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Abstract.

The effects of some antiepileptic and local anaesthetic drugs on 
sodium- and calcium-dependent compound action potentials (Na- and 
Ca-spikes) in mammalian non-myelinated nerves have been compared, 
using the rat preganglionic cervical sympathetic trunk in vitro as the 
test system.

To record the Ca-spike, the normal Na-spike was blocked by
tetrodotoxin (TTX) and 1 mM 4-aminopyridine (4-AP) added. The spikes

2+ 2+ 2+ were maintained on substituting Sr or Ba for Ca but were blocked
by inorganic Ca channel antagonists, with the following order of
potency (IC ): Cd^+ (3.3 uM) > La^+ (6.9 uM) > Ni^+ (44 uM) > Co^+ (0.47

2+ 50 2+ m M ) > M n  (0.71 mM) > M g  (16.4 m M ) •
A comparison of the local anaesthetics, lidocaine and procaine 

with the antiepileptics phenytoin, carbamazepine and phenobarbitone on 
the Na-spike was made over a range of stimulation frequencies (0.2-20 
Hz). There was no discernible difference in the frequency-dependence 
of block between these two groups of drugs.

Differences were revealed in their relative effectiveness on 
single Na- and Ca-spikes. The antiepileptics were more potent blockers 
of the Ca-spike (ratio of i c ^q s °f the Na- and Ca-spikes: 
pentobarbitone, 21; phenobarbitone, 5.0; carbamazepine, 3.2; and 
phenytoin, 1.2), whereas the local anaesthetics were more potent on 
the Na-spike (lidocaine, 0.23; and procaine, 0.29).

Catecholamines were also tested on the Ca-spike. L-noradrenaline 
produced an average maximal depression of the Ca-spike of 90%
1.5 uM) . Potencies (IC^) of other agonists were: clonidine (0.44 uM), 
L-adrenaline (1.3 uM), dopamine (46 uM), L-phenylephrine (154 uM), 
+/-amidephrine (>10 m M ) . Phentolamine was the most potent antagonist 
tested (Schild plot analysis giving a pA^ of 6.5). Yohimbine was at 
least ten times weaker; prazosin (10 uM) and +/-propranolol (1 uM) had 
no antagonistic action.

In conclusion, it is proposed that inhibition of calcium currents 
may contribute to the therapeutic efficacy of some antiepileptic drugs 
and to the inhibitory action of catecholamines on transmitter release.
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Chapter One»
Introduction.

The epilepsies are a group of central nervous system disorders 
consisting of sudden and transitory episodes (seizures) of abnormal 
phenomena of motor (convulsions), sensory, autonomic or psychic 
origin, which are nearly always correlated with abnormal and excessive 
disorders in electroencephalograms (EEG). Studies suggest that 
epilepsy affects 3-6 people per 1000 (Hauser, 1978). In many cases no 
cause for the seizure can be identified (primary or idiopathic 
epilepsy) and for the rest (secondary or symptomatic epilepsy) 
seizures may be associated with trauma, neoplasm, infections, 
developmental abnormalities, cerebro-v^scular disease or various 
metabolic conditions. The pathological origins of epilepsy may vary 
but the underlying mechanism is thought to be similar for all types of 
seizure and the different symptoms possibly due to the anatomical 
location of the focus. The seizure disorder in most patients begins 
with, and is sustained by, synchronous high frequency firing of a 
relatively localized group of neurones. These may arise either from a 
primary focus or a more diverse area where functional abnormalities 
have taken place.

It is generally held that with drug therapy, complete control of 
seizures is possible in 50% of patients, and significant improvements 
seen in another 25% (Rail & Schleifer, 1980). Careful diagnosis of the 
seizure is required because different seizure types respond to 
different antiepileptic drugs. For generalized tonic-clonic seizures 
(Grand-mal) carbamazepine and phenytoin are the drugs of first choice; 
phenobarbitone and sodium valproate may also be useful. Ethosuximide 
and valproate are the first choice drugs for absence seizures 
(Petit-mal). Complex partial seizures tend to be refractory to drug 
treatment, but in some patients carbamazepine or phenytoin may be 
useful (Theodore, 1985). This study will concentrate on the possible 
mechanisms of action of phenytoin, carbamazepine and phenobarbitone.



(A) Possible anatomical sites of antiepileptic drug action.

Generalized tonic-clonic seizures begin with brief muscle 
contractions and a cry, followed by stiffening and shaking of arms and 
legs, a fall and incontinence. Primary generalized seizures affect 
large regions of the brain simultaneously. Secondary generalized 
seizures are due to the spread to the entire brain of an initial 
temporal lobe discharge (Theodore, 1985). It has been proposed that 
the brainstem is the site of origin for primary generalized seizures 
and this may also be the site of action of the antiepileptics 
carbamazepine and phenytoin (see below).

Phenytoin limits the development of maximal seizure activity and 
reduces the spread of seizures from an active focus. It does not 
completely eliminate the sensory aura or other prodromal signs. 
Phenytoin has a distinct pharmacological profile in experimental 
animals. Phenytoin does not elevate the threshold for seizures induced 
by convulsant drugs such as strychnine, picrotoxin or pentyl
enetetrazol (PTZ) and has only limited ability to elevate the 
threshold for electroshock seizures. The most pronounced action is on 
maximal electroshock seizures, in that it completely abolishes the 
tonic phase; the clonic phase may be exaggerated or prolonged. 
Carbamazepine has a similar pharmacological profile but can also block 
PTZ induced seizures. Phenobarbitone, like phenytoin, limits the 
spread of seizures but also elevates seizure threshold (Rail & 
Schleifer, 1980).

Morrell, Bradley & Ptashne (1959) demonstrated that clinical anti
convulsant action was best correlated with limiting the spread of 
seizures rather than suppressing the primary focus. In the cat, Louis, 
Kutt & McDowell (1968) showed that phenytoin blocked the peripheral 
effects of a penicillin-induced cortical epileptic focus, i.e. limb 
jerking. Cortical spikes were still recorded although at a slightly 
reduced frequency. This work was continued to investigate the effect 
of sensory stimulation on phenytoin action (Louis, Kutt & McDowell, 
1971). As before, phenytoin blocked the peripheral manifestations of



the seizure although cortical spike activity remained. Noxious 
stimulation could re-establish limb jerks even in the presence of 
phenytoin. They deduced that phenytoin must act at a site below the 
cortex, possibly on the multisynaptic reticulo-spinal system.

Generalized seizures can be evoked by electrical stimulation of 
the brainstem in experimental animals. Chiu & Burnham (1982) tested 
the action of four anticonvulsant drugs on generalized convulsive 
seizures induced by direct electrical stimulation of the mesencephalic 
reticular formation. They concluded that the brainstem plays an 
important role in the genesis of generalized convulsions and that 
antiepileptics exert their effect at the brainstem level, especially 
in reducing the tonic phase. Browning (1985) found that stimulation of 
the reticular formation in the midbrain, pons or medulla, in both cats 
and rats, resulted in seizures that were characterized by tonic 
extension of the limbs and synchronous discharge at either the cortex 
or the site of stimulation. Transection of the midbrain at the 
precollicular level had no effect on seizures. However lesions at the 
pontine tegmentum, including the superior cerebellar peduncles and 
nucleus reticularis portis oralis, attenuate the tonic components of 
maximal seizures induced by electroshock, sound or PTZ, but had little 
or no effect on clonus. These are similar to the actions of phenytoin 
in the same seizure models. They therefore concluded that the pontine 
reticular formation has a key role in the generation and/or expression 
of tonic convulsions•

Other sites in the midbrain have been suggested. Julien & 
Hollister (1975) in a review of the literature on the possible 
mechanism of action of carbamazepine suggested that the thalamus may 
play a role. Carbamazepine appeared to have a specific depressant 
action on transmission through the ventral anterior thalamic nucleus. 
Englander et al. (1977) reported that phenytoin depressed transmission 
through the ventral lateral nucleus of the thalamus. Fromm (1985) used 
recordings from the cat trigeminal nucleus to compare different 
classes of antiepileptics on a polysynaptic system. He found that 
drugs effective against generalized tonic-clonic seizures 
(carbamazepine and phenytoin) depressed segmental and descending



excitatory mechanisms and markedly enhanced segmental inhibitory 
mechanisms. He noted that one important characteristic of 
antiepileptics was their ability to depress the reticular core and 
that this may be important in the spread and generalization of 
clinical seizures.

(B) Possible mechanisms of antiepileptic drug action.

There are two general ways by which drugs might abolish or 
attenuate seizures: either by acting directly on the pathologically 
altered neurones of the seizure focus to inhibit the excessive 
discharge, or by actions that would reduce the spread of excitation 
from the seizure focus and so prevent disruption of normal neuronal 
function. Most drugs appear to act by the second mechanism.

(1 ) Facilitation of inhibitory neurotransmission.

i ) -amino-butyric acid (GABA).

GABA is the major inhibitory neurotransmitter in the mammalian 
brain. It mediates intrinsic inhibition in the cortex, hippocampus, 
thalamus and cerebellum. A reduction in the efficacy of the GABAergic 
system can lead to seizures. Compounds which reduce GABA action are 
used to produce cortical epileptic foci in experimental animals e.g. 
bicuculline, picrotoxin and penicillin. In man, there are reports of 
reduced GABA concentrations in the cerebro-spinal fluid of patients 
with epilepsy (Meldrum, 1985). It has been proposed that increased 
GABAergic activity may be the mechanism of action for some classes of 
antiepileptics. GABA and agonist analogues have anticonvulsant action 
but their usefulness is determined by how well they pass the blood- 
brain barrier (Olsen, 1981).

Phenytoin and carbamazepine have been extensively tested on the 
GABA system and the evidence suggests that their antiepileptic action 
does not depend on GABA. Phenytoin has a strong facilitatory action on 
the GABA mediated chloride-dependent synaptic inhibition of crayfish



stretch receptor neurones (Ayala et al., 1977) but in mammals the 
effect of phenytoin is weaker. Bowery & Dray (1978) showed a small 
reversal of the bicuculline antagonism of GABA responses in rat 
superior cervical ganglia, but only at high concentrations (100 uM) of 
phenytoin. In mouse cultured spinal cord neurones, phenytoin enhanced 
iontophoretically applied GABA but again only at high concentrations 
(McLean & Macdonald, 1983). At 20 uM, phenytoin had no effect on GABA 
responses (Macdonald, Skerritt & McLean, 1984). Carbamazepine had no 
action on GABA responses in the same preparation (McLean & Macdonald, 
1986). Carbamazepine also had no action on GABA-mediated responses in 
rat hippocampus (Hood, Siegfried & Haas, 1983; Olpe, Baudry & Jones, 
1985). Phenytoin (up to 200 uM) did not enhance GABA action in adult 
rat dorsal root ganglion cells (Connors, 1981) nor was there any 
phenytoin effect on GABA responses in rat hippocampus (Hershkowitz & 
Ayala, 1981).

An interaction with the GABA system may explain the action of 
barbiturates, including antiepileptic effects in certain seizure 
types. This was first described for the anaesthetic barbiturate, 
pentobarbitone (Nicoll, 1975; Ransom & Barker, 1975). Simmonds (1981) 
examined the action of pentobarbitone, phenobarbitone and phenytoin on 
GABA responses in the afferent fibres to the rat cuneate nucleus, f-jg 
studied three types of interaction: (1) potentiation of muscimol 
depolarizations, (2) reduction in the potency of bicuculline as an 
antagonist of muscimol and (3) reduction in potency of picrotoxin as 
an antagonist of muscimol. Phenytoin potentiated muscimol 
depolarizations and reduced the potency of bicuculline but had no 
effect on picrotoxin antagonism. Phenobarbitone was equipotent with 
phenytoin in potentiating muscimol depolarizations but reduced the 
potency of picrotoxin at lower concentrations. At these concentrations 
phenobarbitone had no effect on bicuculline and caused only a small 
potentiation of muscimol. Pentobarbitone was not selective, causing a 
reduction in the potency of bicuculline and picrotoxin and a large 
potentiation of muscimol. Overall, Simmonds concluded that drug action 
on reducing picrotoxin antagonism correlated well with reported 
anticonvulsant effects against kindled amygdaloid seizures.



Macdonald & Barker (1978 and 1979) compared the actions of pento
barbitone and phenobarbitone on mouse cultured spinal cord neurones. 
The results indicated different mechanisms of action underlying their 
respective uses as a sedative and anticonvulsant. Pentobarbitone, but 
not phenobarbitone, abolished spontaneous activity and directly 
increased membrane conductance. Pentobarbitone was more potent than 
phenobarbitone in potentiating GABA action and in decreasing glutamate 
responses. Phenobarbitone did however, abolish picrotoxin-induced 
seizure activity. They investigated the actions of phenobarbitone on 
amino acid responses in more detail. Phenobarbitone potentiated GABA 
mediated postsynaptic inhibition without affecting B-alanine or 
glycine mediated inhibition. Glutamate mediated excitation was 
antagonized by phenobarbitone. These results were confirmed in the 
same preparation by Schulz & Macdonald (1981). They concluded that the 
anticonvulsant action of phenobarbitone was due to enhanced GABA and 
reduced glutamate responses. The anaesthetic action of pentobarbitone 
was considered to be a combination of these two effects with an

2+additional increase in chloride conductance and an action on Ca 
influx (Macdonald, 1984).

On frog motoneurones, pentobarbitone depressed the responses to 
glutamate, selectively enhanced the action of GABA and reversed the 
non-competitive picrotoxin antagonism of GABA responses, all with a 
threshold concentration of 10 uM. At higher concentrations (100 uM) 
pentobarbitone also elicited a GABAmimetic hyperpolarization. 
Phenobarbitone shared all of the above actions but was only about one 
fifth as potent as pentobarbitone. The only effect of phenytoin (100 
uM) found was a slight depressant action on glutamate responses 
(Nicoll & Wojtowicz, 1980).

The GABA effector system possesses three receptor sites and a 
chloride ion channel. Its interaction with drugs is complex. Much of 
the research has concentrated on radiolabelled binding studies. The 
interactions with convulsant and anticonvulsant drugs has been 
reviewed by Olsen (1981). Gating of the chloride channel is controlled 
by three separate but interacting binding sites, for GABA, picrotoxin 
and benzodiazepines. Barbiturates and other anticonvulsants bind to



the picrotoxin site, assessed by fl(-dihydropicrotoxin (DHP) binding. 
DHP binding is inhibited by both convulsant barbiturates (e.g. DMBB 
and CHEB) and by CNS depressant drugs. The inhibition of DHP binding 
correlates with the depressant activity of barbiturates and with their 
ability to enhance the postsynaptic chloride conductance activated by 
GABA. The concentration of anticonvulsant drugs (phenytoin and 
carbamazepine) required to inhibit DHP binding was high (>100 uM). The 
binding of benzodiazepines to the picrotoxin site does not correlate 
with their antiepileptic activity but binding to the benzodiazepine 
site does.

Olsen concluded that pentobarbitone and related anaesthetic- 
sedatives inhibit DHP binding and allosterically enhance both 
benzodiazepine and GABA binding in a chloride-dependent and 
picrotoxin-sensitive manner. The antiepileptics phenobarbitone, 
carbamazepine and phenytoin inhibit DHP binding but do not enhance 
benzodiazepine or GABA binding and can antagonize the action of 
pentobarbitone on these two actions. The physiological consequences of 
drug binding to the DHP site can differ: convulsants such as 
picrotoxin result in a block of a chloride conductance, therefore 
producing a non-competitive antagonism of GABA; the binding of 
depressant barbiturates leads to a prolonged open time of the chloride 
channels, so potentiating GABA action (Mathers & Barker, 1980).

(2) Inhibition of excitatory neurotransmission.

(i) Excitatory amino acids.

Intracortical or intracerebral injections of excitatory amino 
acids can produce focal or generalized seizure activity (Meldrum,
1985). Excitatory amino acids probably play a role in the genesis 
and/or spread of seizures and a possible antagonism of these actions 
by antiepileptics has been investigated. Stone & Javid (1983) found 
that both phenytoin and phenobarbitone antagonized the convulsions 
induced by intracerebral injections of L-glutamate. They suggested 
that this may be due to antagonism of the excitatory glutamate action.



In vitro studies have not supported this; neither phenytoin nor 
carbamazepine antagonized glutamate responses in cultured spinal cord 
neurones at concentrations below 40 uM (McLean & Macdonald, 1983 and
1986).

(ii) Acetylcholine.

Antiepileptics appear to block the nicotinic action of acetyl
choline. In Aplysia, Ayala et al., (1977) found that phenytoin reduced 
the amplitude of a acetylcholine mediated sodium-dependent e.p.s.p. 
but was ineffective against the acetylcholine-mediated chloride- 
dependent i.p.s.p. in the same neurone. On the mouse neuromuscular 
junction phenytoin reduced the amplitude of voltage responses to 
acetylcholine (Gage, Lonergan & Torda, 1980). They proposed that the 
channel life-time of the acetylcholine receptor was reduced by 
phenytoin. In the frog neuromuscular junction both carbamazepine 
(Alderdice & Trommer, 1980) and phenobarbitone (Thomson & Turkanis, 
1973; Alderdice & Trommer, 1980; Pincus & Insler, 1981) reduce the 
postsynaptic sensitivity to acetylcholine. This may be due to an 
action on the open-channel-receptor complex as proposed by Adams 
(1976) for other barbiturates.

(3) Action on the sodium pump.

+ +Neuronal activity results in an increased [Na and [K J ,
following influx of Na+ and efflux of K+ from the cells. These ionic
changes are reversed by an ATP-dependent pump mechanism which 

+ +transports Na out of, and K into, the cell. The transport of ions is
+ + coupled but the ratio is not unity: more Na is pumped out than K

+ +into the cell. The ratio is probably 3 Na : 2 K . There is therefore a 
net movement of positive charge which hyperpolarizes and reduces the 
excitability of neurones. The system is referred to as an electrogenic 
sodium pump (Thomas, 1972).

During seizures [K+ ] can increase to 10-13 mM in parts of theo
cortex surrounding the epileptic focus. The repetitive spike



discharges during seizures also increases [Na+ K .  This results in 
increased sodium pump activity. It has been proposed that stimulation
of the sodium pump may terminate seizure activity: by removing the

+excitatory influence of [K ] , and the hyperpolarization due to 
electrogenic nature of the pump would also reduce neuronal 
excitability (Heinemann & Lux, 1983).

Woodbury (1955) first suggested an action of phenytoin on the
sodium pump to explain its antiepileptic action. He reported that the
rise in intracellular brain [Na+ ] following maximal electroshock
seizures could be attenuated by phenytoin. By measuring the movements

+of radiolabelled Na , he found that phenytoin stimulated the rate of 
+Na efflux and suggested an action on the sodium pump as a possible

site of action for phenytoin. This proposal was supported by 
+measurements of K uptake in cat cerebral cortex (Escueta & Appel,

1972; Escueta et £ l ., 1974 a and b ) . The rate of K+ uptake was reduced
in synaptosomes prepared from cat cerebral cortex following
electroshock or freeze lesion seizures. Escueta et £ l . (1974 b) found
that pretreatment with phenytoin could prevent seizures in vivo and

+reversed the reduction in K uptake in synaptosomes in. vitro. The
evidence therefore indicated that seizure activity was related to

+reduced sodium pump activity as assessed by synaptosomal K uptake and 
that phenytoin may prevent seizures by stimulation of sodium pump 
activity.

In non-mammalian nerves phenytoin appears to have no action on
the sodium pump. Ayala, Lin & Johnston (1977) found that phenytoin
reduced the amplitude of the post-tetanic hyperpolarization in both
Aplysia and crayfish neurones. An increase in amplitude would be
expected with stimulation of sodium pump activity. Also phenytoin did
not affect the action of ouabain on these preparations. Similar
results were reported by Perry, McKinney & DeWeer (1978) on squid

22 + 42 +giant axons. They measured Na and K fluxes across the axonal 
membrane. Phenytoin did not stimulate sodium pump activity, had no 
antagonistic effect on ouabain, or alter K+ permeability. Phenytoin 
did hyperpolarize squid axons, but by an action similar to 
tetrodotoxin i.e. by reducing resting Na+ influx.



Ouabain is a potent inhibitor of sodium pump activity (Rang & 
Ritchie, 1968; Landowne & Ritchie, 1970) and a possible antagonist 
action of phenytoin has been investigated. Intracerebral injections of 
ouabain cause seizures in mice and these are prevented by pretreatment 
with phenytoin or phenobarbitone (Stone & Javid, 1982). This does not 
prove that phenytoin or phenobarbitone act on the sodium pump. In the 
heart, ouabain toxicity results in arrhythmias which can be 
successfully treated with phenytoin. The possibility of phenytoin and 
ouabain having opposite actions on cardiac sodium pump activity has 
been investigated by Rhee (1983). Phenytoin had no stimulating action 
on isolated Na+-K+-ATPase activity, nor did it effect ouabain binding 
in samples purified from either canine cardiac or renal tissues.

The results for the action of phenytoin on the sodium pump in 
mammalian nerve fibres are conflicting. There is pronounced sodium 
pump activity in non-myelinated nerve fibres following repetitive 
stimulation, observable as a post-tetanic hyperpolarization (Ritchie & 
Straub, 1957; Rang & Ritchie, 1968). Raines & Standaert (1966 and 
1967) reported that phenytoin decreased excitability in the nerve 
terminals of cat soleus neuromuscular junction. They suggested that 
the reduction in post-tetanic potentiation was secondary to a 
decreased post-tetanic hyperpolarization. Julien & Halpern (1970) 
studied the action of phenytoin on rabbit isolated vagus nerve. After 
repetitive stimulation the non-myelinated C fibre component of the 
compound action potential exhibited a period of decreased 
excitability. This correlated with the time course of the post-tetanic 
hyperpolarization. Chronic pretreatment with phenytoin markedly 
shortened the period of decreased excitability without depressing 
conduction velocity or excitability thresholds. The authors argued 
that this action of phenytoin was consistent with a stimulation of 
sodium pump activity. Den Hertog (1972) measured directly the 
electrogenic component of the sodium pump in desheathed rabbit vagus 
nerves. Neither chronic nor acute administration of phenytoin had any 
effect on the amplitude or time constant of recovery of the 
post-tetanic hyperpolarization or potassium activated responses•



Although an attractive hypothesis, there appears to be little
direct evidence for phenytoin action on mammalian neuronal sodium pump
activity. It has been suggested that brain glial cells may be
involved. The proposal is that one of the functions of glia is to 

+buffer [K ] , that this mechanism fails in epilepsy, and this may be 
the site of phenytoin action. Somjen (1984) has reviewed the available
evidence and concluded that the increase in [K+ ] during seizures doeso
not play a part in initiating seizures nor in terminating seizure 
activity by stimulation of sodium pump activity. The change in [K+ ]o
did not follow the electrical activity of seizures, nor did the rise
in [K ] correlate with termination of the seizure. Therefore he o
concluded that sodium pump activity is not associated with initiation 
or termination of seizure activity, but probably influences the spread 
of seizures. Somjen also concluded that glia had no special role in 
buffering [K+ ]q .



(4) Actions on synaptic transmission and calcium currents.

(i) Neuromuscular junction.

The action of antiepileptics on synaptic transmission has been
extensively studied on the frog neuromuscular junction. Yaari, Pincus
& Argov (1979) showed that 100-200 uM phenytoin depressed neuronally
evoked release of acetylcholine in normal Ringer's solution, but

2+increased release in a Ca -deficient Ringer's solution. Spontaneous
transmitter release was increased by phenytoin in both solutions. At
high stimulation frequencies (100-200 Hz), phenytoin regularly
produced partial block of transmission and this effect was also seen

2+at lower frequencies with increased Mg concentrations. This action 
was further analysed with intracellular recordings from the muscle 
cells (Yaari, Selzer & David, 1985). At lower frequencies of 
stimulation phenytoin prevented the build-up of end plate potential 
amplitude during repetitive stimulation• The authors suggested this 
was due to a presynaptic action, possibly a frequency-dependent 
depression of action potentials in motor axons and their terminals.

Aminopyridines induce after-discharges following single nerve 
stimulation in the frog neuromuscular junction * These originate at, or 
near, the nerve terminal and result in repetitive stimulation of the 
neuromuscular synapse (David, Selzer & Yaari, 1985). Phenytoin 
suppressed both the aminopyridine-induced after-discharges and the 
repetitive stimulation of the postsynaptic muscle fibres. The 
phenytoin action was associated with impaired conduction of action 
potentials at nerve terminals but not the parent axons • This suggested 
a site of action at the nerve terminals•

The action of phenobarbitone on frog neuromuscular junction has 
also been extensively studied and is significantly different from 
phenytoin (Thomson & Turkanis, 1973; Alderdice & Trommer, 1980; Pincus 
& Insler, 1981). Phenobarbitone increased mean quantal content, but 
reduced mean amplitude of m.e.p.ps with little or no action on muscle 
membrane resistance. Therefore phenobarbitone appears to enhance



acetylcholine release but reduces the postjunctional sensitivity to
acetylcholine. The reduced sensitivity to acetylcholine may be due to
the mechanism proposed by Adams (1976) i.e. an action on the
open-channel-receptor complex. Increased acetylcholine release may be
explained by Pincus & Hsiao (1981) who found that phenobarbitone

45 2+failed to affect synaptosomal Ca uptake but inhibited 
45 2+mitochondrial Ca uptake so tending to increase free cytosolic 

2+[Ca J. Alternatively it may be related to the observation of Thomson
& Turkanis (1973) that phenobarbitone increased the duration of action

2+potentials in axon terminals, which would also increase [Ca ]^. 
Carbamazepine decreases end-plate potential amplitude and m.e.p.p. 
amplitude. Carbamazepine also reduced the quantal content (Alderdice & 
Trommer, 1980). This suggests that carbamazepine decreases the 
postsynaptic sensitivity to acetylcholine as well as reducing 
transmitter release.

(ii) Post-tetanic potentiation.

Esplin (1957) studied the action of phenytoin on synaptic 
transmission in cat spinal cord and stellate ganglion. He found a 
small inhibition of monosynaptic and a larger effect on polysynaptic 
transmission. The most striking effect of phenytoin was the almost 
total abolition of post-tetanic potentiation, which occured at 
concentrations which were anticonvulsant, but not toxic in the cat. 
Esplin thought the site of action of phenytoin was in the presynaptic 
terminals.

