganglionic neurones is the (X2-mediated 

hyperpolarization (Brown and Caulfield, 1979). This hyperpolarization was inversely 

related to the external potassium concentration (Brown and Caulfield, 1979), consistent 

with an increased potassium conductance, and therefore reduced neuronal excitability. 

However, the hyperpolarization, measured using intracellular electrodes, is small 

(approximately ImV) without a clear effect on the voltage-current relationship (Brown 

and Caulfield, 1981), so the modulating effect of this hyperpolarization on neuronal 

excitability may be minor. A more significant action of noradrenaline may occur 

in preganglionic neurones, where release of acetylcholine from terminals is reduced, 

with a consequent depression of ganglionic transmission (Brown and Caulfield, 1981), 

the action of noradrenaline being mediated by a 2"receptors. The reduction in transmitter 

release probably occurs as a result of the suppression of Ca^"*” entry also observed in 

these neurones (Elliott et al, 1989). Other actions of noradrenaline in the s.e.g. are
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excitatory and are demonstrated by a postganglionic depolarization, and an increase 

transmitter release from preganglionic neurones with a corresponding facilitation of 

ganglionic transmission (Brown and Dunn, 1983b), these actions being mediated by B- 

receptors. It is therefore clear that noradrenaline exerts many actions in the s.c.g., both 

excitatory and inhibitory in nature. However the dominant overall effect in the intact 

ganglion seems to be inhibitory with presynaptic depression of ganglionic transmission 

(Lindl, 1979; Brown and Caulfield, 1981). Given these circumstances is there any 

significance to the suppression of by noradrenaline? One possibility is that 

suppression of I^ jjP  becomes significant at high levels of sympathetic activity. Under 

such conditions ganglionic transmission will be suppressed by intraganglionic release of 

noradrenaline, such that only large, and important, stimuli will release sufficient 

acetylcholine from preganglionic neurones to cause firing of postganglionic neurones. 

Suppression of and the resulting shortening of the a.h.p., will allow more

frequent firing of the postganglionic neurones in response to these important stimuli, 

thus providing a high safety factor for ganglionic transmission when accurate 

transmission of importan^messages is needed.

It is, however, possible that there is no significant physiological function for the 

suppression of I^ jjp  by noradrenaline, and that the suppression observed is merely a 

secondary consequence of the reduction of I^-^. Suppression of transmitter release at 

nerve terminals is postulated to be mediated via «2-autoreceptor inhibition of Ca^"^ 

entry (Starke, 1987), and it is possible that a similar mechanism exists in the soma. 

However, noradrenaline release from cell bodies may be insignificant compared with 

release from terminals, as has been demonstrated in chick sympathetic neurones 

(Przywara et al, 1993), in which case suppression of I ^ jjp  may be the main 

consequence of I^.^ suppression by noradrenaline in cell bodies.

Muscarinic inhibition of I^ jjp  is likely to have a similar effect on excitability of 

s.c.g. neurones, and combined with the simultaneous inhibition of Ij^ , it is likely that 

muscarinic receptor stimulation, by acetylcholine, produces a greater excitation of 

postganglionic neurones than that caused by noradrenergic stimulation. Other
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neurotransmitters are likely to be involved in control of I^H P s.e.g. neurones. For

example somatostatin, which has been suggested to be released by intraganglionic 

neurones (Leranth et al, 1980), suppresses (Ikeda and Schofield, 1989) and will 

presumably also suppress ^^^ce various neurotransmitters exert multiple actions

in the s.e.g. the precise functional role of I ^ jjp  suppression remains to be determined.

It is possible that I^ jjP  & role in controlling transmitter release from 

sympathetic nerve terminals, where suppression of I^H P ’ the subsequent 

enhancement of excitability, could lead to an enhancement of noradrenaline release. 

However, it is not known whether I^ jjP  channels are expressed at the terminals. 

Investigation of synaptic transmission at the frog neuromuscular junction suggests that 

Iç., rather than ly^gp, modulates transmission, with charybdotoxin, but not apamin, 

enhancing transmitter release (Robitaille and Charlton, 1992). It has also been suggested 

that Iç; channels are clustered at the transmitter release sites (Robitaille et al, 1993). The 

effect of apamin on transmitter release from sympathetic neurones has not been 

reported, and any possible role of I^H P sympathetic nerve terminals remains to be 

determined.