Experiments on the frog neuromuscular junction has identified
2+accumulation of intracellular Ca as the underlying mechanism of 

post-tetanic potentiation (Rosenthal, 1969; Weinreich, 1971) and so 
this may be the mechanism of action for phenytoin. Carbamazepine 
(Hershkowitz, Dretchen & Raines, 1978) and phenytoin (Raines & 
Standaert, 1966) both reduce post-tetanic potentiation in cat soleus 
neuromuscular junction. With carbamazepine, the action on post-tetanic 
potentiation was not associated with an action on conduction velocity 
or the ability to follow high frequency stimulation. Raines &
Standaert (1966 and 1967) argued that the phenytoin-induced reduction



in post-tetanic potentiation was secondary to a reduction in 
post-tetanic hyperpolarization and suppression of repetitive 
after-discharges in the nerve terminals. Carbamazepine was found not 
to affect post-tetanic potentiation in rat hippocampal slices (Hood, 
Siegfried & Haas, 1983). There are no reports of phenobarbitone 
inhibiting post-tetanic potentiation.

(iii) Synaptosomal calcium uptake.

Phenytoin, at a high concentration (200 uM), reduces K+
45 2+depolarization-induced Ca influx in rat brain synaptosomes (Sohn &

Ferrendelli, 1973; Pincus & Hsiao, 1981). In NIE-115 neuroblastoma
2+cells Study (1980) demonstrated a reduction in Ca influx by

measuring calcium-mediated increases in intracellular cGMP
+ + concentrations by either K or muscarine stimulation. The K -dependent

2+increase in Ca influx was reduced by 50% with 40 uM phenytoin. It
2+has been reported that phenobarbitone does not inhibit Ca influx in

rat brain synaptosomes (Blaustein & Ector, 1975; Pincus & Hsiao,
1981). Ferrendelli & Daniels-McQueen (1982) tested a range of
antiepileptics on K+-(Na-independent) and veratridine-(Na-dependent)

2+induced Ca uptake in rat cerebral cortex synaptosomes. Phenytoin,
carbamazepine and phenobarbitone were all more potent on veratridine 

+ 2+than on K -induced Ca influx. They concluded that antiepileptic drug
+action was mainly due to a reduction in Na influx but with a possible

2+additional action on Ca influx.

(iv) Transmitter release.

2+A reduction in Ca influx into presynaptic terminals by anti
epileptic drugs may result in reduced transmitter release. This can be 
tested by studying the action of drugs on the release of radiolabelled 
neurotransmitter. In rat brain synaptosomes, Pincus & Weinfeld (1984) 
found that high concentrations of phenytoin (200 uM) reduced the
depolarization-induced release of acetylcholine in the presence of

2+ 2+ extracellular Ca but had no action m  Ca -free solutions.

DeBoer, Stoof & Duijn (1982) found that phenytoin and



phenobarbitone had selective effects on the release of a range of
neurotransmitters from rat cortical slices. Phenytoin and
phenobarbitone reduced the release of 5-hydroxytryptamine and
noradrenaline at therapeutic concentrations (8-20 uM for phenytoin and
80 uM for phenobarbitone). Higher concentrations of phenytoin (200 uM)
were required to significantly reduce the release of GABA, glutamate
and acetylcholine. For the last three neurotransmitters the authors

2+suggested that the reduction of release was due to an action on Ca
2+influx as 200 uM was the concentration effective on Ca influx m  rat

brain synaptosomes (Sohn & Ferrendelli, 1973). They concluded that the
action on 5-hydroxytryptamine and noradrenaline release involved a
different action and suggested an effect on protein phosphorylation as

32a possible explanation. An effect by phenytoin on [ P] phosphate 
incorporation into specific brain proteins of rat and humans had been
reported by DeLorenzo (1977). Phosphorylation was stimulated in the

2+ 2+ . .presence of Ca and the Ca -induced increase was significantly
reduced by phenytoin but only at high concentrations (0.4 m M ) . This
probably does not explain the selective action of phenytoin and
phenobarbitone on the release of 5-hydroxytryptamine and noradrenaline
because of the differences in concentration. Carbamazepine has been
less extensively studied, but it reduced the depolarization-induced 

3release of [ H] glutamate from hippocampal slices with a threshold 
concentration of 10 uM (Olpe, Baudry & Jones, 1985).

(v) Calcium currents.

In certain preparations it is possible to obtain calcium- 
dependent regenerative potentials, usually in the presence of 
tetrodotoxin (TTX) and potassium channel blockers. In mouse 
neuroblastoma Tuttle & Richelson (1979) found that 40 uM phenytoin 
reduced the TTX-insensitive calcium-dependent potential more than the 
Na-dependent spike. Yeh, Quandt & Kirsch (1981) also found that 
calcium currents were reduced by phenytoin in cultured neuroblastoma 
cells. In mouse cultured spinal cord neurones, 100 uM phenytoin 
reduced the calcium-dependent potential duration by 60% (McLean & 
Macdonald, 1983); 170 uM pentobarbitone and 900 uM phenobarbitone 
reduced the duration by 50% (Heyer & Macdonald, 1982). Connors (1981)



however, could find no phenytoin action on calcium-dependent action 
potentials in adult rat sensory neurones. Carbamazepine had no effect 
on Ca-spikes in hippocampal pyramidal neurones (Hood, Siegfried &
Haas, 1983). In embryonic rat hippocampal neurones, phenytoin (100 uM) 
reduced a low-voltage-activated calcium current, but not a 
high-voltage-activated calcium current, recorded using the whole-cell 
patch-clamp technique (Yaari, Hamon & Lux, 1987).

(5) Action of antiepileptics on spontaneous activity induced by low 
calcium solutions

2+Extracellular Ca has a powerful influence on the excitability
2+of neurones (Frankenhaeser & Hodgkin, 1957). When [Ca ] is reducedo

all neurones show increased excitability (i.e. lower threshold for
initiation of action potentials) and some neurones will spontaneously
repetitively fire. One example is the squid axon, in which spontaneous

2+firing develops when the [Ca ] is reduced to 25% of normal. Firing 
rates of upto 300 spikes per second have been reported (Rosenberg & 
Bartels, 1967).

2~hA reduction in [Ca ] is seen in the mammalian cerebral cortexo
after repetitive activity. During epileptic seizure activity the 

2+reduction in [Ca ] is larger and extends further from the site ofo
activity than normal after repetitive stimulation (Heinemann & Lux,

2+1983). The effect of [Ca ] on neuronal excitability is important ino
the genesis and spread of seizure activity and may be one of the 
initiating events of an epileptic attack (see Somjen, 1984).

The action of antiepileptics has been tested on neuronal 
2+preparations in low Ca solutions. Rosenberg & Bartels (1967) found

that phenytoin and phenobarbitone selectively blocked the spontaneous
2+activity produced in squid axons in low Ca solutions. The ratio of 

concentrations required to block spontaneous activity over that 
required to block single action potentials was 100 for phenytoin and 
33 for phenobarbitone. The local anaesthetics tested were less 
selective: the ratio for procaine was 10 and for tetracaine 4. The



work of Rosenberg & Bartels was followed up by Neuman & Frank (1977)
2+on voltage-clamped frog sciatic nerves. In normal [Ca ] , 18-180 uMo

phenytoin reduced the peak sodium current to 80-25% of control, with
no detectable effects on the time constants of activation ) andm
inactivation (T ). Phenobarbitone (1 mM) reduced the peak sodium h
current to 50-70% of control but did shift T* toward more depolarized

2+ m levels in normal [Ca ] .o

2+In low Ca solutions, frog axons, unlike squid axons, do not
fire spontaneously, but the underlying changes in sodium channel
kinetics are similar; T\ and r are shifted in the hyperpolarizingh m
direction. In the frog there is a 20 mV shift for a 10-fold change in 

2+[Ca ]q ; in the presence of 18 uM phenytoin the shifts are reduced to
5-6 mV. Phenobarbitone also reversed the hyperpolarizing shift seen in

2+ 2+ low [Ca ] . Neuman & Frank concluded that in normal Ca solutions, o
phenytoin and phenobarbitone prevent spontaneous firing by an action 
on the sodium channel activation mechanism.

Spontaneous epileptiform activity develops in the CA1 area of rat
2+hippocampal slices when superfused with low (0.2 mM) Ca solutions. 

This is blocked by antiepileptic drugs at low concentrations; by 1-15 
uM carbamazepine (Hood, Siegfried & Haas, 1983; Heinemann et a l .,
1985; Olpe, Baudry & Jones, 1985) and by 25 uM phenytoin or
phenobarbitone (Heinemann et: ad., 1985). At the relevant
concentrations, carbamazepine had no effect on single Na- or Ca-spikes
recorded intracellularly from CA1 pyramidal cells, nor did it affect
post-tetanic potentiation or paired pulse stimulation (a measure of 
GABA mediated inhibition). The action of carbamazepine appeared to be 
due to decreased neuronal excitability and a reduction of excitatory 
synaptic transmission (Hood, Siegfried & Haas, 1983; Olpe, Baudry & 
Jones, 1985) .

Although the antiepileptic drug action is present at
therapeutically relevant concentrations, their mechanism of action is
unclear, as is the mechanism underlying the spontaneous epileptiform

2+activity generation by low Ca solutions. Konnerth, Heinemann & Yaari 
(1986) attributed the effect to:



'the development of strong positive feedback in the neuronal 
networks through non-synaptic excitatory interactions, which are not 
restrained by "Ca-dependent" inhibitory and stabalizing mechanisms 
operating in normal ionic microenvironment.1
The authors proposed that the accumulation and spatial dispersion of 

+extracellular K may be involved.



(6) Action on sodium currents.

Early work into the effects of phenytoin described a membrane 
stabilizing action on peripheral nerves. For example, phenytoin 
reduced the hyperexcitability in frog sciatic nerves following 
excessive stimulation (Toman, 1952). Anticonvulsant doses of phenytoin 
also abolished repetitive afterdischarges originating in the nerve 
terminals of motor axons of the cat (Raines & Standaert, 1966). Raines 
and Standaert concluded that suppression of abnormal repetitive firing 
was central to the anticonvulsant action of phenytoin. The underlying 
mechanism of membrane stabilizing action was not known. Toman (1952), 
reported that phenytoin had no effect on action potential amplitude or 
conduction velocity at the relevant anticonvulsant concentrations.

The action of phenytoin on axonal ionic currents has also been
investigated. These are most accessible in the large diameter axons of
the squid. In voltage-clamped squid axons, phenytoin had a pronounced
effect on sodium currents (Lipicky, Gilbern & Stillman, 1972).
Phenytoin (50 uM) reduced the peak sodium current by 75% with no
apparent change in the activation ( Tm) or inactivation (T'h) time
constants. The steady-state potassium currents were slightly, but
irreversibly reduced at this concentration of phenytoin. Perry,
McKinney & DeWeer (1978) found that phenytoin (100 uM) reduced 

22 +TTX-sensitive Na influx by 50% in squid axons. Both these research 
groups compared the action of phenytoin to that of tetrodotoxin or 
saxitoxin in that they reduce the total sodium conductance with no 
effect on the sodium channel activation or inactivation mechanisms• 
Carbamazepine reduced ionic currents measured in voltage-clamped 
Myxicola axons. Carbamazepine (0.5 mM) reduced the sodium current by 
50% and the potassium current by 40% (Schauf, Davis & Marder, 1974).

Intracellular recordings from a variety of preparations have been 
made to assess the action of phenytoin on membrane properties. 
Phenytoin has no consistent action on membrane potential or input 
resistance on the preparations tested so far. In Aplysia abdominal and
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decreased membrane input resistance by 25-40% with little or no change 
in membrane potential. Phenytoin slightly reduced the amplitude of 
single action potentials and prevented repetitive firing (Ayala, Lin & 
Johnston, 1977). Alternatively Selzer (1979) reported that phenytoin 
raised input resistance, with no change in membrane potential, in 
lamprey dorsal root ganglion cells. Phenytoin also reduced the 
amplitude, maximal rate of rise and undershoot of action potentials.
In mouse neuroblastoma cells, Tuttle & Richelson (1979) found that 40 
uM phenytoin reduced input resistance by 30%, with a small 
depolarization and less than 10% reduction in action potential 
amplitude•

The action of antiepileptics on vertebrate peripheral nerve
bundles has been studied, mainly using extracellular recording
techniques. Phenytoin (IC 150 uM) and phenobarbitone (5 mM) reduced50
the amplitude of compound action potentials in frog sciatic nerves
(Krupp, Bianchi & Suarez-Kurtz, 1969; Staiman & Seeman, 1974) whereas
carbamazepine (21-85 uM) had no effect on excitability or conduction
velocity of either myelinated or non-myelinated axons in the same
nerve (Julien & Hollister, 1975). Phenytoin is reported as having no
action on the non-myelinated C fibres of the rabbit vagus nerve
(Julien &  Halpern, 1970; den Hertog, 1972). Phenytoin (IC 27 uM) and50
phenobarbitone 2.9 mM) were both potent blockers of the compound
action potential amplitude in the small myelinated axons of the rat
phrenic nerve, with a more potent effect than on the larger diameter
froq sciatic nerves (see above). Phenobarbitone (IC 1.45 mM) also50
reduced the spike potentials recorded from guinea-pig lateral 
olfactory tract axons (Scholfield & Harvey, 1975).

Most of the current knowledge of antiepileptic action on the 
sodium channel has come from work on voltage-clamped single myelinated 
axons of frog nerves. This research has highlighted the similarities 
between the antiepileptics and local anaesthetics. These include 
reduction in action potential amplitude and peak sodium current, with 
no effect on membrane potential or resistance and a modulation of the 
Na channel block produced by changes in membrane potential or external



2+[Ca ]. These will be described in detail.

Phenytoin (80 uM) reduced the conduction velocity of A d  fibres 
to 86% of control, increased threshold for firing by 5 mV and reduced 
the action potential amplitude by 10% (Schwarz & Vogel, 1977). 
Phenobarbitone (2.5 mM) had similar actions; the action potential 
amplitude was reduced by 14% and threshold increased by 32%, with no 
effect on resting membrane potential (Schwarz, 1979). With 
voltage-clamp recording the action on sodium currents was reduced by 
45% with 50 uM phenytoin (Schwarz & Vogel, 1977); by 20% and 75% with 
18 uM and 180 uM phenytoin respectively (Neuman & Frank, 1977); 2.5 mM 
phenobarbitone reduced peak sodium current by 60% (Schwarz, 1979). 
These drugs had less effect on steady-state potassium currents. 
Phenytoin (80-100 uM) and phenobarbitone (2.5 mM) both reduced the 
potassium current to 80% of control (Schwarz & Vogel, 1977; Neuman & 
Frank, 1977; Schwarz, 1979).

The reduction of sodium currents by phenytoin and phenobarbitone 
could be reversed by hyperpolarizing prepulses. For example Schwarz 
(1982) reported that the block by phenobarbitone could be completely 
removed if sufficiently long prepulses were given. This effect has 
been shown to be due to an action of the drugs on the sodium channel 
inactivation mechanism. The degree of sodium channel inactivation 
(1 —h ) is dependent on the membrane potential (E); at more depolarized 
potentials the degree of sodium channel inactivation is increased. The 
curve for h®* vs. E is sigmoid shaped. The curve can be plotted by 
using hyperpolarizing prepulses of varying amplitude and measuring the 
peak sodium current to assess the degree of sodium channel 
inactivation present at that membrane potential. Using this protocol 
it was found that both phenytoin and phenobarbitone shifted the h -E 
curve to more hyperpolarized potentials. For example 50 uM phenytoin 
moved the h w -E curve 20 mV in the hyperpolarizing direction (Schwarz 
& Vogel, 1977) .

The sodium inactivation and activation mechanisms are also
2+influenced by external Ca . In the frog sciatic nerve, reducing 

2+[Ca ] shifts the voltage relationships of the time constants for



activation (T* ) and inactivation (T\ ) in the hyperpolarizing m h 2+direction; by approximately 20 mV for a ten fold reduction in [Ca ]
2+ ° (Neuman & Frank, 1974). The effect of [Ca ] on the time constantso

are reduced by phenytoin and phenobarbitone• Neuman & Frank (1974)
described how phenytoin and phenobarbitone reduced the effect of low 

2+[Ca ] , on both T* and T ,  . The membrane stabalizing action of o m h
these drugs was explained by an action on the time constant for
activation ( T  ).m

It became increasingly apparent that the action of the anti
epileptics on voltage-clamped frog nerves was very similar to those of 
the local anaesthetics. Both preferentially blocked sodium channels 
rather than potassium channels; reversal of sodium channel block could
be achieved by hyperpolarizing prepulses with similar effects on hjQ -E

2+curves; and the degree of block dependent on [Ca ] . Therefore Io
think it is necessary to review the mechanism of action of local 
anaesthetics as it influenced the next phase of antiepileptic drug 
research. The present ideas on the action of local anaesthetics is due 
to work by Strichartz (1973), Courtney (1975) and Khodorov et a l ., 
(1976). Their findings were confirmed by Hille (1977), who proposed a 
unified mechanism of action for all local anaesthetics, namely the 
Modulated Receptor Hypothesis.

The modulated receptor hypothesis proposes that the actions of 
local anaesthetics can be explained by binding to a single receptor; 
therefore slow inactivation, frequency-dependent block and voltage- 
dependent block are all manifestations of a single inhibitory 
mechanism. It is based on a modification of the Hodgkin-Huxley model 
of the sodium channel (Hodgkin & Huxley, 1952). The sodium channel is 
assumed to have three states (see Figure 1); resting (R) when the m 
gates are closed but the h gate is open, open (0) when both the m and 
h gates are open and Na+ current flows, and inactivated (I) when the h 
gate is closed. As the sodium channel, or at least one portion of it, 
is considered to be the receptor it therefore has voltage- and 
time-dependent conformations and similar kinetics to those described 
by Hodgkin & Huxley (1952).



The second important aspect is that drugs can gain access to the 
receptor by alternative physical pathways, dependent on their physio- 
chemical properties. The drugs also have different binding affinities 
for the various channel states. Binding of a local anaesthetic 
molecule to the sodium channel prevents Na+ ions from passing through 
and so reduces the peak sodium current as measured in voltage-clamp 
experiments. Binding also alters the kinetics of the transitions 
between the different channel states. This is most clearly seen with 
the inactivated state I. All local anaesthetics stabilize the 
inactivated channel. This is seen experimentally as the shift to more 
negative potentials of the h ^  -E curve. At resting potentials the I 
R transition is essentially blocked at resting membrane potentials.

The modulated receptor hypothesis enabled Hille to explain the
actions of the different classes of local anaesthetics. Neutral drugs
such as benzocaine are hydrophobic and lipid soluble and can
therefore gain access to the receptor by the membrane phase i.e. R - 
# #R or I - I in Figure 1 • This why a h ^  -E shift is seen on the first 

stimulus, as all the channel states are in equilibrium with the drug 
and so no frequency-dependent block is produced with repetitive 
stimulation.

Permanently charged quaternary analogues are very hydrophilic and
lipid insoluble. They can only gain access to the receptor in the
aqueous phase through the inner mouth of the sodium channel. This
pathway is blocked when either the m or h gates are closed.
Stimulation is required to open the gates and allow access of the drug
via the 0 - 0  pathway. Repetitive stimulation is required before the
drug is in equilibrium with the receptor and therefore before any h ^
-E shift can be measured. Repetitive stimulation is required to remove

§
block as the drug must exit via the 0 - 0  pathway, as well as

# #hyperpolarizing prepulses to overcome the I - R drug induced block.

The explanation for tertiary amines is more complicated as the 
drug can be in two forms depending on its pKa and the pH of the 
solution. The local anaesthetics are usually weak bases and so they 
exsist as neutral or protonated species. The neutral form behaves like



benzocaine and the protonated form like the permanently charged
quaternary analogues. As the neutral form of these drugs can gain

# #access via the lipid phase of the membrane (R - R and I - I ); hoo -E
shift is seen with the first stimulation. The charged species can only

#gain access via the 0 - 0  route so a further hop-E shift is seen with 
repetitive stimulation. Frequency-dependent block is due to the 
charged species acting via the 0 - 0  pathway.

The different pathways to the receptor available to local
anaesthetics under various conditions explains their frequency-
dependent actions. Voltage-dependent block is explained by local
anaesthetics stabilizing the inactivated channel state. As the
inactivation process is voltage-sensitive, this results in the action
of the local anaesthetics being voltage-dependent. This action also

2+ 2 +explains local anaesthetic interaction with [Ca ] . Ca ions cano
neutralize fixed negative charge on the outer surface of the membrane 
and so alter the potential difference across the membrane bound 
receptor (Frankenhauser & Hodgkin, 1957).

Slow inactivation phenomena described by Khodorov ^t al. (1975)
was explained by Hille as being related to a drugs ability to unbind

# # from the I state via the I - I pathway at resting membrane
potentials and so is dependent on the lipid solubility of the drug.
For a small neutral drug like benzocaine the time constant for
recovery from slow inactivation (T* ) is fast. Alternatively for as
permanently charged local anaesthetiic it is extremely slow and
usually requires stimulation with hyperpolarizing prepulses to unbind 

# # #via the I - R - 0 - 0 pathway. The time constants for tertiary
local anaesthetics are intermediate and are related to the drugs pKa

§
and the pH; these drugs can only unbind from I when in the neutral 

#
form via the I - I pathway so the rate is dependent on their lipid 
solubility.

Hille's modulated receptor hypothesis was confirmed by a series 
of experiments by Courtney and colleagues. They tested a wide range of 
local anaesthetics, with different physiochemical properties, to 
establish which properties were required for basal and frequency-



dependent block. The range of drugs also included the antiepileptics 
phenytoin, carbamazepine and phenobarbitone. These experiments 
confirmed earlier work showing that phenobarbitone and carbamazepine 
caused an inactivation shift (Kendig, 1981; Courtney & Etter, 1983), 
although in these studies phenytoin was reported to have no effect on 
the hgp -E curve. They also described frequency- and voltage-dependent 
block, similar to lidocaine, for all of the antiepileptics (Courtney & 
Etter, 1983).

Basal block by local anaesthetics correlates well with lipid 
solubility. The best correlation was with the neutral form of the drug 
partitioned in the lipid of the cell membrane; potency was inversely 
related to the lipid distribution coefficient (Courtney, 1980). For 
antiepileptics the potency is also inversely related to their lipid 
distribution coefficients but showed weaker blocking properties than 
would be predicted from the local anaesthetic results (Courtney & 
Etter, 1983). With frequency-dependent block by the local 
anaesthetics, a fast onset and offset of the block correlates with 
molecular size. The correlation with lipid solubility was not good. 
There is a tendency for drugs with intermediate lipid solubility to 
have the fastest rate of onset and offset e.g. lidocaine is very fast 
(Courtney, Kendig & Cohen, 1978). The time course for development of 
block is a single exponential which varies with the rate of 
stimulation. From this it was possible to calculate the relative 
potencies at open and closed channels. Courtney, Kendig & Cohen (1978) 
found that open channels increased the binding rate by 1 30 to 6000 
times for local anaesthetics. In this respect lidocaine again appeared 
to be special in that the binding rates to both open and closed 
channels were large whereas drugs with higher lipid solubility 
(bupivacaine and tetracaine) have smaller binding rate constants for 
both open and closed channels. The rate of offset, i.e. return to 
resting levels of block, is also a single exponential with similar 
properties to the rate of onset. Drugs with intermediate lipid 
solubility had the fastest rate of offset.

Antiepileptics selectively bind to the inactivated state of the 
channel, like the local anaesthetics. Analysis of the interaction of



the antiepileptics with open channels has not been tested. There is a 
similar relationship between molecular weight, with smaller anti
epileptics showing faster unblocking rates, although with possibly 
slightly faster kinetics than the local anaesthetics of comparable 
size (Courtney & Etter, 1983). All the antiepileptics tested 
demonstrated frequency-dependent block. The antiepileptics had 
relatively short time constants governing recovery from block so 
frequency-dependent block tended to appear at higher frequencies of 
stimulation only. Phenobarbitone showed frequency-dependent block at 
relatively high frequencies only, carbamazepine at intermediate 
frequencies and phenytoin at lower frequencies.

There is one major discrepancy between the actions of local 
anaesthetics and antiepileptics, and this relates to the effect of pH 
on these two classes of drugs. With tertiary local anaesthetics (e.g. 
lidocaine) low external pH enhances frequency-dependent block. This 
arises from the fact that these local anaesthetics are weak bases and 
at low pH the impermeable cation predominates and this is the active 
form of the local anaesthetic which acts via the internal side of the 
axonal membrane to produce frequency-dependent block (Courtney, 1975). 
Neutral anaesthetics such as benzocaine do not produce frequency- 
dependent block in voltage-clamp experiments (Kendig, Courtney &
Cohen, 1979). The antiepileptic drugs phenobarbitone and phenytoin are 
weak acids and so the neutral species dominates at low pH. 
Surprisingly, frequency-dependent block is enhanced at low pH with 
these drugs and is diminished at high pH when the impermeable anion 
predominates (Kendig, Courtney & Cohen, 1979). It has been shown that 
the neutral form of phenytoin is the active species (Morello, 
Begenisich & Yeh, 1984). It is difficult to reconcile this action of 
antiepileptics with the modulated receptor hypothesis.

A frequency-dependent block of sodium currents has been 
demonstrated in other preparations. A block of repetitive firing by 
phenytoin has been described in mouse neuroblastoma cells (Tuttle & 
Richelson, 1979). Both phenytoin and carbamazepine potently blocked 
repetitive firing in mouse cultured spinal cord neurones (McLean & 
Macdonald, 1983 and 1986). A detailed analysis of the action of



phenytoin on the sodium channel and its frequency-dependence has been 
carried out by Matsuki et_ al. (1984) on whole-cell patch-clamped 
N1E-115 neuroblastoma cells. They demonstrated that 20 uM phenytoin 
suppressed repetitive firing in these cells. Phenytoin (20-100 uM) 
inhibited peak sodium currents (100 uM by 42%) with single stimuli.
The block was reversed by hyperpolarizing the holding potential. The 
time course for sodium channel inactivation in these cells has two 
components and the effect of phenytoin was investigated on both.
Phenytoin (100 uM) had no effect on the hw  -E relationship but 75 uM
did shift the slow inactivation voltage dependence (S^ -E) curve 10-20 
mV in the hyperpolarizing direction. Therefore in the presence of 
phenytoin the number of sodium channels available at resting 
potentials more positive than -90 mV was reduced and the sodium 
channel block by phenytoin is voltage-dependent. The authors also 
described a conditioned or frequency-dependent block. The frequency- 
dependent block of the sodium current by phenytoin was seen at 
frequencies as low as 0.3 Hz and increased with increasing frequency.
Matsuki et al. (1984) concluded that the resting and frequency- 
dependent block were both due to an interaction of phenytoin with the 
inactivated state of the sodium channel, explaining voltage and 
frequency-dependent block because the inactivated state can be induced 
by sustained depolarization or by a train of depolarzations. More 
specifically they proposed that phenytoin binds to and stabilizes the 
slowly inactivating channel state (S<^). So one key question is 
whether the frequency-dependent block by the antiepileptics and 
lidocaine is by the same mechanism. Matsuki ejt ajL. (1984) put forward 
four differences between local anaesthetics and phenytoin. Here I will 
compare his results with those of Courtney (1975) for GEA-968, a 
derivative of lidocaine;

1. No block by phenytoin occured during a step depolarization to 
+10 mV from a holding potential of -100 mV. So it was presumed that 
phenytoin did not interact with open sodium channels. GEA-968 however 
produced a pronounced block with a step from -95 mV to -20 mV, which 
was sufficient to open all the sodium channels.

2. In the presence of phenytoin repetitive depolarizations to



potentials negative to the threshold for sodium current activation was 
able to produce some frequency-dependent block, so the channels do not 
have to pass through the open state to result in conditioned block. 
GEA-968 required step depolarizations to -50 mV before the block 
developed suggesting that the open channel state was required.

3. The voltage-dependence of the phenytoin frequency-dependent 
action saturated at 0 mV, the potential at which voltage-dependence of 
sodium channel inactivation saturates. With GEA-968 there is a 
progressive increase in block upto +70 mV even though the sodium 
channels were fully open at -20 mV.

4. The block by phenytoin was further enhanced when the pulse 
duration was lengthened from 5 to 80 m s • These pulse durations were 
much longer than the time required for maximal activation of sodium 
channels. With GEA-968 5 ms duration pulses were sufficient to produce 
block. The effect of different pulse duration was not investigated.

The interaction of antiepileptics with the sodium channel was
demonstrated from a different viewpoint in rat brain synaptosomes and
mouse neuroblastoma (Catterall, 1981; Willow & Catterall, 1982;
Willow, Kuenzel & Catterall, 1984). They studied the action of drugs

3on the binding of [ H]batrachotoxinin A 20- (X -benzoate (BTX-B) which
activates sodium channel ion influx via a specific receptor site. In
rat brain synaptosomes binding of BTX-B was inhibited by phenytoin
(ICf-g 40 uM), carbamazepine (ICcq 131 uM) and phenobarbitone 2.6

22 +mM) (Willow & Catterall, 1982). Na influx stimulated by BTX-B was
also measured. In N18 neuroblastoma cells this was inhibited by
phenytoin 35 uM), carbamazepine (i c ^q 41 uM) and phenobarbitone
(IC 1.2-1.3 m M ) . Lidocaine and quinidine also inhibit BTX-B binding 50
(Catterall, 1981; Postma & Catterall, 1984). In rat brain synaptosomes

22 +similar results were obtained, BTX-B activated Na influx was
inhibited by phenytoin (IC 38 uM) and carbamazepine (IC 22 uM)50 50
(Willow, Kuenzel & Catterall, 1984). From analysis of the kinetics of 
binding it was deduced that the drugs act as apparent competetive 
inhibitors of sodium channel activation. Further analysis demonstrated 
an increased rate of offset of BTX-B binding so an allosteric



mechanism was indicated.

Willow, Gonoi & Catterall (1985) studied the action of phenytoin 
and carbamazepine on whole-cell voltage-clamped mouse N18 
neuroblastoma cells. Both phenytoin and carbamazepine reduced the peak 
sodium current with i c ^q s 30 uM. The voltage-dependence of sodium 
channel activation was unaffected by either phenytoin or 
carbamazepine. Sodium currents were also inhibited by 200 uM 
phenobarbitone but not by valproic acid or ethosuximide (1 mM)• In N18 
neuroblastoma cells there is only a single time constant for sodium 
channel inactivation. Both phenytoin (40 uM) and carbamazepine (20 uM) 
shifted the h #  -E curve by about 20 mV in the hyperpolarizing 
direction. Therefore the block of sodium currents by phenytoin and 
carbamazepine was voltage-dependent, carbamazepine more so than 
phenytoin. Both of these drugs also produced frequency-dependent block 
of the sodium current at 2 H z . The block by 40 uM phenytoin was 
greater than 80 uM carbamazepine. From this and the previous evidence 
(see above) Willow, Gonoi & Catterall (1985) proposed a mechanism of 
action for the antiepileptics action on the sodium channel similar to 
the modulated receptor hypothesis (Hille, 1977). They proposed that 
phenytoin and carbamazepine preferentially bind to, and have high 
affinity for, the inactivated state of the sodium channel.



Figure 1. MODULATED RECEPTOR HYPOTHESIS (Hille, 1977)
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Three states of the sodium channel are represented as 
R - resting, O - open and I - inactivated. Transitions 
between the channel states (R - 0 - I - R) are time and 
voltage dependent. Binding of a drug molecule (#) gives 
the modified channel states R#, 0# and I#. Drug binding 
can influence transitions between channel states, e.g., 
I# - R# is slower than I - R at any given membrane 
potential. Drug access to the receptor can occur by 
different pathways depending on the physiochemical 
properties of the drug. R - R# and I - I# are via the 
lipid phase of the cell membrane and 0 - 0# is via the 
aqueous phase of the intracellular medium and can only 
occur when both the m and h gates of the sodium channel 
are open.



(C) Objectives of this study.

In the present study I have investigated the effects of anti
epileptics and local anaesthetics on some of the excitable properties 
of mammalian non-myelinated nerve fibres. These have been less well 
studied than myelinated axons or cell bodies, and might provide a 
useful index of their effects on non-myelinated axons in the C.N.S.

The antiepileptics may act by a number of possible mechanisms. The 
overall aim of this project was to compare these possibilities on one 
preparation using the same recording conditions. The preparation used 
was the rat isolated preganglionic cervical sympathetic nerve trunk as 
this consists almost entirely of non-myelinated axons (98-99%, Brooks- 
Fourier & Coggershall, 1981). The specific actions assessed were as 
follows:

1. The antiepileptic drugs phenytoin, carbamazepine and 
phenobarbitone have membrane stabilizing and conduction blocking 
actions on nerve fibres by an action on the Na channel (Schwarz & 
Vogel, 1977; Neuman & Frank, 1977; Schwarz, 1979). Phenytoin is 
apparently more potent than the local anaesthetics lidocaine or 
procaine in blocking conduction in rat phrenic nerves (Staiman & 
Seeman, 1974). In myelinated nerve trunks, smaller diameter axons are 
possibly more sensitive to conduction block by local anaesthetics and 
the antiepileptics phenytoin and phenobarbitone (Staiman & Seeman, 
1974). The actions of local anaesthetics on conduction in 
non-myelinated axons is reported to be similar to that of small 
myelinated axons (Nathan & Sears, 1961).

As yet the conduction blocking actions of phenytoin, 
phenobarbitone and carbamazepine have not been tested on mammalian 
non-myelinated nerves. Therefore I used the rat isolated preganglionic 
cervical sympathetic nerve trunk to compare the conduction blocking 
actions of a range of drugs. The drugs chosen were phenytoin, 
carbamazepine, phenobarbitone, lidocaine, procaine, Na valproate, 
ethosuximide, dimethadione, flurazepam and quinidine. Phenytoin,



carbamazepine and phenobarbitone can be considered to constitute one 
class of antiepileptics as they are all effective in treating 
generalized tonic-clonic seizures (grand-mal). Na valproate, 
ethosuximide and trimethadione are effective in the treatment of 
absence seizures. Dimethadione, the active metabolite of 
trimethadione, was used in these experiments. Benzodiazepines (e.g. 
diazepam) also have antiepileptic activity and the water soluble 
benzodiazepine, flurazepam, is reported to have similar sodium channel 
blocking activity to the local anaesthetics on single myelinated frog 
nerve fibres (Schwarz & Spielmann, 1983). Finally, phenytoin and 
lidocaine are effective Class One cardiac anti-arrhythmic drugs and so 
the anti-arrhythmic quinidine was also tested.

2• The potency of local anaesthetics is dependent on the rate of 
stimulation. This is due to a frequency- or use-dependent block of 
sodium channels (Hille, 1977). The antiepileptics drugs phenytoin, 
carbamazepine and phenobarbitone also have frequency-dependent sodium 
channel blocking actions (Courtney & Etter, 1983) and it has been 
proposed that this is the main mechanism of action for this class of 
antiepileptics (McLean & Macdonald, 1983 and 1986; Matsuki et al.,
1984; Willow, Gonoi & Catterall, 1985; Willow, 1986). All of the above 
experiments were carried out on either voltage-clamped single 
myelinated frog axons or whole-cell patch-clamped neuroblastoma cells. 
All used different experimental protocols so it is not clear if the 
actions of the local anaesthetics and antiepileptics are similar 
(Courtney & Etter, 1983) or different (Matsuki et al., 1984). In my 
study I tested for frequency-dependent block by these drugs on 
mammalian non-myelinated axons. The aim was to see if there was any 
differences between the different classes of drugs, especially the 
local anaesthetics and the antiepileptics.

3. It has been proposed that the antiepileptic action of
, + + phenytoin may be mediated by an action on the Na -K -dependent ATPase

pump mechanism (the sodium pump), e.g. Escueta et al. (1974 b ) . Sodium
pump activity is observable in the mammalian isolated preganglionic
cervical sympathetic trunk preparation as a hyperpolarization
following repetitive stimulatuion (Ritchie & Straub, 1957). The



problem with testing drugs such as phenytoin on the post-tetanic
hyperpolarization is that they have a local anaesthetic action and so 

+tend to reduce Na influx, especially at higher frequencies of
+stimulation. This reduces the increase in [Na ]. which is the1

stimulant of sodium pump activity (Thomas, 1972). I tried to minimize 
this action by using lower drug concentrations and slow rates of 
stimulation.

4. As extracellular recordings give no information on the action of 
drugs on the resting membrane potential or input resistance, I tested 
the action of phenytoin on intracellularly recorded rat isolated 
superior cervical ganglion neurones. The action of this drug was also 
assessed on synaptic transmission. The characteristics of sodium 
channel block' wer6 also assessed as regards frequency-dependence, using 
both orthodromic and antidromic stimulation, and voltage-dependence by 
varying the resting membrane potential.

5. It has also been suggested that antiepileptic drugs inhibit 
transmitter release, by reducing calcium currents (see page 24-25). I 
have therefore tested the effects of the antiepileptics on Ca-spikes 
recorded in this nerve trunk preparation. To do this a technique was 
developed to record calcium currents from non-myelinated axons 
(Ca-spikes)• The pharmacology of these Ca-spikes was investigated. As 
part of the study on Ca-spikes I also studied the effects of some 
catecholamines. The results of these experiments are described 
separately.



Chapter Two.
Methods.

(A) Dissection.

Two types of preparation from the rat were used, isolated
preganglionic cervical sympathetic trunks and superior cervical
ganglia. Male Wister rats (200-400 gms) were anaesthetized with 

-1urethane (1 .5 g.Kg ) given intraperitoneally. The rat was fixed, 
ventral side up, to a dissecting board and the skin overlying the neck 
removed. The superficial connective tissue and platysma muscle were 
cut in the midline and the salivary glands and lymph nodes separated 
from the deeper muscle layers by blunt dissection and then retracted. 
The sternomastoid and diagastric muscles were removed by cautery and a 
tracheotomy performed. Under binocular magnification the common 
carotid artery was carefully separated from the adjacent nerves and 
retracted with fine suture thread (Arbrasilk 5/0).

To remove preganglionic cervical sympathetic trunks the muscles 
and hyoid overlying the superior cervical ganglion were retracted and 
the ganglion separated from the carotid artery. A fine suture thread 
was tied around the ganglion body just caudal to the external carotid 
nerve. The ganglion was cut rostral to the tie and the nerve dissected 
free from the vagus nerve and common carotid artery. The nerve bundle 
was cut just above the first rib and immediately placed in a beaker of 
oxygenated Krebs' solution. The contralateral nerve bundle was then 
removed.

To remove superior cervical ganglia the common carotid artery was 
retracted as before. The cervical sympathetic trunk was identified and 
gently teased away from the adjacent vagus nerve. A fine thread was 
tied around the nerve approximately 1 cm from the ganglion body and 
the nerve was cut caudally. The nerve trunk was gently dissected away 
from the vagus nerve and the ganglion separated from the carotid 
artery. The external carotid nerve was cut and the postganglionic



trunk freed from the internal carotid artery as far as possible and 
then cut. The ganglion was then placed in oxygenated Krebs' solution 
and the contralateral ganglion removed. The animal was killed by 
clamping the trachea.

Before positioning in the recording chamber the preparations were 
desheathed on a black plastic tile in a pool of freshly oxygenated 
Krebs' solution under high magnification (X 20) with fine watch-makers 
forceps (Inox No. 5). The free nerve end was ligated with suture 
thread and the preparation was placed in the recording chamber (see 
Figure 3).

(B) Extracellular recordings of D.C. potentials and compound action 
potentials.

(1) Recording chamber and superfusion.

The recording chamber was a three-chamber Perspex bath (Fig. 2A) . 
The chambers were separated by 1 mm wide partitions with a groove cut 
in the lower partition in which the nerve trunk rested. The partitions 
were sealed with high vacuum silicone grease (BDH). The chambers were 
filled with Krebs' solution previously equilibrated with 95% and 5% 
C O ^ . The central chamber B was continuously superfused with oxygenated 
Krebs' solution at room temperature (18-22°C)/ using a peristaltic 
pump (Watson Marlow DHRE-22).

Drugs were applied to the central chamber by quickly transferring 
the pump input tubing to a separate vessel containing a known drug 
concentration. Arrival of the drug was indicated by the air bubble 
introduced during exchange of the pump input. The volume of the

-1central chamber was 0.6 ml and the flow rate approximately 5 ml.min 
which gave a bath exchange time of under 10 seconds. The effluent was 
removed either by a filter pump or with a separate peristaltic pump 
(Watson Marlow 502S) if the solution was to be recirculated.



(2) Electrical stimulation and recording techniques.

The nerve bundles were stimulated with an isolated stimulator 
(Digitimer model DS2) via twin platinum electrodes in chamber C. 
Stimulation across the partition between chambers C and B was found to 
give the most consistent results. The furthest platinum electrode was 
earthed to reduce the stimulus artifact. The potential difference was 
recorded across the high resistance partition between chambers A and B 
with non-polarizing Ag/AgCl electrodes embedded in 0.9% w/v saline-5% 
agar. These were connected by short wires to the inputs of a high 
impedence (40 Mil) variable gain differential amplifier, which in turn 
was connected to a peak height detector (Courtice, 1977). Noise and 
interference were reduced by placing the recording bath on an earthed 
metal plate in a Faraday cage. The stainless steel inputs and suck-off 
tubes were also earthed to reduce pump noise and an air-trap 
incorporated into the effluent suction line to prevent aerial 
interference. This enabled low noise stable recordings to be made.

A continuous record of baseline potential and compound action 
potential amplitude was obtained on a flatbed chart recorder 
(Servoscribe 220) by use of a peak height detector (Courtice, 1977). 
The peak height detector operated by sampling the input of the 
variable gain amplifier following a trigger pulse synchronized with 
the stimulator. A variable delay allowed the stimulus artifact to be 
avoided. During the sample period, the detector stored the largest 
upward voltage deflection (i.e. the spike amplitude). The sample- 
and-hold output to the chart recorder was longer (about 1 second) than 
the frequency-response of the chart recorder (full scale deflection 
0.5 seconds) so the spike amplitude could be reliably recorded. The 
peak height detector also provided a direct output of the signal to a 
storage oscilloscope (Telequipment DM 64) and a Medelec UV photo
graphic recorder. Comparison of oscilloscope traces and chart recorder 
peak heights showed no differences in peak amplitude irrespective of 
the height or shape of the compound action potentials. The peak height 
detector, isolated stimulator, oscilloscope and UV recorder were 
triggered by a suitable timer. For variable frequency stimulation a 
Devices Digitimer 3840 and Devices gated pulse generator 2521 were



(C) Intracellular recordings from rat isolated superior cervical
ganglia.

(1) Recording bath and superfusion

For stability, the recording bath (Figure 4B) was set in 
Plasticine on a large steel plate, which rested on polystyrene tiles 
in a metal cage. This stood on a rigid Dexion table placed on thick 
polystyrene blocks. The desheathed ganglion was securely fixed in the 
central well with entomological pins to a Sylgard base (Dow Corning). 
This was continuously superfused with oxygenated Krebs' solution by 
gravity from one of four 60 ml gas syringes via a four-way tap and
heat exchange unit (see Figure 4A). The flow was approximately 5

-1 oml.min and maintained at 30 C in the central well. The volume of the
bath was about 1 ml so the bath exchange time was about 12 seconds•

Temperature was regulated by a heat exchange unit devised by J.V. 
Halliwell and C. Courtice. The unit consisted of a 5 cm diameter 
stainless steel base with a spark eroded channel and capped with a 
Perspex circular block with two stainless steel tubes as input and 
output. The heat source was a power resistor strapped to the steel 
plate. This was powered by a 12 volt car battery, the current being 
controlled by a feedback circuit and a thermistor probe located next 
to the reference earth in the recording bath (Figure 4A).

Inflow and outflow from the bath were via adjustable stainless 
steel tubes. The effluent was removed via a peristaltic pump (Watson 
Marlow 502S), either to waste or recirculated. The outflow tube was 
adjusted so that the level of the Krebs' solution in the recording 
chamber was just sufficient to completely cover the ganglion.

(2) Electrical stimulation and recording techniques.

Intracellular recordings were made with glass microelectrodes



(1.2 mm filamented glass, Clark Electromedical) filled with 4 M 
potassium acetate (adjusted to pH 7 with acetic acid). The electrodes 
were pulled on an Ensor moving coil horizontal microelectrode puller 
(Camden Instruments). Microelectrodes with resistances of between 40 - 
100 MXl and which showed ohmic behaviour were used (+/-0.5 n A ) . The 
microelectrodes were held in a small Perspex/brass clamp in a Prior 
micromanipulator. The tip of the microelectrode was positioned over 
the ganglion with the aid of a binocular microscope (Carl Zeiss). Cell 
impalement was achieved by a combination of fine control of the 
micromanipulator, gentle tapping of the metal baseplate and/or use of 
the capacity over-compensation facility of the amplifier.

The microelectrode was connected to a bridge-balance amplifier 
headstage via a short wire soldered to a chlorided silver wire which 
was in contact with the potassium acetate solution in the 
microelectrode. The headstage was connected to the rest of the 
amplifier by a shielded cable. The circuit was completed by a 
reference earth in the side chamber of the recording bath. This was a 
silver chloride pellet (Clark Electromedical) set in the tip of a 1 ml 
plastic syringe. Noise and interference were reduced to a minimum by 
earthing all metal components, the Krebs1 solution flow lines, and the 
metal baseplate to a single junction box on the side of a metal 
Faraday cage. This in turn was connected by a single lead to the earth 
terminal of the amplifier case. The amplifier, designed and built by 
C. Courtice, consisted of circuits to compensate the resistance of the 
microelectrode and for capacity compensation, with a capacity 
over-compensation facility to aid cell impalement. A constant current 
source was present so variable duration and magnitude square wave 
current pulses of either polarity could be injected via the recording 
microelectrode. The cell membrane potential could be varied by 
injection of continuous D.C. current.

The ganglion could be stimulated either antidromically via the 
postganglionic trunk or orthodromically via the preganglionic nerve 
trunk with a suction electrode and isolated stimulator (Digitimer 
model DS2). The cell membrane potential was displayed on a small 
digital LCD unit, current and voltage traces on a storage oscilloscope



(Tektronics) and photographed with a Medelec UV recorder. Voltage and 
current traces were also recorded on a Gould thermal pen recorder 
(model 2202).



(D) DRUGS AND SOLUTIONS

(1) Drugs

The following were obtained from commercial sources: 
phenytoin (Na salt), carbamazepine, pentobarbitone (Na salt), 
lidocaine, procaine HC1, quinidine HC1, carbachol chloride, ouabain, 
hexamethonium bromide, tetrodotoxin (TTX), 4-aminopyridine (4-AP), 
tetraethylammonium chloride (TEA), L-noradrenaline bitartrate, 
L-adrenaline bitartrate, dopamine HC1, L-phenylephrine HC1, adenosine, 
theophylline, dipyridamole, (+/-)propranolol HC1, yohimbine HC1,
(+/-)isoprenaline HC1, Trizma base (Tris-hydroxy-methyl-aminomethane), 
HEPES (N-2-hydroxyethyl-piperazine-N'-2-ethanesulphonic acid), all 
from Sigma Chemical Co. Ltd. Urethane (Fisons),phenobarbitone (Na 
salt) (BDH), verapamil HC1 (CORDILOX, Abbott).

I am indebted to the following companies for supplying the 
following: (+/-)amidephrine mesylate (Mead Johnson), clonidine HC1 
(Boehringer Ingelheim), phentolamine methanesulphonate (ROGITINE,
CIBA), prazosin HC1 (Pfizer), flurazepam HC1 (DALMANE, Roche).

Phenytoin was dissolved either in a volume of distilled water and 
then added to the same volume of double strength Krebs' solution to 
make a 100 uM solution, or dissolved in NaOH-distilled water (pH 12) 
as a 10 mM stock solution. Carbamazepine was dissolved in warmed 
acetone or ethanol and then diluted in normal Krebs' solution to give 
a final solvent concentration of 0.5 % or 1 %. Appropriate controls 
were performed when these concentrations of acetone were used. 
Lidocaine was made up as a stock solution of 100 mM, the drug having 
been initially dissolved in 2 ml of 1 M HC1. Dipyridamole was 
dissolved as a 10 mM stock solution in ethanol. Other drugs were 
dissolved in distilled water or Krebs' solution to give stock 
solutions of 10 or 100 mM, occassionally 1 mM or less, directly in 
Krebs' solution, if the solubility of the drug was low.



(2) Physiological solutions.

Normal Krebs' solution had the following composition (mM): NaCl 
(118), KC1 (4.8), CaCl2 (2.5), NaHCC>3 (25), KH PO (1.18), MgSC>4 .7H20 
(1.19), D-glucose (11). All the salts were obtained from BDH and were 
of Analar grade. Solutions containing catecholamines had 0.5 mM 
ascorbic acid added to prevent oxidation. The Krebs' solution was 
maintained at pH 7.4 by continuously bubbling with a 95% O a n d  5% CC>2 
gas mixture (BOC) . Solutions which contained solvents or large 
concentrations of drugs were routinely checked to ensure the pH was 
7.4.

The solution used to generate Ca-spikes contained 0.5-1 uM
tetrodotoxin, 1 mM 4-AP and 5 mM CaCl2 . The pH of this Krebs' solution
remained at pH 7.4 if it was rigorously bubbled with the above gas

2+mix. In other cases e.g. with ascorbic acid , replacement of Ca by 
2+ 2+Ba or Sr or the addition of inorganic calcium channel antagonists,

the bicarbonate/C02 buffer was insufficient. In such cases a 10 mM
HEPES buffer was used. To prevent precipitation of divalent cations
the sulphate and phosphate salts were replaced with the appropriate
chloride salts. These solutions were titrated to pH 7.4 with 1 M NaOH
solution and bubbled with 100% 0 .2

In some experiments Ca-spikes were generated in a sodium-free 
Tris solution. This had the following composition (mM); Tris base 
(143), KC1 (4.8), CaCl2 (5), MgSO .7H O (1.2), KH2P04 (1*2 )* D-glucose
(11). The solution was titrated to pH 7.4 by the addition of 
concentrated HC1 and gassed with 100% O •
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Figure 2A. Scale drawing of the three-chamber Perspex bath used to 
record compound action potentials from rat isolated preganglionic 
cervical sympathetic nerve trunks.

2 B . Schematic diagram to show how recordings from the nerve 
trunks were obtained. The nerves were stimulated via platinum electrodes 
in chamber C and responses recorded with Ag/AgCI saline-agar electrodes 
across the partition between chambers A and B. Responses were recorded 
either on a flatbed chart recorder or on an oscilloscope.
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Figure 3• Diagram showing the positioning of the preparations either to 
record compound action potentials from rat cervical sympathetic nerve 
trunks (top traces) or transmission in rat superior cervical ganglia 
(bottom traces)• Records show typical compound action potentials recorded 
from: (A) preganglionic cervical sympathetic nerve trunks, stimulated
supramaximally (20 V, 1 ms, 0.2 Hz) in normal Krebs' solution at room 
temperature (18-22°C); (B) superior cervical ganglia, with respect to the 
postganglionic nerve trunk following supramaximal stimulation (20 V, 1 
ms, 0.2 Hz) in normal Krebs' solution at room temperature. Calibrations 
in both cases are 2 mV and 20 ms.
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Chapter Three.
Results.

(A) Physiology of rat isolated preganglionic cervical sympathetic 
trunk compound action potentials.

Spikes from fifty consecutive experiments were analysed to
characterize the nature of the compound action potential. The nerve

otrunks were stimulated supramaximally at room temperature (18-22 C) in
normal Krebs' solution. Three components to the spike could be
distinguished (see Figure 5). The fastest was small and tended to be
obscured with supramaximal stimulation, so it was not analysed in
detail. It was usually less than 0.5 mV in amplitude with a conduction
velocity of approximately 0.6 m.s • The conduction velocity was
measured by taking the delay from the stimulus artifact to the peak of
the compound action potential. Figure 5 shows the four types of spike
configuration that were seen. Nearly half (22/50) were as in Figure
5A, with only a single spike; 7/50 as in Figure 5B, a single spike
with a shoulder on the repolarizing phase; 17/50 as in Figure 5C, a
spike with two peaks, the first being the larger in amplitude and 4/50
as in Figure 5D again a spike with two peaks but with the second being
the larger in amplitude. The mean amplitude of the first peak was 6.5

-1+/- 0.3 mV and the conduction velocity 0.36 +/- 0.01 m.s , n = 50 
(mean +/- s.e.m.). The mean amplitude of the second peak was 4.0 +/- 
0.4 mV and the conduction velocity 0.24 +/- 0.01 m.s ( n = 2 8 ) .