Although some of the properties of I/^yp in rat s.e.g. neurones have been described 

in this study, many questions remain. The single channels underlying I ^ y p  were not 

investigated, and there are no reports describing channels with the necessary properties 

to account for ly^jjp s.e.g. neurones. Small conductance channels underlying similar 

currents in other cell-types have been observed, for example in cultured rat skeletal 

muscle (Blatz and Magleby, 1986), GHg cells (Lang and Ritchie, 1987) and cultured 

hippocampal neurones (Lancaster et al, 1991). The large conductance channels 

underlying Iç. have been characterized in the s.e.g. (Smart, 1987), though there was no 

report of smaller conductance Ca^"*"-activated channels. It should be possible to record 

Ia h p  in inside-out patches by observing channel activity following changes in 

intracellular Ca^"*”, and to identify the channels as those generating I ^ y p  on the basis 

of voltage-independence and pharmacological characteristics.
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The role of calcium in controlling the time-course of needs to be investigated

further. It would be interesting to determine whether the time-course of decay

reflects the decay of intracellular Ca^"^ following Ca^"^ entry. This could be attempted

by simultaneous voltage-clamp recording and measurement of intracellular Ca^“*" using

a Ca^"^-indicator such as indo-1, though such techniques measure whole-cell

when precise estimation of Ca^"*” at the cell membrane is necessary. In addition, the

mobilization of intracellular calcium needs to be investigated further. Although caffeine

prolonged ly^jjp evoked by short commands, this does not prove that intracellular

release of Ca^"*” contributes to I/^h P* intracellular Ca^*^ release does contribute to

Ia h p  then a shortening of ly^yp duration by ryanodine would be expected. This has

been demonstrated for the a.h.p. in rat s.e.g. neurones (Kawai and Watanabe, 1989),

though investigation of I ^ h p  bullfrog neurones showed a lack of effect of ryanodine,

suggesting that mobilization of intracellular Ca "̂*" does not contribute to ly^HP (Goh et

al, 1992b). It is possible that this represents a difference in I ^ y p  between rat and

bullfrog sympathetic neurones, though further work is needed to clarify this.

Another question that needs to be investigated further is the mechanism by which

neurotransmitters suppress I/^h P* conclusion that noradrenergic and muscarinic

suppression of I ^ h P inhibition of the preceding calcium current was made

indirectly since I^^  ̂was necessary to activate I ^ h p * be possible to record

Ia h p  independently of I(^^ by using a calcium ionophore, such as ionomycin (Beeler et

al, 1979), to cause sufficient influx of Ca^*^ into the cell to activate I ^ h P* lonomycin-

induced Ca entry has been successfully used as an alternative to voltage-activated 
9 4- entry, for example, in evoking acetylcholine release at frog motor nerve endings 

(Hunt and Silinsky, 1993). Assuming that ionomycin can activate ly^HP s.e.g. 

neurones it will both allow investigation of I ^ h P i^ isolation from I^.^, and also allow 

direct investigation of the pharmacological inhibition of I ^ h p *

Noradrenergic inhibition of I(^^ was suggested to be mediated via an (̂ 2-receptor 

(chapter 4). In recent years it has, however, become increasingly apparent that «2- 

receptors can be separated into distinct subtypes. The first suggestion that (%2-receptors
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may show heterogeneity was by Bylund (1981) based on a comparison of [^H]-clonidine 

and [^H]-yohimbine binding in various tissues. Subsequent pharmacological studies have 

revealed the existence of four subtypes of ^ 2-adrenoceptor: in, for example,

rabbit spleen (Michel et al, 1990) and human platelet cells (Bylund et al, 1988); «23 , in 

rat kidney (Michel et al, 1990) and NG108-15 cells (Bylund et al, 1988); cx2C’ 

opussum kidney OK cells (Murphy and Bylund, 1988); « 2 0 ’ bovine pineal gland 

(Simmoneaux et al, 91). Molecular cloning techniques have provided further evidence 

for «2-receptor heterogeneity. Three clones were initially isolated from human DNA: 

« 2CIO (Kobilka et al, 1987); «2C2 (Lomasney et al, 1990); «2C4 (Regan et al, 1988). 

The pharmacology of these clones correspond with «2A"’ “ 2B" “ 2C" receptors

respectively (Bylund et al, 1992). Three clones have also been isolated from rat tissues: 

RNG («2g , Zeng et al, 1990); RGIO and RG20 («2^  and «2%) respectively, Lanier et 

al, 1991), though it has also been suggested that the RG20 clone may correspond to the 

«2A receptor (Harrison et al, 1991).

The question here is which subtype of «2-receptor mediates the suppression of 

It is not possible from the small number of antagonists used in this study to answer this 

conclusively. However, the relatively low potency of yohimbine compared to 

phentolamine is consistent with the «2j)-subtype (Simonneaux et al, 1991) and the 

receptor encoded by RG20 (Lanier et al, 1991), both studies demonstrating 

phentolamine to be more potent than yohimbine in competition binding experiments.

The other « 2-subtypes show the reverse order of potency for these two antagonists. It 

has also been suggested by Hill et al (1993) that the adrenoceptor modulating 

noradrenaline release from rat s.c.g. neurones is similar to the « 2j)-subtype. Further 

investigation is necessary before the « 2-adrenoceptor subtype mediating inhibition of 

I(2â in rat s.c.g. neurones can be conclusively identified.
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