Typical after-potentials consisted of two components; an initial
hyperpolarizing after-potential (see Figure 5) followed by a
depolarizing after- potential. In one such experiment the initial
after-hyperpolarization was 0.75 mV in amplitude (10.6% of the spike
amplitude) and 35 ms in duration at resting potential (not shown)• The

+amplitude and duration were enhanced in K -free solutions, to 2.5 mV 
and 150 ms, respectively. The after-hyperpolarization was abolished 
when the nerve was stimulated at frequencies greater than 5 Hz. The 
after-depolarization peaked 125 ms after the beginning of the spike



with an amplitude of 0.25 mV (3.5% of the spike amplitude) and a
+duration of 300 ms at resting potentials. It was abolished in K -free 

solutions and enhanced at stimulation frequencies above 5 Hz.

(B) Action of drugs on compound action potential amplitude.

(1) At low rates of stimulation (0.2 H z ) .

Drugs were compared on nerve trunks supramaximally stimulated at
0.2 Hz. Concentration-response curves were obtained either by applying
separate concentrations and washing between drug applications, or as
cumulative concentration-response curves, increasing the drug
concentration when the response levelled off. The amplitude of
compound action potentials (Na-spike) was recorded on a flatbed chart
recorder (Figure 6) and Medelec pictures taken of the oscilloscope
trace (Figure 7). Drug responses were expressed as the percentage of
the control Na-spike amplitude. The results were plotted as semi-log
concentration-response curves and the (concentration at which the
Na-spike amplitude was reduced by 50%) was estimated by eye. The mean
(+/- s.e.m.) IC5QS from separate complete concentration-response
curves are listed in Table 1. The log concentration-response curves
from pooled data are shown in Figure 8. Because of the low solubility
of phenytoin the maximal concentration used was 100 uM which produced
less than 50% block so the IC value was extrapolated from the pooled50
data of Figure 8. The rank order in blocking the Na-spike, with
decreasing potency (IC ) was: quinidine (98 uM) > phenytoin (120 uM)50
> flurazepam (132 uM) > lidocaine (227 uM) > carbamazepine (358 uM) > 
procaine (359 uM) > phenobarbitone (4.7 mM) (Table 1). The 
antiepileptics effective in treating absence seizures; sodium 
valproate, ethosuximide and dimethadione had no action on the Na-spike 
(Figure 6).

For most of the drugs, block of the Na-spike was not associated 
with changes in baseline potentials. The exception was phenobarbitone; 
in some experiments higher concentrations of phenobarbitone (=> 3 mM) 
produced a depolarization (see Figure 6D). With the carbamazepine



experiments ethanol was used to dissolve the drug. To control for 
this, ethanol alone was superfused to record control responses. This 
concentration of ethanol (1%) caused a small depolarization. The onset 
of block with all the drugs was seen immediately after the drug 
solution reached the recording chamber. Most drugs reached a 
steady-state response within minutes although phenytoin tended to be 
slower. The blocking action of most of the drugs was readily 
reversible although reversal with phenytoin was not always complete 
and quinidine was never completely reversible, usually recovering only 
to about 50% of the control spike, after 20 minutes wash.

As well as reducing the amplitude of the Na-spike the drugs also 
reduced the rate of upstroke, increased the delay between the stimulus 
artifact and peak and increased the overall duration of the spike (see 
Medelec recordings in Figure 7). Phenobarbitone and to a lesser extent 
quinidine produced noticeably longer duration Na-spikes. Quinidine 
also appeared to enhance the after-hyperpolarization (see Figure 7).

(2) At higher rates of stimulation (5-20 Hz).

The action of drugs was also tested at higher rates of 
stimulation. Each drug was tested on single spikes and on trains of 
spikes. The amplitude of the Na-spike trains did not remain constant 
during controls, but tended be run down in amplitude at higher 
frequencies (see Figures 11 and 15). The drug-dependent action was 
determined by first normalizing the amplitudes of the spikes of a 
train against the initial spike for both controls and in the presence 
of drug (see Figure 9). The normalized spike in the presence of the 
drug was divided by the normalized spike of the control to give the 
frequency-dependent component of block. Initial experiments 
demonstrated that for an observable frequency-dependent action, a 
concentration of drug which produced some degree of basal block was 
required, i.e. a blocking action could not be induced by increasing 
the rate of stimulation at concentrations of drug too low to produce 
significant block of single spikes. The frequency of stimulation 
required for increased block in these experiments was quite high, 5-10



Hz for all of the drugs except quinidine (see below).

In the first series of experiments a single concentration of drug 
was chosen that produced between 20% and 50% block of single spikes 
and this was compared to the block obtained with repetitive 
stimulation at 20 Hz. Controls of single spikes and a train of about 
100 spikes were recorded. The drug solution was then superfused for 
10-15 minutes, without stimulation, before the action on single spikes 
and frequency-dependent block at 20 Hz were determined. The drug was 
then washed off for 15-20 minutes before recovery was assessed 
(Figure 15). The average results are expressed as histograms in 
Figure 10. All the drugs tested produced at least some degree of 
frequency-dependent increment in block. The antiepileptics phenytoin, 
carbamazepine and phenobarbitone all demonstrated marked 
frequency-dependent action. The effects of lidocaine, flurazepam and 
quinidine were similar. The action of these drugs was statistically 
significant (P < 0.05, two-tail paired t-test). The frequency- 
dependent action of procaine was noticeably less than the other drugs 
and was not statistically significant.

In the next series of experiments the effect of varying the 
frequency of stimulation was assessed. The protocol was the same as 
the first experiments except that trains at differing frequencies were 
used. The rate of stimulation at which frequency-dependent action was 
seen differed between drugs. Quinidine was the most marked in this 
respect, frequency-dependent block developed at low frequencies (> 0.2 
H z ) . Lidocaine, procaine, carbamazepine and phenytoin had similar 
actions (see Figure 12, lower part). They all developed frequency- 
dependent block between 5 and 20 Hz. They all produced a value of 0.5 
for R (the frequency-dependent increment in block, see Figure 9) at 
around 10 Hz. Flurazepam did appear to differ from the other drugs in 
that the relationship between frequency-dependent increment of block 
and rate of stimulation was less steep than the other drugs (Figures 
12 and 13).

In the final series of experiments concentration-response curves 
for the conduction block at 20 Hz were determined for five drugs;



phenytoin, carbamazepine, phenobarbitone, flurazepam and lidocaine
(Figure 12, upper part and Figure 14). These were compared with the
concentration-response curves determined for block at 0.2 Hz. The
effect of increasing the rate of stimulation was to shift the
concentration-response curves to the left. This enhancement of block
was not the same for each drug tested. The drugs were compared by
taking the ratio of IC s at 0.2 and 20 Hz (see Table 2). The50
frequency-dependent action action was most pronounced with lidocaine 
with an ratio of 9.44, followed by the antiepileptics;
carbamazepine (4.98), phenytoin (3.64) and phenobarbitone (3.36). The 
least effective in this respect was flurazepam with a ratio of 2.4.
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Figure 5. Figures A to D show the different shapes of the compound 
action potentials recorded from rat isolated preganglionic cervical 
sympathetic nerve trunks, in normal Krebs' solution at room 
temperature (18-22 C). The voltages refer to the stimulus strength, 
the duration of which was 1 ms at 0.2 Hz.
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Figure 6. The action of increasing concentrations of various drugs on the 
Na-spike amplitude of five different rat isolated preganglionic cervical 
sympathetic nerve trunks (A-E). The nerves were stimulated supramaximally 
(usually 20 V, 1 ms) at 0.2 Hz in normal Krebs' solution at room 
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Figure 8. Concentration-response curves for the drugs tested on rat 
isolated preganglionic cervical sympathetic nerve trunks• The 
concentrations for carbamazepine, phenytoin, lidocaine, procaine and 
quinidine are in micromolar, those for phenobarbitone in millimolar. The 
numbers refer to the number of experiments. The ordinate is the 
percentage of the control response.



TABLE 1

DRUG IC50 mean + s.e.mean
n

QUINIDINE 97.7 _+ 14.1 uM 9

PHENYTOIN
*

120 uM 1 4

FLURAZEPAM 132.2 _+ 19.5 uM 13

LIDOCAINE 226.6 + 21.3 uM 1 7

CARBAMAZEPINE 358.3 + 41.3 uM 11

PROCAINE 359.3 + 58.6 uM 1 3

PHENOBARBITONE 4.7 + 1.54 mM 6

Table showing the relative potencies of drugs on 
the Na-spike recorded in rat cervical sympathetic 
trunks, in normal Krebs' solution at room temperature 
(18-22 C). Stimulation was supramaximal (usually 20V), 
1 ms duration at 0.2 Hz.
* Extrapolated value from data in Figure 8.
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Figure 9. Schematic diagram showing the method of analysis for the 
frequency-dependent action of drugs on the Na-spike. H is the amplitude 
of the Na-spike, H 1 the amplitude of the spike after 10-15 minutes 
exposure to the drug under test, without stimulation. The numbers refer 
to the sequence of spikes, n was usually 50. B.B. is the basal blocking 
action of the drug, r and r' are the normalized run-down of the control 
spike and run-down in the presence of drug respectively. R is the drug 
induced in run-down or the frequency-dependent increment in block of the 
Na-spike.
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Figure 11. Results from two experiments showing the action of 100 uM 
phenytoin and 100 uM lidocaine on the first 10 spikes of trains at 5, 
10 and 20 Hz, The stimulation was supramaximal at room temperature 
(18-22 C) in normal Krebs' solution. The ordinate in each case is the 
normalized run-down of the Na-spike (H /H , see Figure 9) in controls 
(- - -) and in the presence of drug . The abscissa is the
number of stimuli.
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Figure 13. The frequency-dependence of drug action on Na-spike trains 
at various frequencies. The ordinate is R, the frequency-dependent 
increment in Na-spike block (see Figure 9). The drugs tested were:A 
100 uM lido caine, 0 100 uM phenytoin, 1 100 uM flurazepam, A 300 uM 
carbamazepine, and #  1 mM phenobarbitone.
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Figure 14. Concentration-response curves for five drugs tested on 
cervical sympathetic nerve trunks stimulated with 20 Hz spike trains.
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TABLE 2

DRUG IC5Q (20 Hz)
IC (0.2 Hz)

IC (20 Hz) 50

LIDOCAINE 24 uM 9.44

CARBAMAZEPINE 72 uM 4.98

PHENYTOIN 33 uM 3.64

PHENOBARBITONE 1 .4 mM 3.36

FLURAZEPAM 55 uM 2.4

Table showing the relative potencies of drugs on the
Na-spike recorded in rat cervical sympathetic trunks
in normal Krebs' solution at room temperature (18-22 C ) .
Stimulation was supramaximal (usually 20 V), 1 ms duration
and 20 Hz. The third column lists the ratio of IC s for
block of the Na-spike at 0.2 and 20 Hz. The IC_rts forsublock at 0.2 Hz are from Table 1.



(C) Intracellular studies of the action of phenytoin on rat isolated
superior cervical ganglia.

As extracellular recording gives no information on the action of 
phenytoin on the resting membrane potential or input resistance, I 
tested phenytoin on intracellularly recorded rat superior cervical 
ganglion cells. Phenytoin had no consistent action on resting membrane 
potential; 30 uM phenytoin produced a small depolarization (1-6 mV) in 
4/7 cells tested and a small hyperpolarization (1-5 mV) in 3/7 cells. 
100 uM phenytoin produced a depolarization (1-9 mV) in 6/10 cells, had 
no effect on the resting membrane potential in 2/10 cells and a small 
hyperpolarization (2-3 mV) in 2/10 cells. Phenytoin did increase the 
input resistance of the ganglion cells to a variable extent; 100 uM 
increased input resistance between 8-30% in three cells tested.

Phenytoin (100 uM) had similar actions on single spikes elicited
by direct current injection or by stimulation of the preganglionic
nerve trunk (see Figure 16). The mean (+/- s.e.m., n = 5) reduction of
spike amplitude was 10.2 +/- 5.8% with the directly elicited spike and
14.4 +/- 5.8% with preganglionic stimulated spikes. A differentiated
signal of the spike was also recorded. The maximal rate of rise of the
spike (dV/dt ) is proportional to the net inward current (I .);max net

I = - C . dV/dt net max

where C is the capacitance of the cell (Goldring & Blaustein, 1982).
Phenytoin reduced dV/dt by 51.2 +/- 11.6% and 43.0 +/- 10.9% formax
the direct spike and preganglionic spike respectively. In the 
experiment shown in Figure 16, phenytoin almost completely abolished 
the e.p.s.p. which followed the spike. This depressant action on 
e.p.s.ps was not a consistent observation however.

The action of phenytoin was also tested on trains of action 
potentials elicited by both orthodromic preganglionic stimulation or 
antidromic stimulation via the postganglionic trunk. Figure 17 shows 
the action of 100 uM phenytoin on preganglionic stimulation at 20 Hz.



After 10 minutes superfusion with phenytoin a pronounced frequency- 
dependent block was seen, with no change in resting membrane 
potential. The first spike was reduced in amplitude by 21% and the
dV/dt signal by 61%. Complete block of the spike occurred within 10

max
stimuli. Recovery from frequency-dependent block was obtained within
10 minutes of washing out the drug but there was incomplete recovery
of both the spike amplitude and dV/dt . In the same cell after 20max
minutes wash 30 uM phenytoin did not produce frequency-dependent block 
(recordings not shown).

To determine if the frequency-dependent action was on the spike 
in the cell soma or at the synapse, phenytoin was tested on antidromic 
trains at 20 Hz. Figure 18 shows recordings from one such experiment. 
After 20 minutes of 100 uM phenytoin there was a frequency-dependent 
block. The block was different from the block seen with presynaptic 
stimulation. The initial spikes were reduced in amplitude and then 
failure of somatic spike invasion occurred with an electrotonic 
initial segment spike being recorded in the soma, as described by 
Coombs, Curtis & Eccles (1957). Occasional somatic-dendritic 
(SD) spikes (approximately 1 in 10) were recorded. Failure of SD spike 
invasion did not occur when the preparation was stimulated at 10 Hz in 
the presence of phenytoin. Complete recovery was seen after 30 minutes 
of washing off the drug. Superfusion of 100 uM lidocaine for 5 minutes 
had a similar action to phenytoin on 20 Hz spike trains (see Figure 
18) .

Phenytoin is reported to produce a voltage-dependent block, i.e. 
greater reduction of the Na current at more depolarized potentials. I 
attempted to test this by injecting continuous current through the 
recording electrode to alter the resting membrane potential. Single 
spikes were elicited by antidromic stimulation. There were problems in 
injecting sufficient current through the electrode to vary the 
membrane potential over a wide range and also in being able to 
generate a spike at all potentials. Figure 19 shows the results from 
one successful experiment where the potential was varied from -60 mV 
to -30 mV and a spike produced at all potentials, before and after 20 
minutes superfusion of 100 uM phenytoin. Phenytoin reduced the



amplitude of the spike and dV/dt at all potentials but hadmax
greater effect at more depolarized potentials.
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Figure 16. The action of 100 uM phenytoin on intracellularly recorded 
spikes from rat isolated superior cervical ganglia superfused with normal 
Krebs' solution at 30°C. The spikes were elicited by either presynaptic 
orthodromic stimulation (0.2 Hz, 0.02 ms, 50 V) (lefthand column) or by 
depolarizing current injection (+0.5 nA) (righthand column). The bottom 
record in each case is a differentiated signal of the voltage.
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Figure 17• Intracellular recordings from a rat superior cervicaloganglion neurone at 30 C in normal Krebs' solution. The ganglion was 
stimulated with a suction electrode on the preganglionic nerve trunk 
at 20 Hz. The results demonstrate the frequency-dependent blocking 
action of 100 uM phenytoin on orthodromic synaptic transmission. The 
resting membrane potential of the cell was -40 mV.
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Figure 18. Intracellular recording from a rat isolated rat superior ocervical sympathetic ganglia neurone in normal Krebs1 solution at 30 C. 
The ganglion was stimulated antidromically via the postganglionic nerve 
trunk with a suction electrode (20 Hz, 0.04 ms, 100 V). The records show 
the actions of 100 uM phenytoin and 100 uM lidocaine•
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Figure 19. Intracellular recordings from rat superior cervical 
ganglion neurones at 30°C in normal Krebs' solution. The ganglion was 
stimulated antidromically with a suction electrode (0.2 Hz, 0.02 ms,
40 V). The resting membrane potential was varied by injecting current 
through the recording electrode. The results show the voltage- 
dependent block of ganglionic action potentials by 100 uM phenytoin. 
The lower traces are differentiated signals. The graph shows the 
reduction of the control action potential amplitude ( ■ )  and the 
amplitude of the differentiated signal ( # )  by 100 uM phenytoin (17-20 
minutes superfusion).



(D) Phenytoin action on the sodium pump.

(1) Post-tetanic hyperpolarizations.

To record post-tetanic hyperpolarizations the nerve trunks were
stimulated at 5 Hz for 30 seconds with 5 minute intervals. Control
responses (n = 5) from two preparations resulted in a maximal peak
extracellularly recorded hyperpolarizations of 2.0 +/- 0.18 mV.
Semi-log plots of the recovery of hyperpolarization indicated two
components: a brief initial component and a slower component. The
slower component had an extrapolated peak amplitude of 1.11 +/- 0.09

-1 omV and a rate constant of recovery of 1.39 +/- 0.13 min at 20 C. The 
post-tetanic hyperpolarization could be completely blocked by 1 mM 
ouabain as shown in Figure 20B. The action of the sodium pump was also 
seen during the tetanus: following an initial depolarization there is 
a marked hyperpolarization which develops during stimulation. The 
hyperpolarization during stimulation was also completely blocked by 
ouabain.

Two concentrations of each drug were tested: 10 and 30 uM
phenytoin, 10 and 30 uM lidocaine, 100 and 300 uM phenobarbitone and
100 and 300 uM pentobarbitone. Post-tetanic hyperpolarizations (5 Hz 
for 30 seconds) were produced every five minutes. The preparation was 
exposed to the drug for 1 5 minutes before the action on post-tetanic 
hyperpolarizations was determined, then the concentration was raised 
or the drug washed off. Examples of records are shown in Figure 20A. 
All the drugs tested reduced the extrapolated peak hyperpolarization. 
The largest effect was with 30 uM lidocaine (35% reduction), followed 
by phenytoin (25 and 31%), phenobarbitone (24%) and pentobarbitone 
(10%). The observed peak hyperpolarization also was reduced by all the 
drugs except pentobarbitone which increased it by 12%. The reduction 
by 30 uM phenytoin was 16-20%, 18% with 30 uM lidocaine and 7% with 
phenobarbitone. Phenytoin (30 uM) increased the rate constant of 
recovery of the hyperpolarization by 5-10%. Pentobarbitone had no 
action on the rate constant, which was reduced by 30 uM lidocaine
(10%) and 300 uM phenobarbitone (12%).



(2) Carbachol-induced depolarizations.

Another possible method of assessing the action of phenytoin on 
sodium pump activity is by using the hyperpolarization which follows 
depolarizations induced by carbachol (Brown, Brownstein & Scholfield, 
1972). In early experiments using the rat isolated preganglionic 
cervical sympathetic trunk, the hyperpolarizations proved to be 
inconsistent, so the superior cervical ganglion preparation was used 
instead, where the hyperpolarization was more pronounced. Early 
experiments also indicated that phenytoin tended to antagonize the 
carbachol-induced depolarizations. This was investigated in more 
detail. Figure 21 shows the results of pooled data from experiments 
where the action of 100 uM phenytoin was tested on carbachol-induced 
depolarizations. The control concentration-response curve had an EC 50
of 120 uM and a maximal response of 234%. In the presence of 100 uM 
phenytoin the maximal response was reduced to 143% (61% of the
control) but the EC was reduced to 51 uM so the antagonism was not50
competitive. Phenobarbitone and carbamazepine also antagonized 
carbachol-induced depolarizations; 1 mM phenobarbitone reduced the 
depolarization to 1 mM carbachol by 32% and 100 uM carbamazepine by 
58%.

As phenytoin reduced the amplitude of the carbachol mediated
depolarizations the experiments were planned to control for this
effect. Figure 22 shows recordings from one experiment where controls
to 200 uM and 1 mM carbachol were determined. The action of increasing
concentrations of phenytoin were tested on the response to 1 mM
carbachol. The following characteristics of the carbachol response
were measured: peak depolarization and hyperpolarization amplitudes,
the area under the hyperpolarization and rate constant of recovery
from semi-log plots (Figure 23 and Table 3). The rate constants for
the control carbachol responses were 0.364 min  ̂ with 200 uM and 0.45 

- 1min with 1 mM carbachol. With increasing concentrations of phenytoin 
the depolarizations to carbachol were reduced, by 28% with 100 uM 
phenytoin, but at all phenytoin concentrations the peak hyper
polarizations and rate constants were increased. The maximal effect



was with 25 uM phenytoin. At higher concentrations of phenytoin the 
area under the hyperpolarization was also reduced (see Table 3).
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Figure 23. Semi-log plots of the recovery of post-carbachol 
afterhyperpolarizations. A 200 uM carbachol, B 1 mM carbachol, C 1 mM 
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+100 uM phenytoin. The dashed line show the estimated rate constants 
for recovery; the values are listed in Table 3.



Chapter four.
Ca-spikes in rat isolated preganglionic cervical 

sympathetic trunks.

(A) Introduction.

The properties of calcium currents in general (Hagiwara & Byerly, 
1981 & 1983; Reuter, 1983) and in neurones in particular (Miller,
1985) have been comprehensively reviewed. Calcium channels in axons 
and at presynaptic terminals have been investigated less intensively 
in mammalian preparations where the small size of terminals makes 
experimental access difficult. This introduction will review the 
electro- physiological investigations of calcium currents in axons and 
presynaptic terminals.

2+The hypothesis that Ca influx is essential for transmitter 
release was first proposed by Katz & Miledi (1969) after they 
described a regenerative but localized calcium current in the 
presynaptic terminals of the giant synapse in squid stellate ganglion. 
A more detailed analysis was carried out by Llinas, Steinberg & Walton 
(1976) using voltage-clamp techniques on the same preparation. They 
found that the postsynaptic response was linearly related to the 
presynaptic calcium current, suggesting that transmitter release was 
directly proportional to the presynaptic calcium current.

Although neither of these groups found regenerative Ca-potentials 
2+in squid axons, Ca influx has been reported. Baker, Hodgkin &

2+Ridgway (1971), using aequorin to measure intracellular Ca
2+

concentration, found that repetitive stimulation in a high Ca medium
2+increased intracellular Ca concentration. Experiments on

2+voltage-clamped axons have shown that there are two components of Ca
entry during depolarizing pulses (Baker, Meves & Ridgway, 1973). The
fastest component was sensitive to tetrodotoxin (TTX) and so is

2+probably due to Ca entry through sodium channels. The slower 
component was insensitive to TTX and intracellular injections of



2+tetraethylammonium (TEA) but was blocked by extracellular Mn • They
also reported that the voltage response curve for the late entry of 

2+Ca had a well defined maximum and was similar m  shape to the curve 
2+relating Ca entry to depolarization described by Katz & Miledi

2+(1969) in squid presynaptic terminals. Ca influx into squid axons,
+induced by K depolarization or electrical stimulation, was blocked by

2 + 2+ 2+Mn , Co , Ni and D-600.

Similar results to those of Katz & Miledi (1969) were obtained
from mouse motor nerve terminals by Brigant & Mallart (1982). By the
use of specific ion channel blockers, they described an uneven
distribution of sodium, potassium and calcium channels along the axon
and presynaptic terminals. Potassium channels, identified by 4-AP
and/or TEA, were present only at the terminal portion of the nerve•
sodium channels (blocked by TTX) were located at the preterminal
portion of the nerve. Suppression of potassium currents with TEA and
4-AP revealed an inward current at the nerve terminal. This was

2+ 2+identified as a calcium current by substitution of Ca by either Ba 
2+or Sr . In frog motor nerve terminals, Mallart (1984) also found a

non-uniform distribution of sodium and potassium channels, with sodium
channels apparently almost undetectable at the nerve terminal. A
calcium current was also recorded in the presence of TEA and
3,4-diaminopyridine (3,4-DAP). The calcium current was blocked by 5 mM 

2+Co . In mouse motor nerve terminals active sodium channels can be
+detected under certain conditions e.g. low Na solutions (Konishi &

Sears, 1983 and 1984; Konishi, 1985). This sodium current however,
tends to be masked under normal recording conditions. There is some 

2+evidence that Ca may enter through these TTX-sensitive channels 
(Konishi & Sears, 1984).

Penner & Dreyer (1986) using the same preparation also described 
a calcium current after suppression of potassium currents by TEA
and/or 3,4-DAP. The calcium current was identified by the blocking 

2+action of Cd • The calcium current was confined to the presynaptic 
region of the nerve terminal. From the actions of TEA and 3,4-DAP they 
concluded that two types of potassium channels were present. With both 
potassium channel blockers present a prolonged, two component Ca-spike



was revealed. They proposed that the first component of this Ca-spike
was associated with transmitter release. Its amplitude and duration

2+ 2+ were dependent on the extracellular Ca concentration. Ca could be
2+ 2+ 2+ replaced by either Ba or Sr and the Ca-spike was blocked by Cd

2+
or Mn in the millimolar range and was unaffected by organic calcium
channel antagonists. The slower component was also dependent on

2+ 2+ 2+ extracellular Ca concentration, was also carried by Ba or Sr ,
2+ 2+and was blocked by Cd and Mn in the micromolar range. The slow 

component was sensitive to the rate of stimulation and the amplitude 
was progressively reduced at rates faster than one per minute. This 
component was reduced by low concentrations (nanomolar) of verapamil 
but was not affected by 1,4 dihydropyridine drugs.

The evidence therefore suggests that calcium currents are 
restricted to nerve terminals in mammalian myelinated nerves, but 
there is evidence that this is not the case in mammalian
non-myelinated nerves. In rabbit cervical sympathetic nerve fibres,

2+ +Greengard & Straub (1959) found that Ba could replace Na to produce
long duration regenerative compound action potentials in B and C

2+fibres. Greengard & Straub reasoned that this was due to Ba entry
through sodium channels with an action on the sodium inactivation
mechanism to prolong channel opening. They did not consider the
possibility of separate calcium channels. Ca-spikes have been
described in non-mammalian preparations• In the axons of R2 giant
neurones of Aplysia, Horn (1978) found that the axonal action

+potential was completely blocked by TTX or with Na -free Tris
solutions. A Ca-spike could be generated with the addition of

2+4-aminopyridine (4-AP). The Ca-spike was blocked by Co , but not by
2+ 2+TTX. Spikes could also be generated with either Sr or Ba in

2+ + . 2+ Ca -free and Na -free medium. These spikes were also blocked by Co

A Ca/Ba-spike has been demonstrated in the lateral olfactory
tract of the guinea-pig cortex (Scholfield, 1984). Ca-spikes were
recorded by using long duration stimuli and perfusing the preparation

2+with a solution containing TTX, Ba (2 mM) and 3,4-DAP (20 uM). The
2+ 2+ 2+ Ca-spikes were depressed by Cd (0.1-1 mM), Mn (0.5-2 mM), Co



(0.05-0.2 mM) and La (0.5 m M ) . The Ca-spike recovered following wash
2+ 2+ 2+ 3+out of Mn or Co , but not after block by Cd or La • Two organic

calcium channel antagonists were tested. D-600 had no effect at 
0.02-0.05 mM, nor did nifedipine at 0.002-0.01 mM. The Ca-spikes had 
similar properties to the calcium channel involved in transmitter 
release (Kuan, Scholfield & Steel, 1985).

There is evidence that "slow" spikes in some autonomic axons may
involve TTX-insensitive sodium channels. In bullfrog cardiac nerves a
major component of the compound action potential was not blocked by 10
uM TTX (Bowers, 1985). The TTX-resistant compound action potential was
completely blocked by 100-300 uM CdCl^ but not by 5 mM CoCl2 or NiCl2,
suggesting that this was not an action on calcium channels. The
cadmium-sensitive action potential was only partially reduced by the 

24-removal of Ca from the superfusate, but was completely abolished by
+the replacement of Na with either sucrose, TEA or choline. It was

therefore proposed that in addition to TTX-sensitive sodium channels,
parasympathetic axons of the bullfrog also utilize a TTX-insensitive, 

2+Cd -sensitive sodium channel.

Evidence for a calcium current in the axons of rat cervical 
sympathetic nerve fibres was provided by S.J.Marsh (unpublished). 
During experiments to investigate potassium currents in this
preparation application of 4-AP revealed a TTX-insensitive,

2+ . ,Cd -sensitive component to the compound action potential suggesting
the presence of a calcium current. As one possible mechanism of action
of antiepileptic drugs might be to reduce calcium currents (see p.
25), I therefore decided to record Ca-spikes from the cervical
sympathetic trunk preparation using using this approach and to test
the action of antiepileptics and other drugs.



(B) Methods.

The recording chamber and techniques were as previously described
(see Chapter 2). The preganglionic cervical sympathetic trunk was
first stimulated supramaximally for at least one hour in normal Krebs'
solution at 0.2 Hz. The compound action potential (Na-spike) was then
completely blocked with 0.5-1 uM TTX. Ca-spikes were generated by
superfusing the preparation with a Krebs' solution containing 1 mM

2+4-AP and a raised Ca concentration of 5 mM (see Figure 24). At the 
same time the stimulus frequency was reduced to 0.017 Hz to reduce run 
down of the spike amplitude. There was a delay following the addition 
of 4-AP before a small depolarization and spike were seen. The spike 
increased in amplitude during the next five minutes, before beginning 
to decline. The extent of the decline in amplitude of the Ca-spike was 
variable but in most cases the amplitude levelled off sufficiently for 
drugs to be tested.

This method of recording Ca-spikes was not ideal in that the run
down of Ca-spike amplitude limited the duration of experiments. To try
and eliminate the problem, various modifications were tried: running

o 2+ 2+the experiments at 30 C, replacing Ca with Ba , adding dibutyryl
2+cyclic adenosine monophosphate (dbcAMP) and ATP-Mg to the Krebs'

solution (see Kostyuk, Veselovsky & Fedulova, 1981) or adding TEA as 
well as 4-AP. None of these modifications produced a clear improvement 
so the method described above was used in most experiments.

(C) Results.

(1 ) Comparison of Na- and Ca-spikes.

In a sample of 26 consecutive experiments various parameters of 
the Ca-spike were measured and compared with those of the Na-spike.
The parameters measured for comparison were: amplitude of the spikes; 
an estimate of the conduction velocity (the delay between the stimulus



artifact and peak of the spike); the duration of the spike at the 
resting potential; and the amplitude of the after-hyperpolarization 
following the Ca-spike, Examples of typical spikes are shown in Figure 
24 and the average results are listed in Table 4. The mean amplitude 
of the Ca-spike was larger than that of the Na-spike. The conduction 
velocity of the Ca-spike was slower and the duration much longer 
compared to the Na-spike. The Ca-spike was followed by a pronounced 
after-hyperpolarization; this was not seen with the Na-spike.

(2) Generation of Ca-spikes in the absence of sodium.

To test if the spike seen with TTX and 4-AP was in fact due to 
2+ +the influx of Ca and not Na , I tried to produce a Ca-spike m  

Na-free Tris solution. If a spike was first generated in normal Krebs' 
solution with TTX and 4-AP and the superfusion fluid then exchanged 
for a Na-free Tris solution the spike was lost. A spike could be 
produced in Tris solution by the method described in Figure 25. The 
Na-spike in normal Krebs' solution is completely abolished by 
superfusion with a Na-free Tris solution with 5 mM CaCl^. On addition 
of 2 mM 4-AP a large amplitude, long-duration spike was recorded 
(Figure 25C). This spike was similar in shape to the spike recorded in 
the presence of TTX and 4-AP. The spike was incompletely blocked by 2 
uM TTX, with partial recovery on washing out TTX. However, the spike
was completely blocked in the presence of both 2 uM TTX and 200 uM

2+Cd .

(3) Properties of the potassium channel block required to reveal 
Ca-spikes.

In my experiment I used 4-AP to block the outward potassium 
currents and so record Ca-spikes• In rat superior cervical ganglion 
neurones calcium-potentials can be recorded by blocking potassium 
currents with TEA (McAfee & Yarowsky, 1979; Galvan & Adams, 1982), so 
I tried other potassium channel blockers on the cervical sympathetic 
trunk to see if Ca-spikes could be produced. Ca-spikes could not be 
recorded with either TEA (10 mM) (see Figure 26), barium (5 mM



replacing calcium) or tetrabutylammonium (TBA, 5 mM; not shown) in the 
absence of 4-AP. Experiments with 4-AP showed that at least 100 uM 
4-AP was required to produce a Ca-spike (Figures 26 and 27). The 
concentration-response curve for 4-AP on the Ca-spike was assessed 
(Figure 27). The threshold for generating a Ca-spike was 100 uM but 
the maximal response was probably not attained with 2 mM 4-AP, the 
highest concentration tested. TEA (10 mM), although unable to produce 
Ca-spikes alone, did have an effect on the spike produced with 1mM 
4-AP. The amplitude was increased, spike duration increased and the 
after-hyperpolarization reduced.

In two experiments the action of 4-AP and TEA were tested on
Na-spikes recorded in Ca-free Krebs'solution so their actions could be

2+compared without the influence of Ca . With compound action
potentials recorded from a nerve trunk, a block of potassium currents
should be seen as an increase in the amplitude of the compound action
potential if the individual axonal action potentials are prolonged. It
was found that TEA only had a weak action. At 20 mM, the spike
amplitude was increased by 20% whereas 4-AP at 1 mM increased the
spike amplitude by 200%. Analysis of the concentration-response curves
by the method of Parker & Waud (1971) gave an average maximal increase
of 200%, an EC of 35 uM and a slope of 1. The spike recorded in the 50
presence of 1 mM 4-AP was completely blocked by 1 uM TTX (see Figure

2+28), whereas it was not affected by 200 uM Cd (separate experiment,
2+recordings not shown)• These results indicate that influx of Ca was 

not involved in these particular experiments.

One technique to block potassium currents is by replacing 
+ +intracellular K with Cs (e.g., Akaike jst aJL., 1981; Ishizuka,

Hattori & Akaike, 1984). Preganglionic cervical sympathetic trunks
+were incubated overnight in a modified Krebs' solution in which K was

replaced with 10 mM CsCl. Cs+ can substitute for K+ as a substrate for
+ + tthe Na /K ATPase pump mechanism, although Cs has a lower affinity

+ +for the pump (Cs :K ratio is 5:2; Brown, Browstein & Scholfield,
1972). Figure 31A shows an action potential recorded in the modified 

+Cs -Krebs' solution. The spike had two components, a fast spike that
2+was blocked by TTX and a slower long duration spike carried by Ca



Figure 31B shows an experiment where compound action potentials
2+ 2^ 2 .̂ ^

carried by Ca , Ba and Sr were recorded in K-free Cs -Krebs'
solution in the presence of TTX. The Ca-spike had the fastest upstroke
and shortest duration, the Ba-spike had the slowest upstroke and
longest duration and the Sr-spike was in between. No after-
hyperpolarization was seen with any of the spikes.

(4) Substitution of calcium by barium or strontium.

In many neurones, the calcium current can be carried by divalent 
2+cations other than Ca (Hagiwara & Byerly, 1983). In my experiments

2+ 2+ 2+Ca could be replaced by either Ba or Sr as the inward charge
carrier, each producing differently-shaped action potentials, as shown
in Figure 29. The protocol used to compare the cations was as follows.
Initially, a cervical sympathetic trunk was stimulated supramaximally

2+in normal Krebs' solution to record a Na-spike, then a Ca -free
solution was superfused for ten minutes. The Na-spike was then
completely blocked with 0.5-1 uM TTX, 1 mM 4-AP was added and
superfused for five to ten minutes until the baseline was steady. The
divalent cation was then tested, in each case starting with 1.25 mM
and doubling the concentration up to 20 mM (see Figure 30). It proved

2+surprisingly difficult to wash out the Ca , as a spike frequently
2+appeared after the addition of TTX and when the 4-AP/Ca -free

solution was superfused. Therefore, in some experiments a period of
2+superfusion with EDTA (10 mM) and 0 mM Ca in normal Krebs' solution,

prior to the addition of TTX and 4-AP, was tried in an attempt to
2+remove the remaining Ca , but this was not always successful.

2+ 2+Ba produced the largest amplitude spike, followed by Ca and
2+ 2+ then Sr , but the fastest rate of rise was seen with the Ca

2 + 2+ 2+ 2 + followed by Ba and Sr • The spikes recorded with Ca and Sr were
similar, with a single peak, similar rates of upstroke and
repolarization and both were followed by an after-hyperpolarization.

2+Ca had the shorter duration and larger after-hyperpolanzation. The 
Ba-spike was different in that there were usually two peaks, and the 
repolarization was very slow, resulting in a very long duration spike.



(5) Inorganic calcium channel antagonists.

Six known inorganic calcium channel antagonists were tested on
the Ca-spike recorded from preganglionic cervical sympathetic trunk
preparations (Figures 31 and 32). All the cations were capable of
completely blocking the Ca-spike, usually without change in the

2+membrane potential. The exception was Mg which, at higher
concentrations (>= 10 mM), caused a hyperpolarization. The rank order,

2+ 3+with decreasing potency (IC ) was; Cd (3.3 uM) > La (6.9 uM) >50
Ni2+ (43.9 uM) > Co2+ (0.47 mM) > Mn2+ (0.71 mM) > Mg2+ (16.4 mM).

(6) Comparison of the blocking actions of drugs on the Na- and 
Ca-spikes.

The action of the organic calcium channel antagonist verapamil,
the antiepileptics phenytoin and carbamazepine, the barbiturates
phenobarbitone and pentobarbitone, the local anaesthetics procaine and
lidocaine and the benzodiazepine flurazepam were compared on the Na-
and Ca-spikes. Each drug comparison was on the same preganglionic
cervical sympathetic trunk preparation. Initially cumulative
concentration-response curves on the Na-spike were recorded. After
complete wash out of the drug a Ca-spike was produced. A cumulative
concentration-response curve for block of the Ca-spike was then
recorded (see Figure 34). Action on the Na-spike was assessed in
normal Krebs' solution with supramaximal stimulation at 0.2 Hz. At
this rate of stimulation there was no frequency-dependent block with
any of the drugs tested. Action on the Ca-spike was assessed in the

2+presence of 0.1-1 uM TTX, 1 mM 4-AP and a 5 mM Ca Krebs' solution 
with supramaximal stimulation at 0.017 Hz.

Pentobarbitone and (to a lesser extent) phenobarbitone did not 
simply reduce Na-spike amplitude. The chart recorder trace in some 
experiments showed an initial increase in amplitude before a reduction



and there was not a smooth onset of block as seen with the other 
drugs. The Medelec recordings demonstrated that the rate of upstroke 
was reduced but the spike was noticeably broadened. I therefore 
decided to assess the blocking action of these drugs by 
using the reduction in amplitude of a differentiated signal of both 
the Na-spikes and Ca-spikes. The differentiated signal was obtained 
using a simple RC circuit with a time constant of 0.47 ms. The method 
was considered to give a better indication of the blocking action of 
these drugs (compare concentration-response curves in Figures 8 and 36
and the IC values in Tables 1 and 6).50

Figures 35, 36 and 37 show concentration-response curves the 
action of these drugs on the Na- and Ca-spikes. Table 6 lists the mean

values for block of the Na- and Ca-spikes for each drug. The 
action on the Na- and Ca-spikes was expressed as a ratio of the s 
on the Na- and Ca-spikes. There was a marked difference between the 
antiepileptics and the local anaesthetics on their actions on the Na- 
and Ca-spikes.

Both the barbiturates were more potent blockers of the Ca-spike
than the Na-spike. Their potency on the Na-spike was similar in each
case (pentobarbitone 2 mM and phenobarbitone 1.44 m M ) . Pentobarbitone
was more potent on the Ca-spike and so had the larger ratio, 21.1
compared to 5.1 for phenobarbitone. Carbamazepine was also more potent
on the Ca-spike with a ratio of 3.2; phenytoin was slightly more
potent on the Ca-spike, with a ratio of 1.2. The opposite was the case
for the local anaesthetics, which were more potent on the Na-spike
than on the Ca-spikes; the i c ^q ratio for lidocaine was 0.233 and for
procaine was 0.289. Verapamil was the most potent drug tested on the
Ca-spikes with an i c ^q °f 16.4 uM, but it also had potent local
anaesthetic actions on the Na-spike with an IC of 63 uM and50
therefore a ratio of 4.0.
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Figure 24. Experiment illustrating the method used to generate Ca-spikes 
in rat isolated preganglionic cervical sympathetic nerves. The nerves 
were initially stimulated supramaximally (20 V, 1 ms) at 0.2 Hz in normal 
Krebs' solution (Na-spike). The Na-spike was then blocked with 0.5-1 uM 
TTX and the stimulation rate reduced to 0.017 Hz (one per minute) and the 
Krebs' solution replaced with a HEPES-buffered solution containing 0.5-1 
uM TTX, 1 mM 4-AP and 5 mM Ca . I n  the presence of this solution a 
Ca-spike was recorded. Upper trace: continuous display of peak compound 
action potential amplitude, recorded with a peak height detector; note 
the change in recorder speed. Lower records: single evoked compound 
action potentials in the two solutions recorded on an oscilloscope; note 
the different time-base.

20 msec
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Figure 25. Experiment showing a method to record Ca-spikes in a Na-free 
solution. An rat isolated preganglionic cervical sympathetic nerve trunk 
was stimulated supramaximally (20 V, 1 ms, 0.017 Hz) in normal Krebs' 
solution (NK)(a ) . The Na-spike was completely blocked by superfusing with 
a Na+-free Tris solution (see Methods for composition)(b). With the 
addition of 2 mM 4-AP (c). Upper records: Medelec records of single 
spikes. Bottom trace: continuous record of spike amplitude obtained using 
a peak height detector.
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Figure 27. Chart recorder traces showing the concentration-dependent 
action of 4-AP in recording Ca-spikes in a 5 mM Ca /HEPES buffered 
solution after the Na-spike had been completely blocked by 0.5 uM TTX. 
The nerve was stimulated supramaximally (20 V, 1 ms, 0.017 Hz) in normal 
Krebs' solution at room temperature.



TEA

OmM C a *
1 0m M  M g* 0 .6m M  2m M  6m M  20m M
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T O mM 3 0 mM 100pM  0 .3m M  1mM ijiM  TTX

Figure 28. Chart recorder traces showing cumulative dose-response curves 
for TEA and 4-AP on Na-spikes recorded in a Ca -free, 10 mM Mg Krebs' 
solution. The nerve was stimulated supramaximally (20 V, 1 ms, 0.2 Hz) at 
room temperature (18-22°C).
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Figure 32. Records showing cumulative dose-response 
curves for inorganic Ca-channel antagonists on 
Ca-spikes, in the presence of 0.5 uM TTX, 1 mM 4-AP and 
5 mM Ca . Stimulation’was supramaximal at 0.017 Hz at 
room temperature (18-22 C ) .

TABLE 5• Relative potencies of inorganic calcium 
channel antagonists on the Ca-spike. (mean s.e.mean)

IC50

CADMIUM 3.0 + 0.67 uM 3

LANTHANUM 10.2 + 3.23 uM 4

NICKEL 54.7 + 19.9 uM 3

COBALT 0.51 + 0.01 mM 3

MANGANESE 1 .07 + 0.16 mM 4

MAGNESIUM 1 5.7 + 1.86 mM 3

0230
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Figure 35. Concentration-response curves for phenytoin (O) and 
carbamazepine ( A )  for slowing of risetime of Na-spikes (-■ ) and
Ca-spikes (- - -)(n=3). The ordinate is the percentage of the control 
maximal amplitude of the differentiated signal (dV/dt ). The 
solutions, temperature and stimulation parameters arem^escribed in the 
text.
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Figure 38. Concentration-response curves for pentobarbitone ( ♦ )  and 
phenobarbitone ( # )  for block of Na-spikes ( ■ ) and Ca-spikes
( - - - ) .  (n=3).
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Figure 37. Concentration-response curves for verapamil (■), lidocaine
(A) and procaine ( □ )  for block of Na-spikes (------) and Ca-spikes (-
- -) . (n=3).
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TABLE 6

DRUG ICj_q Na-spike IC  ̂ Ca-sike 50 Na / Ca

PHENOBARBITONE 1 .44 + 0.11 mM 288 + 39 uM 5.09 _+ 0.37

PENTOBARBITONE 2.06 + 0.45 mM 100 + 7.5 uM 21 .1 _+ 4.81

VERAPAMIL 62.7 +_ 3.9 uM 16.4 + 2.8 uM 4.02 + 0.66

CARBAMAZEPIN E 368 + 22 uM 130 + 40 uM 3.23 + 0.66

FLURAZEPAM 172 + 16 uM 55 + 6.2 uM 3.17 +_ 0.24

PHENYTOIN 1 75 53 uM 141 + 1 2  uM 1 .2 + 0.26

PROCAINE 348 + 58 uM 1.29 + 0.16 mM 0.289 + 0.079

LIDOCAINE 163 + 27 uM 0.77 + 0.17 mM 0.233 + 0.066

The IC50s for the block of Na- and Ca-spikes by various drugs were
determined from three experiments each, except pentobarbitone where
n = 4. The Na/Ca IC ratios were determined in the same cervical5 0sympathetic trunk preparation. The blocking action of the drugs was
assessed by measuring the maximal dV/dt of the compound action
potentials using a simple RC differentiated circuit (time constant = 4.7
ms). The Na-spikes were recorded in normal Krebs' solution, at room otemperature (18-22 C) stimulated supramaximally at 0.2 Hz. The Ca-spikes 
were recorded in a modified Krebs' solution with added tetrodotoxin 
(0.5-1 uM), 1 mM 4-aminopyridine and 5mM CaCl , stimulated 
supramaximally at 0.017 Hz and room temperature (18-22°C).



Chapter Five* 
Discussion*

(A) Physiology of compound action potentials recorded in normal Krebs' 
solution: Na-spikes.

In my study, three components to the compound action potential
recorded from rat isolated preganglionic cervical sympathetic nerve
trunks, in normal Krebs' solution, were distinguishable. The estimated

-1 omean conduction velocities were 0.36, 0.24 and 0.6 m.s , at 22 C.
This is as previously described by Dunant (1967) in the same 
preparation. The fastest was the group with axon diameter of 3 urn, 
the group with axon diameter of 1.5 urn and the C group with axons 
0.5 urn in diameter. In my experiments the conduction velocities were
slower than previously reported; 0.55-2.6 m.s 1 (Dunant, 1967) and

-1 o1-10 m.s (Coote & Westbury, 1979) both recorded at 37 C. The
differences are probably explained by the differences in temperature,

o o22 C compared to 37 C. The lower temperature also explains the long
duration of the compound action potentials recorded in my experiments
(25 ms) compared to those described in other autonomic nerves, e.g.

o2-2.5 ms in cat hypogastric nerves at 37 C (Grunfest & Gasser, 1938). 
At lower temperatures axonal action potentials are reported to be 
prolonged (Ritchie & Straub, 1956) and the slower conduction velocity 
will increase temporal dispersion of the compound action potential so 
prolonging its overall duration.

In my experiments two after-potentials were recorded. The initial 
after-hyperpolarization is probably due to the increased potassium
conductance during repolarization of the action potential. It is

+ + enhanced in K -free solution because the driving force for K is
+increased, when E (the equilibrium potential for K ) is made even K

more negative than the resting membrane potential. The after-
+depolarization is due to the increase in the extracellular K 

concentration following an action potential (Greengard & Straub,
1958) .
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(B) Ca-spikes in isolated rat preganglionic cervical sympathetic 
nerves.

The compound action potential recorded from rat isolated
preganglionic cervical sympathetic nerve trunks was rapidly and
completely blocked by 0.5-1 uM tetrodotoxin (see Figure 24) or by
superfusion of a Na-free Tris-solution (see Figure 25). This indicates
that it was generated by a conventional TTX-sensitive sodium current.
However, in the presence of TTX, superfusion with a solution

2+containing 1 mM 4-aminopyridme and 5 mM Ca revealed a large, slowly
conducting compound action potential of about 50-100 ms duration (see

2+Figure 24). This was shown to be generated by the influx of Ca . This 
is indicated by the facts that: (1) barium or strontium can substitute 
for calcium to record regenerative compound action potentials; and (2) 
the Ca-spike is blocked by inorganic calcium channel antagonists with 
potencies similar to those reported to block calcium currents (see 
Hagiwara & Byerly, 1981 & 1983).

A spike similar to the Ca-spike recorded in the presence of 4-AP
and TTX could be recorded in a sodium-free Tris/4-AP solution. This
spike was partially blocked by TTX and completely blocked by TTX and
cadmium in combination. As a spike could be recorded in Na+-free

2+solutions, the inward current must be carried by Ca . This
experiment, however, does not identify the channel type completely.
The TTX-sensitive component may be similar to that described by Baker,

2+Hodgkin & Ridgway (1971) in squid axons i.e. due to the influx of Ca 
through sodium channels. A similar effect was also described by 
Konishi & Sears (1984) in mouse motor nerve terminals. A TTX- 
insensitive, cadmium-sensitive sodium channel has been described in 
parasympathetic axons (Bowers, 1985). Although this was abolished by 
sodium-free solutions, it was less sensitive to cadmium than Ca-spikes 
and not blocked by cobalt or nickel at concentrations upto 5 mM.

4-AP, at concentrations greater than 100 uM, was effective in
generating Ca-spikes whereas other potassium channel blockers such as 

2+TEA, TBA or Ba alone were ineffective in producing Ca-spikes. This
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raises the question as to why 4-AP but not other potassium channel 
blockers could produce Ca-spikes. One possibility is that 4-AP has a 
direct action on calcium channels, acting to enhance the calcium 
current (Rogawski & Barker, 1983). Another possibility is that the 
potassium channel underlying spike repolarization in these axons is 
more sensitive to 4-AP than TEA. This was found to be the case in rat 
superior cervical ganglion neurones where, under physiological 
conditions, repolarization of the action potential was determined by a 
4-AP-sensitive potassium current (Belluzzi, Sacchi & Wanke, 1985 a).
An action on potassium currents is supported by the action of 4-AP in

2+ 2+ increasing Na-spike amplitude and duration in Ca -free/high Mg
Krebs' solutions. This action of 4-AP is similar to that reported in
other peripheral axons: in rat dorsal root axons (Bostock, Sears &
Skerrat, 1981), rat vagal C fibres (Galvan, Grafe & Ten Bruggencate,
1982) and rat sciatic nerves (Kocsis, Ruiz & Waxman, 1983). 4-AP also
has the same effect on non-myelinated axons in the CNS: in rat
cerebellar cortical parallel fibres (Kocsis, Malenka & Waxman, 1983),
rat corpus callosum (Preston, Waxman & Kocsis, 1983) and hippocampus
(Haas, Wieser & Yasergil, 1983). In all the above preparations there
was no evidence for a Ca-component to the spikes in the presence of
4-AP. The sensitivity of axonal potassium currents to 4-AP indicates
that the A-current may be involved (Rogawski, 1985; Gustafsson et ad.,
1982).

Although TEA was not able to produce Ca-spikes, it did have an 
effect on the spikes recorded in the presence of 4-AP and TTX. The 
ampitude and duration of the Ca-spikes were increased and the 
after-hyperpolarization almost abolished (see Figure 26 and Figure 
47A, also see below). A second component to the spike was also 
revealed. The after-hyperpolarization following the Ca-spikes may be 
due to a Ca-dependent potassium current. This is indicated by the 
action of TEA on the Ca-spike. TEA can block Ca-dependent potassium 
conductances recorded in sympathetic ganglia (Adams _et ad., 1982; 
Belluzzi, Succhi & Wanke, 1985 b ) . 4-AP is reported as having no 
effect on Ca-dependent potassium conductances in bullfrog sympathetic 
neurones at 1 mM (Adams &t al.,1982) or in Aplysia R-15 and L-6 
neurones upto 2 mM (Hermann & Gorman, 1981) or hippocampal CA3
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2+pyramidal neurones (Zbicz & Weight, 1985). In my study Ba (1 mM)
also reduced the after-hyperpolarization following the Ca-spike and
revealed a second component to the spike (see Figure 47B). In rat
superior cervical ganglion neurones the Ca-dependent after-

2+hyperpolarization is also blocked by Ba (McAfee & Yarowsky, 1979).

2+ 2+ 2+Ca could be substituted by either Sr or Ba to record spikes
2+in the presence of 4-AP and TTX. The spike recorded with 5 mM Sr was

broader than the Ca-spike and the after-hyperpolarization was less
2+pronounced. The spike in the presence of 5 mM Ba was very much 

longer, no after-hyperpolarization was seen and a second component to 
the spike was revealed (see Figure 29 and Figure 47C) . These 
differences might be explained by different actions on potassium
conductances by the divalent cations. In molluscan neurones, Gorman &

2+ 2+Hermann (1979) found that Ca and to a lesser extent Sr , when
injected intracellularly, could activate an outward potassium current. 

2+Ba was ineffective in this respect and also substantially reduced
other potassium currents• This action of barium may explain the larger
amplitude and long duration of the Ba-spike. Another factor may
involve possible calcium channel inactivation mechanisms. Inactivation

2+of calcium channels by raised intracellular free Ca has been
described in Aplysia neurones (Tillotson & Horn, 1978). Intracellular

2+ . ^ ^ , .Ba is less effective in producing inactivation of the calcium
channel (Tillotson, 1979). Voltage-dependent inactivation has been
described in marine polychaete eggs (Fox, 1981). The latter mechanism
does not appear to be involved in Ca-spikes in my experiments because
of the long duration of the Ba-spike. Ca-dependent inactivation of the
calcium channel may explain the shorter duration of the Ca-spikes.

2+In the presence of TEA (10 mM) or Ba (1 mM), the Ca-spike had
2+ 2 + 4two components. The Ba-spike (5 mM Ba /0 mM Ca ) also had two 

components. There are at least two possible explanations for this 
effect. Firstly, the rat preganglionic cervical sympathetic trunk 
contains more than one population of axons as determined by conduction 
velocities and fibre diameters (see Figure 5 and Dunant, 1967). It is 
possible that the balance of inward calcium current and outward 
potassium currents in the different fibre groups varies, such that the
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potassium currents of the slower-conducting group require greater 
suppression before the calcium current becomes net inward and hence 
capable of producing a regenerative Ca-spike. The second possibility 
is that there may be more than one type of calcium current in 
individual preganglionic axons (see below), of different magnitudes 
such that their expression as regenerative currents depends on the 
degree of potassium current block. This interpretaion has been put 
forward to explain the two component Ca-current recorded in mouse 
motor neurones in the presence of TEA and 3,4-DAP (Penner & Dreyer, 
1986).

The Ca-spike recorded in the presence of 4-AP and TTX was readily
blocked by inorganic Ca-channel antagonists. The rank order, with

2+ 3+ 2+decreasing potency (IC__) was: Cd (3.3 uM) > La (6.9 uM) > Nid U
(43.9 uM) > Co2+ (0.47 mM) > Mn2+ (0.71 mM) > Mg2+ (16.4 m M ) . These 
results are very similar to those reported for these antagonists in 
other neuronal preparations; in rat superior cervical ganglion (McAfee 
& Yarowski, 1979), in Helix neurones (Akaike et al., 1981), on 
Ca/Ba-spikes in the guinea-pig lateral olfactory tract (Kuan, 
Scholfield & Steel, 1985) and in rat dorsal root ganglion neurones 
(Fedulova, Kostyuk & Veselovsky, 1985). (See also Hagiwara & Byerly, 
1981 ) .

It is now recognised that there are a variety of calcium channel 
subtypes (Fedulova, Kostyuk & Veselosky, 1985; Miller, 1985; Nowycky, 
Fox & Tsien, 1985; Spedding, 1987; Hofmann et aJL., 1987, Hess et al.,
1986). In neuronal preparations (mainly dorsal root ganglia), three 
types of calcium current have been described; L (large or long), T 
(transient) and N (neither long nor transient, or neuronal) type 
currents (see Hess et al., 1986). The L-type current is a large, long 
lasting conductance at positive membrane potentials (holding potential 
-20 mV, with depolarizing voltage steps to +20 mV). The T-type current 
is a transient conductance recorded at more negative potentials (-80 
mV to -20 mV). The N-type is also transient and intermediate in
conductance requiring large voltage steps (-80 mV to +20 mV). All

2+ 2+ three channels conduct Ba as well as Ca • The N- and T-type
channels both require strongly negative holding potentials (at least
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-80 mV) for complete removal of steady-state inactivation. The L- and
2+N-type currents are more sensitive to block by Cd than the T-type. 

The L-type current is also sensitive to modulation by 
dihydropyridines. This current can be enhanced by the calcium agonist 
BAY K 8644 and blocked by nifedipine. L-type currents are sensitive to 
cAMP (especially in cardiac smooth muscle). In patch-clamp experiments 
this current is subject to a wash-out or run-down effect which can be 
prevented or reversed by cAMP or ATP (see Fedulova, Kostyuk and

2+Veselosky, 1985). The L-type is also apparently sensitive to Ca 
entry-dependent inactivation, at least in dorsal root ganglia.

It would desirable to identify the calcium channel responsible for
the Ca-spikes recorded from rat preganglionic cervical sympathetic
nerves. This may be possible using pharmacological techniques. It is
reported that the calcium channels differ in their sensitivity to 

2+block by Cd ; 50 uM is sufficient to completely block the N and 
L-type channels but only blocks the T-channel by 50% (Nowycky, Fox & 
Tsien, 1985). In my experiments 50 uM completely blocked the Ca-spike; 
this suggests that either the N or L-channel may be involved. The 
L-channel is modulated by cAMP. In my experiments neither dbcAMP nor 
forskolin apparently had any action. Therefore the calcium channel 
underlying Ca-spikes may be the N-type; this is supported by the fact 
that L-noradrenaline which potently inhibits the Ca-spike is reported 
to act specifically on the N-channel in frog sympathetic neurones 
(Lipscombe & Tsien, 1987). Conversly phenytoin is reported to 
specifically act on the T-current in cultured rat hippocampal neurones 
and N1E-115 neuropblastoma cells (Yaari, Hamon & Lux, 1987; Twombly, 
Yoshii & Narahashi, 1988; see below). A better test for L-channels 
would be to test the actions of the 1,4 dihydropyridine class of drugs 
which are reported to be selective for this type of channel. The 
calcium channel agonist BAY K8644, or an antagonist such as nifedipine 
could be used.
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(C) Action of antiepileptic and other drugs.

(1) Sodium channel block

(i) Basal Block

In my experiments the antiepileptics used to treat tonic-clonic
seizures; phenytoin, carbamazepine and phenobarbitone have similar
actions to other drugs with local anaesthetic action in blocking the
compound action potential (Na-spike) in rat isolated preganglionic
cervical sympathetic trunk nerves. The order of potency (and I C ^ s )
for the drugs tested were: quinidine (98 uM) > phenytoin (120 uM) >
flurazepam (132 uM) > lidocaine (227 uM) > carbamazepine (358 uM) >
procaine (360 uM) > phenobarbitone (4.7 m M ) . The blocking action of
these drugs was not as potent as that reported for block in the rat
phrenic nerve, where the order of potency was (IC s): phenytoin (2750
uM) > lidocaine (100 uM) > procaine (250 uM) > phenobarbitone (800 uM) 
(Staiman & Seeman, 1974). My results from the rat cervical sympathetic 
trunk are very similar to those reported for block of compound action 
potentials in the frog sciatic nerve; phenytoin (150 uM) > procaine 
(1.3 mM) > phenobarbitone (2.9 mM) (Staiman & Seeman, 1974) and for 
reduction of the peak inward sodium current in single myelinated frog 
axons; phenytoin (160 uM) > flurazepam (200 uM) > procaine (210 uM) > 
lidocaine (1.18 mM) > phenobarbitone (1.5 mM) (Schwarz, 1979; Schwarz 
& Vogel, 1977; Schwarz & Spielmann, 1983).

There are problems in assessing a drugs action on sodium currents
by measuring the reduction of compound action potential amplitude.
Firstly the relationship between the reduction in action potential
amplitude and reduction in peak inward sodium current is not linear
(see Kendig, Courtney & Cohen, 1979). Secondly a reduction in compound
action potential amplitude may occur due to actions other than a
reduction in the sodium current. Phenobarbitone in some experiments
produced a marked depolarization which may be due to an action on
GABA receptors (Brown & Marsh, 1978; Macdonald & Barker, 1978; Schulz A
& Macdonald, 1981). Drugs which reduce the input resistance of the 
axons may increase the threshold for action potential initiation and



would also reduce action potential amplitude and slow the conduction 
velocity.

There are reports that the drugs tested in these experiments can 
also block potassium currents: phenytoin in Aplysia neurones (Lewis,
1981) and frog myelinated axons (Schwarz & Vogel, 1977) and 
phenobarbitone in frog myelinated axons (Schwarz, 1979).Carbamazepine, 
quinidine and flurazepam have also been reported to reduce potassium 
currents at local anaesthetic concentrations (Schauf, Davis & Marder, 
1974; Wong, 1981; Schwarz & Spielmann, 1983). A block of axonal 
potassium currents would prolong action potential duration and so 
increase the probability of summation in a population of axons 
therefore increasing the compound action potential amplitude and 
duration (see the action of 4-AP in the experiments shown in Figure 28 
and described in Chapter Four). If this occurred at the concentrations 
used in my study, it may cause the potency of the drugs in blocking 
the Na-spike to be underestimated. This may explain why with some 
drugs the compound action potential was noticeably broadened, slightly 
with quinidine and flurazepam (see Figure 7) and markedly with 
phenobarbitone and pentobarbitone (see Figure 34). In a later series 
of experiments, a differentiated signal was recorded of the compound 
action potentials and the maximal dV/dt used to assess the drugs' 
blocking action. This was considered to give a better indication of 
the blocking action of these drugs (see Figure 34). The f°r block
using this method were: verapamil (63 uM) > lidocaine (163 uM) > 
flurazepam (172 uM) > phenytoin (175 uM) > procaine (348 uM) > 
carbamazepine (368 uM) > phenobarbitone (1.44 mM) > pentobarbitone 
(2.1 mM).

These results therefore suggest that drugs with local anaesthetic 
action are not noticeably more potent on non-myelinated axons than 
myelinated axons. This suggests that potency is not solely related to 
axon diameter as proposed by others. Gasser & Erlanger (1929), using 
cocaine to block conduction in amphibian and mammalian nerves proposed 
that small diameter fibres are more sensitive to block than large 
diameter axons. This was supported by Staiman & Seeman (1974) by 
comparing the action of drugs on frog sciatic axons and the smaller
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diameter rat phrenic nerve axons• All the drugs tested had a greater 
effect on the smaller diameter fibres. From these experiments one 
would expect drugs to be potent blockers of the cervical sympathetic 
trunk nerves which have an axon diameter of between 0.6-3.5 urn (Bray & 
Aguayo, 1974; Pellegrino, Spencer & Ritchie, 1984) compared to the rat 
phrenic nerves which have an average axon diameter of 11 urn (Seeman & 
Staiman, 1974). However my experiments indicate that this is not the 
case. This may be explained by the fact that the rat phrenic nerve 
axons are myelinated axons whilst the majority (98%) of the rat 
cervical sympathetic trunk axons are non-myelinated.

There is evidence that non-myelinated axons are not more
susceptible to local anaesthetic block than myelinated axons, e.g.
Nathan & Sears (1961) reported that the smallest myelinated axons

- 1(conduction velocities 5-5.5 m.s ) are more susceptible to block than
non-myelinated axons. The effect of different concentrations of local
anaesthetic on different types of axons was investigated by Franz &
Perry (1974) in the saphenous nerve of the cat, using procaine. They
concluded that the length of axon exposed to the local anaesthetic was
a critical determinant of block. In general they concluded that
non-myelinated and small myelinated axons were blocked to the same
extent. Differential block among myelinated axons according to size
was quite evident. This was related to differences in the safety
factor for conduction between the different size axons. They estimated
that the critical length of axon exposed to the local anaesthetic
required for block was dependent on the internodal length in the
axons; if three successive nodes were blocked then conduction failed
and this distance is shorter in A-alpha axons (-2:2mm) than in A-gamma
axons (^4mm). The concentration of local anaesthetic required for
block of different fibre types has also been investigated. Gissen,
Covino & Gregus (1980 and 1982) using rabbit vagus and sciatic nerves,
found that A fibres were blocked at lower concentrations that that
required for B or C fibres. The C fibres in fact were the most
resistant to block. The largest differential effect was seen with
lidocaine, with an IC for block of 85 uM on A fibres and 724 uM on C50
fibres. Similar results were reported by Heavner & de Jong (1974) on 
rabbit cervical sympathetic B and C fibres, where for lidocaine the
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IC: for block of the B fibres was 100 uM and 300 uM for C fibres.50
Fink & Cairns (1983) demonstrated the same effect with single unit 
recordings from rabbit nodose ganglion neurones and application of 
lidocaine to the vagus nerve. Therefore, the evidence suggests that 
non-myelinated axons are not more susceptible to block by local 
anaesthetic drugs than myelinated axons. The safety factor for 
non-myelinated axons may be somewhat greater because of the different 
type of conduction involved i.e. non-saltatory conduction and this 
probably determines the susceptibilty to local anaesthetic block 
(Nathan & Sears, 1961; Franz & Perry, 1974; Gissen, Covino & Gregus,
1982)

(ii) Frequency-dependent block

All the drugs tested in this study appeared to show some degree 
of frequency-dependent block, although for procaine this was not 
statistically significant for the experiments shown in Figure 10 
(Student's paired t-test). Quinidine proved to be different from the 
other drugs when the block was studied at varying frequencies. For the 
other drugs tested frequency-dependent block appeared at stimulation 
rates => 5 Hz whereas with quinidine frequency-dependent block was 
seen at stimulation rates =>0.2 Hz. Quinidine possibly behaves like a 
permanently charged local anaesthetic, as described by Hille (1977) 
which also show frequency-dependent block at low rates of stimulation.

The most probable explanation for this effect is by a frequency- 
dependent block of Na currents as described in other preparations 
using voltage-clamp techniques; in frog myelinated axons (Kendig,
1981; Courtney & Etter, 1983) in cultured spinal cord neurones (McLean 
& Macdonald, 1983 & 1986) and murine neuroblastoma cells (Matsuki ^t 
al., 1984; Willow, Gonoi & Catterall, 1985). One other possibility is 
a frequency-dependent reduction of Na-spike amplitude due to 
accumulating depolarizing after-potentials resulting in increased Na 
channel inactivation (see Kendig, Courtney & Cohen, 1979). This in 
part may explain the run-down seen during control spike trains. A 
drug-induced increase in depolarizing after-potentials could therefore 
explain the frequency-dependent action seen in these experiments.
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However no obvious change in spike afterpotentials was seen with any 
of the drugs tested.

(iii) Intracellular results

Phenytoin was tested on intracellularly recorded superior
cervical ganglion neurones. The mean reduction of the action potential
amplitude by 100 uM phenytoin was 10.2% for directly elicited spikes
and 14.4% with synaptically elicited spikes. A differentiated signal
was also measured to estimate the action of phenytoin on the inward
sodium current (Goldring & Blaustein, 1982). Phenytoin (100 uM)
reduced dV/dt by 51.1% and 43% for direct and synaptically elicited max
spikes respectively. These results are very similar to those reported
by Schwarz & Vogel (1974) on current- and voltage-clamped single frog
myelinated axons where 80 uM phenytoin reduced the action potential
amplitude by only 10% and reduced the peak sodium current by 45%. Also
in frog sciatic nerves 18-180 uM phenytoin reduced the peak sodium
current by 20-75% (Neuman & Frank, 1977) and 75 uM produced 40% block
(Kendig, Courtney & Cohen, 1979). In mouse neuroblastoma cells 40 uM
phenytoin reduced the Na-dependent action potential by 10% (Tuttle &
Richelson, 1979) and reduced the voltage clamped sodium current by 42%
at 100 uM (Matsuki et al., 1984). The IC for sodium current block  50
was estimated to be 30 uM in neuroblastoma cells (Willow, Gonoi &
Catterall, 1985) and 20 uM for the reduction of the maximal rate of
rise of the action potential recorded from mouse cultured spinal cord
neurones (McLean & Macdonald, 1983). These actions of phenytoin are
similar to those reported on squid giant axons, where 50 uM phenytoin
reduced the peak sodium current by 75% (Lipicky, Gilbert & Stillman,

22 +1972) and 100 uM phenytoin reduced the TTX-sensitive Na -influx by 
50% (Perry, McKinney & DeWeer, 1978). However, Rosenberg & Bartels 
(1967) found that 1 mM phenytoin was required to reduce the action 
potential amplitude by 19%.

In my experiments, phenytoin had no consistent effect on resting 
membrane potential in superior cervical ganglion neurones but did tend 
to increase input resistance in some experiments. This is the same as
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reported by Selzer (1979) in lamprey dorsal root ganglion cells. A 
reduction of input resistance by phenytoin has been described in 
Aplysia and crayfish neurones (Ayala, Lin & Johnston, 1977) and in 
neuroblastoma cells (Tuttle & Richelson, 1979).

An apparent frequency-dependent block with phenytoin was also 
seen with intracellular recordings from superior cervical ganglia with 
either presynaptic or antidromic stimulation. With the former there 
may be a presynaptic action of phenytoin. In Figure 16, 100 uM 
phenytoin appeared to inhibit e.p.s.p. amplitude, but this was an 
inconsistent action on single stimuli. With antidromic stimulation via 
the postganglionic trunk a frequency-dependent reduction of spike 
amplitude was less evident, but there was a frequency-related failure 
of somatic invasion, with only an electrotonic spike being recorded in 
the soma. Coombs, Curtis & Eccles (1957) suggested that failure of 
somatic invasion was either due to hyperpolarization or an increase in 
the refractory period of the initial segment. Phenytoin had no 
consistent action on membrane potential, so it is possible that 
phenytoin may prevent somatic invasion by increasing the refractory 
period or due to reduced safety factor due to sodium channel block. A 
voltage-dependent action of phenytoin was also demonstrated (see 
Figure 19). This may be related to the hyperpolarizing shift of the 
sodium channel inactivation-membrane potential relationship by 
phenytoin as reported by others (Schwarz & Vogel, 1974; Kendig, 1981; 
Courtney & Etter, 1983).

At present it is not clear if the action of antiepileptics on 
sodium currents are the same as the local anaesthetics. In my 
experiments there was no discernible difference between the 
antiepileptic drugs (phenytoin, carbamazepine and phenobarbitone) and 
local anaesthetics such as lidocaine. It has been proposed that these 
two classes of drugs may act at the same site (Catterall, 1987), 
although differences in their action on sodium currents have been 
described (Matsuki et al., 1984).

One simple test to see if they act via the same or different sites 
may be by using the method described by Mrose & Ritchie (1978). This
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method could use the apparatus and recording techniques described in 
this thesis, as it involves a null point method and does not depend on 
the linearity of the system. It is based on the principle that if 
drugs act at the same site then concentrations of drugs that 
separately produce the same equilibrium response (e.g. reduction of 
Na-spike amplitude), then a mixture of the two drug solutions, at the 
appropiate concentrations, must also produce the same equilibrium 
response. If at equilibrium they do not produce the same response then 
they must be acting at different sites. A direct comparison of 
antiepileptics and local anaesthetics on voltage-clamped frog nerve or 
neuroblastoma preparations using same experimental protocols might 
also be useful.

(2) Action on the sodium pump.

(i) Post-tetanic hyperpolarizations

Following repetitive stimulation of the preganglionic cervical
sympathetic nerve trunk, an after-hyperpolarization was recorded. In
my experiments, the after-hyperpolarization had two components. The

- 1slower decayed with a single exponential rate constant of 1.4 min at
o - 120 C, compared to 0.7 min for the recovery of the post-tetanic

hyperpolarization in rabbit cervical vagal nerves (den Hertog & 
Ritchie, 1969 a). This was shown to be due to sodium pump activity as 
it was completely blocked by ouabain (see Figure 20B and Rang & 
Ritchie, 1968; den Hertog & Ritchie, 1969 a).

It has been proposed that the antiepileptic action of phenytoin
may be explained by a stimulant action on the sodium pump (Woodbury,
1955; Escueta ^t al ,̂, 1974 b) . For a stimulant action on the sodium
pump, an increase in the amplitude of the hyperpolarization and
recovery rate constant would be expected. This was not seen with any
of the drugs tested. The extrapolated and peak amplitudes were reduced
by all of the drugs except pentobarbitone• Lidocaine reduced the
amplitude of the post-tetanic hyperpolarization in rabbit vagal nerves
(den Hertog & Ritchie, 1969 b ) . The area of the after-

+hyperpolarization is dependent on the increase in [Na ]^ following
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repetitive stimulation (Brown, Brownstein & Scholfield, 1972). The
reduction in hyperpolarization amplitude by these drugs is probably 

+
due to lower [Na following stimulation because of their sodium 
channel blocking action. Pentobarbitone did increase the observed 
amplitude of the post-tetanic hyperpolarization but reduced the 
extrapolated amplitude. This may be an action on the initial fast 
component of the hyperpolarization which may be due to increased 
potassium permeablity (Rang & Ritchie, 1968).

Phenytoin alone produced an increase in the rate constant for 
recovery but this effect was small (only 5-10%). This is in contrast 
to the results reported by den Hertog (1972) on rabbit vagal nerves. 
This could be interpreted as an action on the sodium pump, as proposed 
by Escuta et aJL. (1974 b) and Julian & Halpern (1970). This result is 
not conclusive however because phenytoin may have other effects which
could influence the rate constant. The rate is directly proportional

+ + to [Na ] and in the presence of phenytoin [Na is possibly
different from the control because of the sodium channel blocking
action of phenytoin. The rate constant is also inversely proportional
to the membrane input resistance (Brown, Brownstein & Scholfield,
1972). The results from intracellular recordings from superior
cervical ganglionic neurones suggest that phenytoin may increase the
input resistance and this may explain the effect on the rate constant.

(ii) Action on carbachol-induced depolarizations

Phenytoin, carbamazepine and phenobarbitone, all apparently 
antagonized carbachol-induced depolarizations of rat superior cervical 
ganglia. The control carbachol depolarizations of superior cervical 
ganglia had an e c ^q of 120 uM and maximal normalized response of 234%. 
In the presence of 100 uM phenytoin the maximum was reduced to 61% of 
control and the reduced to 51 uM. The antagonism by phenytoin was
therefore not competitive. Depolarizations to 1 mM carbachol were also 
reduced by 1 mM phenobarbitone (by 32%) and 100 uM carbamazepine (by 
58%). These antiepileptic drugs reduce acetylcholine responses in 
other preparations. In Aplysia, phenytoin reduced the amplitude of



131

acetylcholine mediated Na -dependent e.p.s.ps (Ayala, Lin & Johnston, 
1977). Phenytoin also reduced the action of acetylcholine in mouse 
neuromuscular junctions (Gage, Lonergan & Torda, 1980). Phenobarbitone 
and carbamazepine both reduce the postsynaptic sensitivity of 
acetylcholine in frog neuromuscular junction (Thomson & Turkanis,
1973; Alderdice & Trommer, 1980; Pincus & Insler, 1981).

In my experiments, the post-carbachol hyperpolarizations were the 
same as those reported by Brown, Brownstein & Scholfield (1972). They
reported a rate constant for recovery of the hyperpolarization of 0.38

- 1  o  - 1min at 23-27 C compared to 0.36-0.45 min in my experiments. In my
experiments, phenytoin did appear to have a stimulant action on the 
post-carbachol hyperpolarization. In the presence of phenytoin, both 
the peak hyperpolarization amplitude and rate constant were increased, 
the maximal effect was with 25 uM phenytoin (see Figure 22 and Table 
3). The maximal rate of sodium extrusion is directly proportional to 
the amplitude of the after-hyperpolarization following the 
carbachol-induced depolarization and the area under the 
hyperpolarization proportional to the total amount of sodium extruded 
(Brown, Brownstein & Scholfield, 1972). The control 200 uM carbachol 
response could not be compared with the 1 mM carbachol response in the 
presence of 100 uM phenytoin as intended. Although the amplitude of 
the depolarizations were similar the area under the hyperpolarization
was much less in the presence of phenytoin probably due to reduced Na+ 

+influx. The [Na ]^ in the presence of phenytoin would be much less
than controls, so the stimulant effect of [Na+ ]^ on the sodium pump
would be different between controls and in the presence of phenytoin.
The areas under the hyperpolarizations following carbachol were
similar for the controls and in the presence of 10 and 25 uM phenytoin

+so probably similar [Na and stimulant actions on the sodium pump.
The peak hyperpolarization amplitude and rate constants were increased
which suggests a stimulation of the sodium pump by phenytoin. The
antagonism of carbachol depolarizations by higher concentrations of

+phenytoin would tend to reduce the increment in [Na ]^. If this was 
the only action of phenytoin, one would expect a reduction in the 
amplitude of the hyperpolarization. The increase in amplitude and rate 
constant would be consistent with a stimulant action on the sodium
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pump.

The results for phenytoin might be interpreted as a stimulant
action on the sodium pump but in these experiments an indirect measure
of sodium pump activity was used i.e. the resultant voltage changes
which can be affected by changes in cell input resistance. It would be
better therefore to study the action of phenytoin by directly

22 +measuring the movement of sodium e.g. influx and efflux of Na 
(Brown & Scholfield, 1974). With this technique adequate controls for 
[Na+ ]^ could be ensured to take account of the blocking action of the 
antiepileptics on Na+ influx.

(3) Action of antiepileptic and other drugs on Ca-spikes.

The antiepileptics were markedly more potent in blocking the
Ca-spike than the local anaesthetics lidocaine and procaine. Phenytoin
blocked Ca-spike amplitude with an i c ^q °f 140 uM, carbamazepine with
an IC of 130 uM and phenobarbitone 288 uM. Pentobarbitone (IC 100 50 50
uM)and verapamil (i c ^q 16 uM) were also potent blockers of the 
Ca-spike. Lidocaine and procaine were much less potent with s 
0.77 mM and 1.3 mM respectively. Many authors have reported actions of 
the antiepileptics on calcium currents in a number of preparations, 
but results are difficult to compare because the type of calcium 
channel on which the antiepileptics are effective is unclear.
Presynaptic calcium channels involved in transmitter release as

+ 45 2+ . . . .assessed by K -induced Ca uptake appears to be quite insensitive
to block by antiepileptics. The concentrations required for
significant block were: phenytoin (200-350 uM), carbamazepine (1.8
mM), phenobarbitone (4.5 mM), pentobarbitone (0.4 mM) (Sohn &
Ferrendelli, 1973; Ferrendelli & Daniels-McQueen, 1982; Blaustein &
Ector, 1975). Pincus & Weinfeld (1984) found that 200 uM phenytoin was
required to reduce acetylcholine release from rat brain synaptosomes.
Higher concentrations of phenytoin were required to reduce the release
of glutamate, GABA and acetylcholine from cortical slices, although
8-20 uM phenytoin reduced the release of noradrenaline and
5-hydroxytryptamine (DeBoer, Stoof & Duijn, 1982).



The antiepileptics may be more potent on calcium channels in the 
soma of neurones. Phenytoin (40 uM) reduced Ca-spike amplitude by 61% 
in mouse neuroblastoma (Tuttle & Richelson, 1979) and 100 uM phenytoin 
reduced the duration of Ca-spikes by 60% in mouse cultured spinal cord 
neurones (McLean & Macdonald, 1983). Phenytoin (100 uM) is reported to 
be effective on a transient calcium current recorded in hippocampal 
neurones (Yaari, Hamon & Lux, 1987), which may similar to the T-type 
current described in dorsal root ganglion neurones. Phenytoin had no 
effect on a larger, longer duration current (either the N or L-type 
current) in the same preparation whereas verapamil (100 uM) was 
equally effective on both currents. Phenytoin also selectively blocked 
a LVA current (possibly the T-current) in N1E-115 neuroblastoma cells 
(Twombly, Yoshii & Narahashi, 1988). In these cells the blocking 
action of phenytoin was shown to be voltage-dependent in that the 
block by phenytoin was more pronounced at more depolarized membrane 
potentials; this was due to a hyperpolarizing shift in the 
steady-state inactivation relationship. Also, phenytoin produced an 
additional use-dependent block of this calcium current at rates of 
stimulation greater than 0.5 Hz. Twombly, Yoshii & Narahashi (1988) 
proposed that phenytoin selectively binds to and stabilizes the 
inactivated channel state and this action may contribute to its 
anticonvulsant action.

On mouse cultured spinal cord neurones, the action of 
barbiturates was similar to my results. Heyer & Macdonald (1982) 
reported that pentobarbitone and phenobarbitone reduced Ca-spike 
duration with IC5QS of 170 uM and 900 uM respectively. Carbamazepine 
(100 uM) was reported to have no effect on Ca-spikes in hippocampal 
neurones (Hood, Siegfried & Haas, 1983).

The soluble benzodiazepine, flurazepam, also blocked both Na- and 
Ca-spikes being more potent on the latter. The action on Na-spikes was 
similar to that reported previously on frog myelinated axons (Schwarz 
& Spielmann, 1983). Verapamil, as expected, blocked Ca-spikes but at 
higher concentrations than those required to reduce Ca currents in 
cardiac smooth muscle (Kohlhardt et al., 1972). These actions are
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similar to those reported on other neuronal preparations e.g in frog 
sensory neurones (Ishizuka et al.f 1984) and Helix neurones (Akaike et 
a l ., 1981). Verapamil also had a marked action on Na-spikes in our 
experiments, being more potent than those reported previously on 
cultured spinal cord neurones (Macdonald & Schneiderman, 1983).
Lidocaine is much less potent on calcium currents, 1 mM was required

+ 45 2+to reduce K -induced Ca influx in rat brain synaptosomes
(Ferrendelli & Daniels-McQueen, 1982) and 1-10 mM required to reduce
calcium currents in Helix neurones (Akaike, Nishi & Oyama, 1981).

(D) Possible mechanism of action of antiepileptic drugs.

The main problem in determining the mechanism of action of the 
antiepileptics is that they have pharmacological effects on a number 
of possible mechanisms. Ideally, the mechanism of action should be 
identified by the concentration required for control of seizures in 
man. There may be problems in comparing concentrations in vitro on 
rats and in vivo in man. Some have argued that the rat is less 
sensitive to these drugs than man, but this was not the case in a 
comparative study by Masuda et al. (1979), where they compared plasma 
concentations required to control maximal electroshock seizures for a 
range of drugs and species. In rat, the concentrations required to 
control seizures were: phenytoin 10-30 ug/ml (equivalent to 37-110 
uM), carbamazepine 4-10 ug/ml (17-42 uM), phenobarbitone 15-35 ug/ml 
(59-138 u M ) . These were similar to the therapeutic concentrations 
required for the treatment of epilepsy in man.

A further complication is that there is uncertainty in how 
therapeutic concentrations should be compared with experimental data 
(all concentrations from Rail & Schleifer, 1980). For phenytoin, 
control of seizures is usually obtained at plasma concentrations above 
10 ug/ml (37 uM) and toxic effects above 30 ug/ml (110 uM) but 
phenytoin is extensively bound to plasma proteins (-90%) so unbound 
drug plasma concentrations would be equivalent to 4-10 uM. It has been 
reported that at therapeutic concentrations (i.e. 40-80 uM) CSF 
concentrations of phenytoin were the same as free drug plasma
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concentrations (4-8 u M ) . Carbamazepine therapeutic plasma levels are 
between 6-12 ug/ml (25-42 uM) and side effects occur above 9 ug/ml (39 
u M ) . About 75% is bound to plasma proteins and so the relevant 
concentrations should be between 19-32 uM. Recommended therapeutic 
concentrations for phenobarbitone are 10-25 ug/ml (40-100 uM) with 
side effects appearing at 30 ug/ml (118 uM); with 40-60% bound to 
plasma proteins the relevant concentrations should be in the range 
16-60 uM. It has been proposed that the therapeutic action of these 
antiepileptics is best correlated with the free unbound plasma 
concentrations•

The upper limits of these therapeutically effective 
concentrations are less than the i c ^q s f°r pharmacological actions on 
possible antiepileptic mechanisms of action in rat cervical 
sympathetic nerve trunks, although it is not known what degree of Na- 
or Ca-channel block is required for effective control of seizures. For 
this reason it is probably best to compare trends by correlation of 
I C ^ s  with the upper limits of the therapeutically active 
concentrations. So phentoin at 10 uM, carbamazepine at 32 uM and 
phenobarbitone at 60 uM were correlated, using linear regression by 
least squares, with the values for basal and frequency block of
Na-spikes, reduction of Ca-spike amplitude and with data from 
Professor D.A. Brown's experiments (Brown at al., unpublished) on the 
potentiation of muscimol depolarizations of rat superior cervical 
sympathetic ganglia (see Table 7). The correlation coefficients 
suggest that both an action on the sodium channel (possibly a 
frequency-dependent block) and an action on the Ca-spike may explain 
the antiepileptics mechanism of action.

Frequency-dependent block of sodium currents may explain how 
antiepileptics reduce seizure activity (Willow, 1986; Catterall,
1987). At therapeutic concentrations the antiepileptics probably have 
little effect on action potential conduction at normal, physiological 
firing rates and therefore few side effects. During epilepsy though, 
the situation is different: the most pronounced feature of 
experimental seizure foci are large prolonged membrane depolarizations 
associated with high frequency bursts of action potentials, usually
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referred to as paroxysmal depolarizing shifts (see Prince, 1978), 
because of the frequency-dependent action of the antiepileptics, 
therapeutic concentrations may selectively block these abnormal, 
pathological firing rates. Another possible site of action for the 
antiepileptics may be on the backfiring phenomenon. This is 
nonsynaptic ectopic generation of bursts of action potentials from 
axon terminals in an epileptic focus, first described by Gutnick & 
Prince (1972). In intracellular recordings from the ventrobasal 
thalamic nuclei of cats they recorded antidromic spikes originating 
from a penicillin-induced cortical focus. Backfiring has also been 
described with recordings from lateral geniculate nuclei (Scobey & 
Gabor, 1975) and pyramidal tract axons (Louvel & Pumain, 1978). 
Backfiring is characterized by high frequency bursts of action 
potentials (upto 400 Hz; Scobey & Gabor, 1975) and may be a mechanism 
by which seizure activity can spread to other parts of the CNS e.g. by 
thalamic collaterals. This neuronal activity is not under synaptic 
inhibitory control and may be a possible site for a frequency- 
dependent block by antiepileptic drugs. My results support this 
mechanism of action in that the main effect of the frequency-dependent 
block was to shift the concentration-response curve for the 
antiepileptics to the left, resulting in greater conduction block at 
any given concentration with increasing rates of stimulation.

One intriguing aspect of the frequency-dependent block by the 
antiepileptics is that they appear to be effective in suppressing high 
rates of firing arising from seizures but leave unaffected 
physiologically normal high firing rates e.g. sensory axons. This may 
reflect a preferential action of the antiepileptics on motor neurones. 
Blum (1964) described a more potent action of phenytoin on the 
potentials recorded in the pyramidal pathways after stimulation of the 
ventrolateral thalamus or precuciate (motor) cortex rather than the 
post cruciate (sensory) cortex. This may be due to differences in the 
properties of sodium channels in different types of axons. For 
example, Schwarz et al. (1983) described differences in the kinetics 
of sodium channel inactivation between motor and sensory fibres from 
frog nerves. They found that the development of sodium channel 
inactivation was approximated by the sum of two exponentials. For



motor axons the fast component made the same contribution to 
inactivation throughout the voltage range tested, whereas in sensory 
fibres the contribution of the fast component varied with potential, 
such that, at depolarized potentials (>30 mV), sodium channel 
inactivation was due entirely to the fast component. Matsuki et al.
(1984) using patch-clamped neuroblastoma cells, reported that 
phenytoin acted mainly via the slow inactivation mechanism. This may 
be one possible explanation for the apparent selective action of 
phenytoin on motor fibres.

Therefore the mechanism of action of the class of antiepileptics 
used to treat tonic-clonic seizures may be by a frequency- and 
voltage-dependent block of sodium currents (McLean & Macdonald, 1983 
and 1986; Matsuki et: al., 1984; Willow, Gonoi & Catterall, 1985; 
Willow, 1986). However, local anaesthetics such as lidocaine also 
produce frequency-dependent block of sodium channels (Hille, 1977; 
Courtney, 1980; Courtney, Kendig & Cohen, 1978) possibly by the same 
mechanism as the antiepileptics (Catterall, 1987). In my experiments 
there was no discernable difference between the antiepileptics and 
lidocaine in their frequency-dependent blocking action on Na-spikes. 
Therefore lidocaine might be expected to be effective in the treatment 
of tonic-clonic seizures. In fact, lidocaine has been shown to have 
anticonvulsant properties in mice (Essman, 1965) and an antiepileptic 
action has been demonstrated in man (Bernhard, Bohm & Hojeberg, 1955; 
Ottosson, 1955). The problem with this action of lidocaine is that it 
appears to have a low therapeutic index and at higher concentrations 
can cause seizures (Bigger & Hoffman, 1980).

An advantage the antiepileptics appear to have over local 
anaesthetics is that they also block calcium currents, as indicated by 
their action on the Ca-spike and this may explain their effectiveness 
over local anaesthetics such as lidocaine. This action of the 
antiepileptics may also reduce seizure activity by inhibiting 
excitatory synaptic transmission and by depressing calcium-dependent 
post-tetanic potentiation.

During seizures there are marked changes in the extracellular
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4* 24-ionic composition, an increase in [K ] and a decrease in [Ca ] ando o
these probably play a role in epileptogenesis (Heinemann & Luxf 1983). 
Both these actions occur during normal neuronal activity but appear to
be exaggerated in seizures. The increase in [K ] increases neuronal 
excitablity by depolarization and by facilitating action potential 
generation and spontaneous transmitter release. The increase in [K ]
may aid the spread of seizure activity as [K+ ] also increases ato
sites distant to epileptic foci. Raised [K ] may be important in
ectopic action potential generation in presynaptic terminals seen in

2+backfiring (Scobey & Gabor, 1975; Prince, 1978). A fall in [Ca ] is
also seen during normal neuronal activity, but during seizures the

24-area of reduced [Ca ] is more extensive and may even precede the
24-onset of seizures (Somjen, 1984). A reduced [Ca ] has two actions:o

it impairs synaptic transmission and increases neuronal excitability 
(Frankenhauser & Hodgkin, 1957). Overall, the net effect is to 
increase neuronal excitability and to support the development of
sustained seizure activity. Antiepileptics may block the fall in

24- 24-[Ca ] by reducing Ca influx and so prevent an excessive fall in
24-[Ca ] which might have led to the development of seizure activity, o

Another important question is: do non-myelinated axons play any 
special role in epilepsy and are they the site of epileptic drug 
action? The potency of antiepileptics for sodium channel basal block 
is no greater than reported for other fibre types; in fact it may be 
some what less than on small myelinated axons. There is some evidence 
that phenytoin may have a more pronounced frequency-dependent block on 
smaller diameter fibres (see Chapter Three). Smaller fibres tend to 
normally fire at lower frequencies. In the periphery both motor and 
sensory non-myelinated axons have an apparent physiological maximum 
firing rate of about 10 Hz (Douglas & Ritchie, 1957) and may be more 
susceptible to frequency-dependent block. Non-myelinated axons in the 
CNS have been much less well investigated and it is not known if they 
are involved in seizures. There are few well defined non-myelinated 
pathways in the C.N.S.; many fibre tracts in the C.N.S. appear to 
consist of both non-myelinated and small diameter myelinated axons. 
However, non-myelinated axons in the CNS have a pronouced supernormal 
period following stimulation, as described in cerebellar parallel
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fibres and in the lateral Lissauer tract (Merril, Wall & Yaksh, 1978). 
The supernormal period is due to the localized increase in [K+ ]o
(Kocsis, Malenka & Waxmann, 1983). Non-myelinated axons in the CNS may

+ 2+therefore be more susceptible to the changes in [K ] and [Ca ]o o
which occur during seizures.

A more specific action of antiepileptics such as phenytoin may be 
involve an action on the T-current. Jahnsen & Llinas (1984 a and b) 
described a complement of intrinsic membrane currents which was used 
to explain three types of firing behaviour in thalamic neurones. At 
depolarized levels these cells were capable of tonic firing, a 
funtional state possibly underlying desynchronized brain activity, and 
two oscillatory rhythms, one at 10 Hz and one at 5-6 Hz possibly 
underlying 0( and 0  rhythms recorded by electroencephalography. The 
latter oscillation rate involved a low threshold calcium current 
apparently similar to that selectively blocked by phenytoin in other 
neurones (Yaari, Hamon & Lux, 1987; Twombly, Yoshii & Narahashi,
1988). This may be a possible mechanism by which phenytoin could 
suppress rhythmic firing in the brainstem which initiates the massive 
synchronized discharge underlying generalized tonic-clonic seizures.
It has been proposed that this type of seizure originates at the 
brainstem level (Chiu & Burnham, 1982; Julian & Hollister, 1975; 
Englander et jal., 1977). It has also been proposed that the 
antiepileptic drugs effective against this type of seizure also act at 
this site (Chiu & Burnham, 1982).

In conclusion a plausable general mechanism of action for the
antiepileptics would be that they have two main actions. Firstly a
voltage- and frequency-dependent block of sodium currents to reduce
excessive neuronal firing (Matsuki et al., 1984; McLean & Macdonald,
1983 and 1986; Willow, Gonoi & Catterall, 1985). Secondly they may 

2+reduce Ca influx, which would reduce excitability by inhibiting
synaptic transmission and post-tetanic potentiation and by limiting

2+the reduction in [Ca ] associated with seizures. These actions couldo
act synergically as shown in Figure 38. A more specific site for the 
action of phenytoin may be by inhibiting the low threshold calcium 
current and associated burst firing in brainstem neurones.
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Figure 38. Proposed mechanism of action for the antiepileptic drugs in 
inhibiting the spread of seizures. The antiepileptics may act at (1) by 
a frequency- and voltage-dependent block of Na channels and at (2) by 
blocking Ca channels•



Chapter Six.
The action of catecholamines and adenosine on Ca-spikes.

(A) Introduction.

(1) Presynaptic inhibition by catecholamines in superior cervical 
ganglia.

Adrenaline inhibits synaptic transmission in cat superior
cervical ganglion, either as endogenous adrenaline liberated by
stimulation of the adrenal medulla or as adrenaline injected
intravenously (Marrazzi, 1939). This action has been shown to result
from a reduced release of acetylcholine from the presynaptic nerves
(Birks & Macintosh, 1961; Dawes & Vizi, 1973). With intracellular
recording techniques on the rabbit isolated superior cervical ganglion
preparation, Kobayashi & Libet (1970) found that 50 uM noradrenaline
depressed all postsynaptic potentials with no detectable changes in
membrane resistance. Christ & Nishi (1971 a and b) investigated the
action of adrenaline in more detail using the same preparation. They
reported that adrenaline blocked e.p.s.ps, but had no action on
iontophoretically-applied acetylcholine, nor on the threshold of
presynaptic nerve terminals to stimulation. Adrenaline depressed the
frequency of m.e.p.ps and decreased the quantal content (m) of

2+ 2+e.p.s.ps, as assessed by the method of failures in low Ca /high Mg
Krebs' solution. The effect of adrenaline on e.p.s.ps was reduced when 

2+the Ca concentration was raised to 10 mM. The mean quantal content 
(m) of e.p.s.ps depends on the probability of release (p) from a store 
of readily available transmitter (n) in the presynaptic terminal, such 
that m = n.p. Analysis of trains of e.p.s.ps suggested that the 
adrenaline-mediated reduction of m was associated with a reduction of 
n and only slightly altered p, the probability of release. The authors 
suggested that the adrenaline action was on the excitation-secretion 
mechanism in the presynaptic terminals.

Dun & Nishi (1974) obtained similar results for the action of



dopamine on rabbit superior cervical ganglion. Dopamine decreased the
amplitude of e.p.s.ps but had no effect on the action of iontophoretic
applications of acetylcholine. Like adrenaline, dopamine decreased the

+frequency of m.e.p.ps induced by raised K concentration. Dopamine
2+ 2+also reduced the quantal content of e.p.s.ps in low Ca /high Mg 

Krebs' solutions, with no effect on quantal size. Dun & Karczmar 
(1977) described a presynaptic action of noradrenaline on slow 
e.p.s.ps produced by tetanic stimulation in the curare-treated 
guinea-pig superior cervical ganglion. The slow e.p.s.ps were blocked 
by 1-10 uM noradrenaline with no effect on resting membrane potential, 
membrane resistance or the response to iontophoretically-applied 
acetylcholine.

The actions of adrenaline, noradrenaline and dopamine were all
mediated via alpha-adrenoceptors. The catecholamines are antagonized
by phenoxybenzamine (Christ & Nishi, 1971 b; Dun & Nishi, 1974; Dun &
Karczmar, 1977) and dihydroergotamine (Dun & Nishi, 1974) but not by
propranolol (Dun & Nishi, 1974). The presence of presynaptic alpha-
adrenoceptors in rat superior cervical ganglia was confirmed with
binding studies by Kafka & Thoa (1979). The radio-labelled, specific

3alpha-adrenoceptor antagonist [ H] dihydroergocryptine was displaced 
by alpha-agonists with the expected order of potency. Experiments in 
which the preganglionic nerves were cut caused a marked reduction in 
the number of alpha-adrenergic binding sites. The authors concluded 
that approximately 50% of the alpha-adrenoceptors are located 
presynaptically in the rat superior cervical ganglion.

Kato ^ t  ad.. (1985) used intracellular studies of bullfrog
sympathetic ganglia to investigate how adrenaline reduces
acetylcholine release. Inhibition of transmitter release was found to

2+be independent of extracellular Ca concentration. Evoked release of
transmitter was unaffected by dbcAMP, nor did this compound have any

+effect on spontaneous release of acetylcholine in high K solutions. 
Neither adrenaline nor dbcAMP affected the presynaptic spike or 
synaptic delay. They confirmed that adrenaline reduces acetylcholine 
release in bullfrog sympathetic ganglia via alpha-adrenoceptors. They 
could not identify any particular mechanism of action, only a



depressant action on a step in the excitation-secretion coupling 
sequence•

(2) Possible mechanisms of catecholamine action.

Catecholamines have postsynaptic actions on superior cervical
ganglion neurones and it has been suggested that these may be the same
as their presynaptic inhibitory actions (Brown & Caulfield, 1979).
Previous studies have reported a hyperpolarization of postganglionic
cells by catecholamines e.g. noradrenaline (Kobayashi & Libet, 1970),
dopamine (Dun & Nishi, 1974). A more detailed analysis of the
pharmacology of this response was undertaken by Brown & Caulfield
(1979) using extracellular recordings from rat superior cervical
ganglia. They found that catecholamines hyperpolarize via alpha-2
adrenoceptors. These responses were antagonized by phentolamine and
yohimbine but not by prazosin. Adrenaline (1 uM) reduced the

3stimulus-evoked release of [ H] acetylcholine by 68 +/- 5% when 
stimulated at a rate of 1 H z . The same concentration of adrenaline 
reduced postganglionic compound action potentials by 35% with a 
hyperpolarization of about 0.1 mV. The inhibitory action on 
transmission was antagonized by yohimbine but not by prazosin. As the 
pharmacology of the two actions was similar, they proposed that 
catecholamines may hyperpolarize presynaptic terminals, reducing 
action potential conduction and therefore transmitter release. Medgett 
(1983) also described a reduction of postganglionic compound action 
potentials by adrenaline and the specific alpha-2 agonist clonidine in 
the same preparation. These agonists were antagonized by phentolamine 
and their effects were also reduced at higher frequencies of 
stimulation.

Goffart & Holmes (1962) reported that adrenaline hyperpolarized 
desheathed cat hypogastric fibres (recorded using a sucrose-gap 
technique). However Brown & Dunn (1983) in a study of beta- 
adrenoceptors in rat superior cervical ganglia found that beta- 
agonists caused a small depolarization of the presynaptic terminals, 
but not of the preganglionic cervical sympathetic trunk. No



hyperpolarization of either the presynaptic terminals or the 
preganglionic cervical sympathetic trunk by alpha-agonists could be 
detected.

Catecholamines can hyperpolarize many types of neurones, by 
increasing potassium conductances: in guinea-pig myenteric plexus 
neurones (Morita & North, 1981; Tokimasa, Morita & North, 1981; Slack, 
1986); rat substantia gelatinosa neurones (North & Yoshimura, 1984); 
guinea-pig submucous plexus neurones (North & Surprenant, 1985); cat 
vesical parasympathetic ganglion neurones (Akasu ^t al., 1985); rat 
locus coeruleus neurones (Williams, Henderson & North, 1985); and cat 
sympathetic preganglionic neurones (Yoshimura, Polosa & Nishi, 1987).

Another possible mechanism of catecholamine presynaptic
2+inhibitory action is by the reduction of the Ca influx essential for 

transmitter release. Catecholamines can block calcium currents, as 
demonstrated by voltage- and patch-clamp techniques in many 
preparations. In rat superior cervical ganglia two actions of 
catecholamines have been reported; a hyperpolarization and a reduction 
of calcium currents. A reduction of calcium currents by catecholamines 
was first proposed by Horn & McAfee (1980). They found that 
catecholamines reduce three calcium-dependent components of the action 
potentials in superior cervical ganglion neurones and concluded that 
the primary action was on a calcium current because catecholamines 
reduced the rate of rise of a Ca-spike recorded in the presence of TTX 
and TEA. More direct evidence for an action on calcium currents was 
obtained from voltage-clamped rat superior cervical ganglion neurones 
(Galvan & Adams, 1982). L-noradrenaline reduced calcium currents by a 
mechanism which was not voltage-dependent. Outward currents were not 
produced by L-noradrenaline in the presence of complete calcium 
channel block with cadmium. Galvan & Adams concluded that 
L-noradrenaline reduced calcium currents by a reduction in the number 
of calcium channels•

Inhibition of calcium-dependent potentials and calcium currents 
by adrenaline has been described in bullfrog sympathetic ganglia 
(Minota & Koketsu, 1977; Kotetsu & Akasu, 1982). In frog sympathetic



neurones, Lipscombe & Tsien (1987) found that noradrenaline 
specifically inhibited a calcium current similar to the N current of 
dorsal root ganglion neurones, first described by Nowycky, Fox & Tsien
(1985).

A direct action by catecholamines on calcium currents has also
been shown in sensory ganglia. L-noradrenaline reduced the duration of
the Ca-dependent action potential plateau in cultured chick dorsal

2+root ganglia. This action was seen in the presence of Ba so was
probably due to an action on the calcium current (Dunlap & Fischback,
1978). Further experiments on voltage-clamped neurones produced
evidence that L-noradrenaline directly reduced calcium currents;
L-noradrenaline blocked the TTX-resistant inward tail current recorded 

+at the K equilibrium potential and also blocked calcium currents 
recorded in the presence of 125 mM TEA, which was sufficient to block 
all outward potassium currents. The catecholamine action on calcium 
currents was not voltage-dependent and so it was concluded that the 
action of L-noradrenaline was due to a reduction in the number of 
calcium channels (Dunlap & Fischback, 1981). Using whole-cell 
patch-clamp techniques the inhibitory action of catecholamines on 
calcium currents has been confirmed (Forscher & Oxford, 1985; 
Marchetti, Carbone & Lux, 1986). In cultured chick dorsal root 
ganglion neurones two different calcium currents were recorded with a 
holding potential of -70 mV. With 100 ms steps to 0 - +10 mV a high 
voltage activated (HVA) current was recorded and with steps to -40 - 
-20 mV a low voltage activated (LVA) current was recorded, which 
showed pronounced time-dependent inactivation. The effects of dopamine 
and noradrenaline differed on the two currents. Both drugs markedly 
reduced the time course for activation for the HVA current but had 
little effect on the peak current (noradrenaline did have a greater 
effect in this respect). This action was variably reversible. On the 
LVA current both dopamine and noradrenaline markedly reduced the peak 
current but the effect was irreversible. With single channel current 
recordings L-noradrenaline reversibly reduced single calcium channel 
activity (Marchetti, Carbone & Lux, 1986).

Noradrenaline also depressed calcium currents recorded from



cells (Docherty & McFadzean, 1987). The noradrenaline action was 
markedly voltage-sensitive. The authors proposed that in these cells, 
noradrenaline may act on a calcium channel which is activated at 
potentials more positive than -20 mV and partly inactivated at 
potentials more positive than -70 mV.

Catecholamines also have actions on the cell bodies of the 
preganglionic axons in the intermediolateral cell column of the spinal 
cord. Catecholamines inhibit spontaneous firing of the sympathetic 
preganglionic neurones (Coote et al., 1981). Yoshimura, Polosa & Nishi
(1986) on cat sympathetic neurones found that 10-50 uM noradrenaline 
reversibly abolished the shoulder on action potentials and the late 
component of the after-hyperpolarization, similar effects to those 
reported by Horn & MacAfee (1980) in rat superior cervical ganglia.

(3) The actions of adenosine in superior cervical ganglia.

Adenosine has very similar actions to catecholamines in superior 
cervical gangla. Adenosine hyperpolarizes postganglionic neurones 
(Brown, Caulfield & Kirby, 1979). This action was blocked by 1 mM 
theophylline. Henon & McAfee (1983) reported that adenosine reduced 
the same calcium-dependent potentials, recorded intracellularly from 
rat superior cervical ganglion cells, as the catecholamines; adenosine 
reduced the rate of repolarization of single action potentials, 
reduced the hyperpolarizing after-potential which followed action 
potentials and also reduced the amplitude and maximum rate of rise of 
Ca-spikes recorded in the presence of TTX and TEA. As adenosine 
reduced the maximal rate of rise of the Ca-spike, Henon & McAfee 
(1983) concluded that the action was to reduce a voltage-sensitive 
calcium current. These effects were antagonized by theophylline and 
potentiated by the specific adenosine uptake blocker dipyridamole.

Alkadhi, Brown & Subouni (1984) investigated the actions of 
adenosine on transmission in rat superior cervical ganglia. They used 
extracellular recording techniques and measured the amplitude of the



postganglionic compound action potential as an index of transmission.
Adenosine and 2-chloroadenosine both produced a concentration-
dependent reduction of the compound action potential amplitude•
Adenosine was antagonized by theophylline (1 and 100 uM) but was not
potentiated by dipyridamole (1 and 100 u M ) . The inhibitory action of
adenosine was completely abolished in the presence of 4-AP (20 uM) and
by high frequencies of stimulation. The authors concluded that

2+adenosine was acting via a presynaptic site to reduce Ca influx.
This action was blocked by the potassium channel blocker 4-AP. The
authors argued that 4-AP acted by prolonging the action potential

2+duration and so enhancing Ca influx and therefore cancelling out the 
inhibitory action of adenosine.

(4) Possible mechanisms of adenosine action.

Adenosine inhibits transmitter release at many sites (see Stone,
2+1981; Silinsky, 1986) and this may be due to a reduction in Ca

influx. In the guinea-pig olfactory cortex adenosine inhibits the
postsynaptic potential following stimulation of the lateral olfactory
tract (LOT) (Kuroda, 1978; McCabe & Scholfield, 1985). Kuroda (1978)

2+suggested that adenosine acted by reducing presynaptic Ca influx but
presented no direct evidence. Scholfield (1986) argued that its action
was to enhance presynatic potassium currents. In hippocampal and
olfactory cortical neurones adenosine reduces the amplitude of
Ca-spikes (Proctor & Dunwiddie, 1983; Haas & Greene, 1984; Halliwell &
Scholfield, 1984). This was not due to an action on the calcium
channel but to an enhancement of outward potassium currents in
voltage-clamped hippocampal neurones (Halliwell & Scholfield, 1984).
In the olfactory cortex-LOT preparation, Scholfield (1986) found that

2+adenosine reduced postsynaptic potentials in the presence of Ba and
TEA but this action was blocked by 4-AP and 3,4-diaminopyridine. He
therefore argued that adenosine acts by potentiating an aminopyridine- 

+sensitive K conductance in LOT nerve terminals and this results in a 
2+reduced Ca influx and transmitter release.

Adenosine has been shown to inhibit both potassium and calcium



currents in other neurones. Adenosine hyperpolarizes cat vesical
parasympathetic ganglion neurones by increasing a potassium
conductance (Akasu, Shinnick-Gallagher & Gallagher, 1984). The
adenosine analogue 2-chloroadenosine (2-CA) shortens both control

2+action potentials and those prolonged by TEA, Ba or intracellular 
Cs in cultured rat dorsal root ganglion neurones (Dolphin, Forda & 
Scott, 1986). Using the whole-cell patch-clamp technique they 
demonstrated a direct action of 2-CA on calcium currents. 2-CA alone 
did not affect the inward holding current required to maintain the 
cells at -80 mV, so it was concluded that the action of 2-CA was 
directly on the calcium current. Adenosine and its analogues also 
reduce action potential duration via an action on calcium currents in 
cultured mouse dorsal root ganglion neurones (Macdonald, Skerritt & 
Werz, 1986) .

(5) Aims.

The above evidence suggests that both catecholamines and 
adenosine inhibit transmission in rat superior cervical ganglion, 
perhaps by reducing presynaptic calcium currents. However, since 
effects on presynaptic calcium currents (as apposed to postsynaptic 
currents) have not hitherto been tested directly, I decided to see if 
these drugs had any action on the Ca-spike in the rat isolated 
preganglionic cervical sympathetic trunk.



(B) Methods.

(1) Recording techniques and solutions.

Extracellular recordings from rat isolated preganglionic cervical
sympathetic trunks were as previously described. A modified Krebs'
solution was used to test the action of catecholamines and adenosine
on the Ca-spikes. The solution had the following composition (mM);
NaCl (118), KC1 (6), CaCl2 (5), MgCl2 .6H20 (1.2), Hepes (10), glucose
(11), 4-AP (1), TTX (0.5-1 uM) and ascorbate (0.5) to prevent
oxidation of the catecholamines. The solution was titrated to pH 7.4
with 1 M NaOH and bubbled with 100% O . The addition of ascorbate to2
the modified Krebs' solution had no effect on the Ca-spike or drug 
responses. Extracellular recordings from rat isolated superior 
cervical ganglia were obtained using the same bath and recording 
techniques (see Methods, Chapter 2 or Medgett, 1983).

(2) Analysis of results.

The action of drugs on the Ca-spike was expressed as the 
percentage reduction of the control Ca-spike immediately preceding 
drug application. It was not always possible to produce complete 
concentration-response curves in each experiment as the run down in 
Ca-spike amplitude limited the duration of experiments. Therefore, to 
obtain representitive concentration-response curves for the agonists, 
data from a number of experiments was pooled for analysis. The pooled 
data was analysed with the aid of a program (FIT; Barlow, 1983) 
adapted to run on a BBC microcomputer. The program is based on a paper 
by Parker & Waud (1971). This assumed the concentration-response curve 
is best described by the logistic equation;

xp

Y = M . -----------
P PX + i c 5Q

where Y is the response in the presence of concentration X of the 
agonist. The maximal response M, the an^ the slope factor of the
curve (p) are estimated by iteration. The program also calculates the 
standard errors of these estimates.



(C) Results.

(1) The action of catecholamine agonists on the Ca-spike.

L-noradrenaline potently inhibited the Ca-spike (Figure 39). The
response was fast in onset and readily reversible. The concentration-
response curve had an IC of 1.5 +/- 0.32 uM (mean +/- s.e.m.), a50
maximal depression of 88 +/- 5.6% and a slope factor of 1.06 +/- 0.414 
(see Table 9). A range of adrenergic agonists was tested to determine 
the receptor type involved in Ca-spike block. Figure 39 shows typical 
traces of the agonists tested and Figure 40 shows concentration- 
response curves of the pooled data. Table 9 lists the results of 
analysis by the Parker & Waud method.

The rank order of the agonists was (in decreasing order of 
potency): clonidine > L-adrenaline > L-noradrenaline > dopamine > 
phenylephrine (see Table 9). Amidephrine only had a weak action even 
at high concentrations/ requiring over 1 mM for any significant block 
(10% reduction of Ca-spike amplitude); even 10 mM only produced 30% 
reduction. Isoprenaline produced a small depression of the Ca-spike of 
between 3.5% and 13% at concentrations between 0.1 uM and 100 uM.
Above 100 uM isoprenaline had a more pronounced action, reducing the 
Ca-spike by 33% at 1 mM and 90% at 10 mM. The depression of Ca-spikes 
by these agonists was not associated with changes in baseline 
potential.

The maximal reduction of the Ca-spike was by L-adrenaline and 
L-noradrenaline, which produced about 90% block, followed by clonidine 
(75%) and, dopamine and phenylephrine (60-65%). The action of the 
agonists was further analysed by Hill plots, where log (Y/Ymax-Y) vs. 
log X was plotted. Ymax was the estimated maximum response for the 
agonist and Y expressed as a percentage of Ymax for each individual 
agonist. The Hill coefficients (slope of the Hill plot) were similar 
to the slope factors calculated by the Parker and Waud method.



(2) Effects of adrenoceptor antagonists on the catecholamine
response.

The catecholamine agonist profile suggested that the 
catecholamines blocked the Ca-spike via an alpha-2 adrenoceptor. I 
attempted to confirm this with specific adrenoceptor antagonists. In 
three experiments, the selective alpha-2 antagonist yohimbine (1 uM), 
had no effect on the responses to 10 uM L-noradrenaline or 1 uM 
L-adrenaline. The selective alpha-1 antagonist prazosin also had no 
effect on catecholamine responses. However, 10 uM phentolamine reduced 
the effect of 10 uM L-noradrenaline by an average of 48% (47.5 +/- 
7.7%, n = 3).

Figure 41 shows three separate experiments where the actions of 
these antagonists were tested over a range of concentrations on 
responses to 10 uM L-noradrenaline and 10 uM adenosine (see below). 
Phentolamine was the most potent antagonist producing a 30% reduction 
at 1 uM, 67% at 10 uM and 74% at 100 uM. At 100 uM phentolamine 
appeared to have an intrinsic blocking action on the Ca-spike. 
Yohimbine had no antagonistic action at 1 uM but antagonized the 
response to 10 uM L-noradrenaline by 35% at 10 uM and 59% at 100 uM. 
However at both these concentrations yohimbine itself tended to block 
the Ca-spike. Prazosin had no antagonistic action at 1 or 10 uM, 
neither did it have an action on the Ca-spike. At 100 uM there was a 
Ca-spike blocking action but the response to 10 uM L-noradrenaline was 
markedly potentiated. In all three experiments the responses to 10 uM 
adenosine (see below) was unaffected by the adrenergic antagonists.

As phentolamine was the most potent antagonist tested, and did
not have any intrinsic blocking action on the Ca-spike at
concentrations below 10 uM, this was chosen to determine a pA value2
by a Schild plot (Arunlaskshana & Schild, 1959). Figure 42 shows the 
Schild plot determined from three experiments with four concentrations 
of phentolamine. The dose ratio for each concentration was determined 
by two point concentration-response curves for adrenaline (controls 
were 0.5 uM and 5 uM) and the response to 100 uM L-noradrenaline was



used as the maximal response. The average responses for the control
concentration-response curves were similar to those listed in Table 9.
The maximal response (at 100 uM) was 89 +/- 7,1% (n=3) and the mean
IC was 1.53 +/- 0.46 uM. The best fit line to the results of the 50
Schild plot gave a pA^ of 6.47 +/- 0.067 and a slope of 0.653 +/- 
0.077.

(3) Action of beta-adrenergic drugs on the Ca-spike

Beta-adrenoceptor agonists facilitate transmission in rat 
superior cervical ganglia (Brown & Dunn, 1983). They reported that 
beta-agonists depolarized the presynaptic terminals, but had no effect 
on cervical sympathetic trunks. Therefore I tested the action of the 
selective beta agonist isoprenaline on the Ca-spike. Isoprenaline did 
not facilitate the Ca-spike at concentrations which facilitated 
transmission; in fact it produced a small depression of the Ca-spike 
amplitude (see above).

The beta-antagonist propranolol was also tested but the results 
were ambiguous. At 1 uM it blocked the response to 0.1 uM isoprenaline 
but had a marked depressant action on the Ca-spike. On the same 
preparation the response to 0.1 uM adrenaline was enhanced from a 10% 
reduction of the Ca-spike to 19% (Figure 43, bottom trace). 
Potentiation of adrenaline responses by propranolol was reported by 
Medgett (1983) in the rat superior cervical ganglion. An apparent 
potentiation of adrenaline responses was seen in other experiments 
with both 0.5 and 1 uM propranolol. In the top trace of Figure 43, the 
response to 1 uM adrenaline appeared to increase after the addition of 
0.5 uM propranolol, but the response tended to increase throughout the 
experiment, from 41% to 58%.

(4) Action of adenosine on the Ca-spike

Adenosine at concentrations of 1 uM to 1 mM, produced a rapid and 
reversible reduction in the amplitude of the Ca-spike (Figure 44)•



Pooled data from three experiments gave an average maximal reduction
of 38.5 +/- 1.2% with an IC of 3.1 +/- 0.5 uM and a slope of 0.65450
+/- 0.15 (Figure 45). Adenosine responses were not potentiated by 
dipyridamole (0.5 uM-1 uM), but were antagonized by 100 uM 
theophylline (Figure 46).

(5) Action of potassium channel blockers on L-noradrenaline and 
adenosine responses on the Ca-spike.

Catecholamines and adenosine may reduce the amplitude of
Ca-spikes by a number of different mechanisms. The most direct

2+action is by reducing Ca influx by an action on the calcium channel.
The alternative is by reducing the resistance of the axonal membrane,
by opening other ion channels, and therefore "shunting" the inward
calcium current e.g., by enhancing an outward potassium current. Both
catecholamines and adenosine hyperpolarize postganglionic sympathetic
neurones by this mechanism (Brown & Caulfield, 1979; Henon & McAfee,
1983). To test this last possibility the action of known potassium
channel blockers was assessed. In three separate experiments control
responses to 10 uM L-noradrenaline and 10 uM adenosine were assesssed

2+on the Ca-spike in the presence of 1 mM 4-AP and 5 mM Ca and then
assessed again following the addition of either 10 mM TEA or 1 mM 

2+Ba . In the third experiment the action of L-noradrenaline and
adenosine were compared on the Ca-spike and on a Ba-spike (1 mM 4-AP,

2+ 2+5 mM Ba and 0 mM Ca ).The results are shown in Figure 47.

(i) 10 mM TEA (Figure 47A).

The addition of 10 mM TEA resulted in an increase in both the 
amplitude and duration of the spike with the appearance of a second 
peak and reduction of the after-hyperpolarization. 10 uM 
L-noradrenaline and 10 uM adenosine caused a reduction in the 
amplitude of the first peak but the effect was less than that on the 
original Ca-spike (52% of the control response with L-noradrenaline 
and 58% with adenosine)• Both drugs completely abolished the second



peak.

(ii) 1 mM Barium (Figure 47B).

The addition of 1 mM barium had similar actions to 10 mM TEA,
The amplitude was greatly increased and th.e spike broadened, a second
peak was revealed and the after-hyperpolarization was almost totally
abolished. The effect on the L-noradrenaline and adenosine responses
were the same as those of TEA; inhibition of the first peak was
reduced, to 55-60% of the control with L-noradrenaline and 62-87% with*
adenosine, and again the second peak was totally abolished.

(iii) Barium spikes (Figure 47C).

Responses to 10 uM L-noradrenaline and 10 uM adenosine were
2+assessed on a spike recorded in 1 mM 4-AP, 5 mM Ca , and then on 

2+ 2+replacing Ca with 5 mM Ba . The Ba-spike was larger in amplitude 
but had a slower rate of rise. Also there appeared to be two peaks and 
the rate of repolarization was much slower. The effect of 
L-noradrenaline was much less on the Ba-spike than on the Ca-spike, 
resulting in only 25-33% of the effect in reducing the spike 
amplitude. The action of adenosine was also less; 72% of its effect on 
the Ca-spike. In both cases only a single peak was seen in the 
presence of the neurotransmitters.

(iv) Action of Caesium (Figure 48).

Intracellular Cs+ ions block potassium channels and Ca-spikes
+can be recorded in preparations which have been preloaded with Cs

(see Chapter Three, section 4). Preganglionic cervical sympathetic
+trunks were incubated overnight in a 10 mM CsCl, K -free Krebs' 

solution. When the preparation was set-up 100 uM 4-AP and 10 mM TEA 
were added to the Krebs' solution to try and ensure all the potassium 
currents were blocked, as well as 1 uM TTX to block the Na-spike. The 
resulting Ca-spike was still reduced by L-adrenaline (0.1-100 uM) and 
adenosine (10-100 uM) although the maximal reduction seen with 
adrenaline was only 33% (Figure 48).



(6) Comparison of responses to L-noradrenaline and adenosine on the 
Ca-spike with their actions on the superior cervical ganglion.

The objective of these experiments was to compare the responses 
of L-noradrenaline and adenosine on transmission in superior cervical 
ganglia with those on the Ca-spike.

(i ) Action of Adrenoceptor antagonists.

Because of the apparent ineffectiveness of the adrenergic 
antagonists in the Ca-spike experiments (see above) I decided to test 
their actions on catecholamine responses in the rat isolated superior 
cervical ganglion preparation. Catecholamines have two actions on 
superior cervical ganglia. Firstly they produce a small 
hyperpolarization of the ganglion cells and secondly they inhibit 
transmission (Brown & Caulfield, 1981). In the first experiment 
(Figure 49, top trace) control responses to 10 uM L-noradrenaline 
produced a small hyperpolarization of about 0.15 mV and depressed 
transmission by 13%. Phentolamine (5 uM for 30 minutes) completely 
blocked the effect on transmission, but the hyperpolarization 
remained, although reduced. Phentolamine did not increase the 
amplitude of the postganglionic compound action potential as reported 
by Medgett (1983).

In the second experiment (trace not shown) 10 uM L-noradrenaline 
again produced a hyperpolarization of 0.15 mV and a 19% reduction of 
spike amplitude. Addition of 1 uM yohimbine reduced transmission by 5% 
but had little effect on the inhibitory response to L-noradrenaline. 
The reduction of transmission produced by L-noradrenaline was 17%. The 
hyperpolarization was almost almost completely blocked. Increasing the 
concentration of yohimbine to 5 uM caused a marked depression of 
transmission, to 55% control, yet the percentage reduction of the 
spike by L-noradrenaline was still 18%. The hyperpolarization was 
completely blocked.



In the third experiment, both of the above results were 
replicated (Figure 49, lower trace). Addition of 1 uM yohimbine 
blocked the hyperpolarization caused by both 10 uM L-noradrenaline and 
1 uM adrenaline, but only reduced the spike inhibition to 54% of the 
control L-noradrenaline response and to 66% of the control adrenaline 
response. On washing out yohimbine and replacing it with 5 uM 
phentolamine, no hyperpolarizing responses were seen with 
L-noradrenaline or L-adrenaline, possibly due to a residual effect of 
yohimbine. The inhibition of transmission by both drugs was reduced to 
8-9% of their control responses•

(ii) The effect of 4-AP on L-noradrenaline and adenosine responses 
in the superior cervical ganglion.

It has been reported that 4-AP blocks the inhibitory action of
adenosine on transmission in rat superior cervical ganglia (Alkadhi,
Brown & Subouni, 1984). Figure 50 shows concentration-response curves
for L-noradrenaline and adrenaline on transmission in a superior
cervical ganglion, recorded in normal Krebs' solution and in the

2+presence of 4-AP and raised Ca . L-noradrenaline produced a maximal 
reduction of 23% with an of 4 uM; adenosine a maximal reduction
of 25% with an ICer. of 300 uM. The addition of 4-AP and raised Ca^+

5 0

considerably enhanced transmission in the ganglion (Figure 50, see 
legend for calibration)• The postganglionic compound action potential 
was almost doubled in amplitude. The effects of L-noradrenaline and 
adenosine were almost totally abolished.

(iii) Comparison of the action of catecholamines on unstimulated 
preparations and the effect of 4-AP.

If catecholamines reduce Ca-spikes by increasing a potassium 
conductance, a hyperpolarization should be seen as shown in rat 
isolated superior cervical ganglia (Brown & Caulfield, 1979). 
Therefore, the action of L-noradrenaline was tested on both 
unstimulated cervical sympathetic trunks and superior cervical 
ganglion. The effect of superfusing 1 mM 4-AP, as used to record 
Ca-spikes, was also assessed. L-noradrenaline (10 uM) hyperpolarized



the ganglion preparation which persisted in the presence of 1 mM 4-AP 
(Figure 51A). In contrast L-noradrenaline (10 uM) depolarized the 
cervical sympathetic trunk preparation, under identical recording 
conditions. This effect also persisted in the presence of 1 mM 4-AP, 
although the amplitude of the response was reduced (Figure 51B ) . The 
reduced depolarization produced by L-noradrenaline in the presence of 
4-AP may be due the large depolarization induced by 4-AP itself• This 
depolarizing action of L-noradrenaline was shared by clonidine (10 uM) 
and persisted in the presence of 1 uM (+/-)propranolol which inhibited 
the depolarization induced by isoprenaline (responses not shown). In 
the same preparation adenosine produced a very small hyperpolarization 
(=< 50 uV) while -aminobutyric acid depolarized the fibres as 
previously reported (Brown & Marsh, 1978).

(iv) Action of forskolin on catecholamine and adenosine 
responses.

Calcium channels can be modulated by cAMP. An action on cAMP may 
be the mechanism of action of some drugs on the calcium channel 
(Reuter, 1983). It has been proposed that inhibition of calcium 
currents by catecholamines is mediated by a decrease in intracellular 
cAMP concentrations (Galvan & Adams, 1982). Forskolin is a direct 
activator of adenylate cyclase (Seamon, Padgett & Daly, 1981) and was 
tested on L-noradrenaline and adenosine responses on the Ca-spike and 
transmission in the superior cervical ganglion to test Galvan and 
Adams1 proposal (Figure 52). In one experiment forskolin (10 uM) 
depolarized the nerve trunk and possibly reduced the Ca-spike 
amplitude but did not inhibit the blocking action of 10 uM 
L-noradrenaline or 10 uM adenosine (Figure 52b). Forskolin (10 uM) did 
not affect either the hyperpolarization or the inhibition of 
transmission responses to L-noradrenaline (10 uM) or adenosine (100 
uM) in superior cervical ganglion (Figure 52A). Forskolin therefore, 
appeared to have no effect on the depression of the spike amplitude or 
hyperpolarization by either of these drugs.
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Figure 40. Concentration-response curves for inhibition of Ca-spikes by 
adrenergic agonists. The results are the means of pooled data from the 
number of experiments indicated; the bars give the standard errors of the 
mean. Key: clonidine 0  # L-adrenaline A , L-noradrenaline □  , dopamine O 
, L-phenylephrine I  , amidephrine ♦  .



TABLE 8.

AGONIST MAXIMUM % IC uM 50 SLOPE
FACTOR

CLONIDINE 76.1+/-4.9 0.44+/-0.11 0 .739+/-0.246

L-ADRENALINE 92.6+/-12.1 1 .3+/-0.74 0.633+/-0.315

L-NORADRENALINE 88.8+/-5.6 1 .52+/-0.32 1 .057+/-0.414

DOPAMINE 66.9+/-S.8 45.9+/-23.6 0.541+/-0.258

L-PHENYLEPHRINE 61 .6+/-S.7 154+/-50.4 0.814+/-0.401

Analysis of pooled data for the adrenergic agonists on the Ca-spike 
as analysed by the method of Parker & Waud (1971). The values are 
means +/- standard errors.
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Figure 41 . Effect of increasing concentrations of the adrenergic 
antagonists phentolamine, yohimbine and prazosin on the effects of 10 uM 
L-noradrenaline (NA, solid bars) and 10 uM adenosine (open bars) on the 
Ca-spike.
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Figure 42. Schild plot for the antagonist action of phentolamine against 
L-noradrenaline as the agonist on the Ca-spike. The results represent 
pooled data from three experiments using two-point dose-response curves 
and taking the response to 100 uM L-noradrenaline as the maximal 
response. The apparent pA value from the x-intercept was 6.47 +/- 0.067 
and the slope 0.653 +/- 0.077.
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Figure 43. Action of (+/-) propranolol. A. Effect of 0.5 uM propranolol 
on responses to 1 uM L-adrenaline (ADR) and 10 uM adenosine (Aden).
B. Effect of 1 uM propranolol on responses to 0.1 uM isoprenaline (ISO) 
and 0.1 uM adrenaline (ADR). Two experiments.
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Figure 44. Depression of the Ca-spike by increasing concentrations of 
adenosine. The Ca-spike was recorded in modified Krebs' solution at room 
temperature (18-22°C). Stimulation was supramaximal (30 V) with 1 ms 
duration square-wave pulses at 0.017 Hz.
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Figure 45. Concentration-response curve for adenosine inhibition of 
Ca-spikes. The points are the means from pooled data and the bars give 
the standard error (n = 3). Analysis of the results by the method of 
Parker and Waud (1971) gave a maximal response of 38.5 +/- 1.2%, an 
of 3.1 +/- 0.5 uM and a slope factor of 0.654 +/- 0.15.
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Figure 46. Effect of the adenosine uptake-blocker dipyridamole and the 
adenosine antagonist theophylline on adenosine inhibition of the 
Ca-spike. The ordinate shows the percentage inhibition of the control 
Ca-spike by 10 uM adenosine.
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Control  1 0 mM NA Control 10pM NA

L
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Figure 47. Comparison of the effects of L-noradrenaline (NA, 10 uM) and
adenosine (10 uM) on Ca-spikes recorded using the solution in Figure 39
(a) and then (b) either A. adding 10 mM tetraethylammonium (TEA). B.

2 +  2 +  24-adding 1 mM Ba or C. replacing 5 mM Ca with 5 mM Ba . Calibration:
mV and 100 ms (500 ms for row C b).
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Figure 49. Effect of the adrenergic antagonists phentolamine (5 uM, top 
trace) and yohimbine (1 uM, bottom trace) on the inhibition of 
transmission in isolated rat superior cervical ganglion by 
L-noradrenaline (NA) and L-adrenaline.
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Figure 50. The effect of 1 mM 4-AP on the postsynaptic responses to
increasing concentrations of L-noradrenaline and adenosine in stimulated
rat isolated superior cervical ganglion. A and C show the responses to
L-noradrenaline and adenosine, respectively in normal Krebs' solution
with supramaximal stimulation (20 V), 1 ms and 0.2 Hz at room temperature
(Voltage calibration = 5 mV). B and D show the responses to
L-noradrenaline and adenosine in a modified Krebs' solution (+1 mM 4-AP 2 +and 5 mM Ca ), recorded as above (Voltage calibration = 10 mV).
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Figure 51• Extracellular D.C. potentials recorded A. from the superior 
cervical ganglion with reference to the postganglionic trunk and B. from 
the preganglionic cervical sympathetic nerve trunk with reference to an 
adjacent segment of nerve. The effect of superfusing 10 uM L-noradrenaine 
for 1 minute periods (indicated by bars) before and after the addition of 
1 mM 4-AP. Two preparations, hyperpolarization downwards.
Expt A by S.J.Marsh.
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Figure 52. The action of 10 uM forskolin on the responses to 10 uM 
L-noradrenaline (NA) and 10 uM adenosine on A. transmission in an 
rat isolated superior cervical ganglion and B. Ca-spikes recorded from an 
rat isolated cervical sympathetic nerve trunk.



(D) Discussion.

(1) Mechanism of catecholamine action on the Ca-spike.

These experiments have shown that catecholamines reduce the
amplitude of Ca-spikes• This action could be the result of a direct
action on the inward calcium current, or an indirect effect of
increasing potassium conductance (so raising the threshold for 

2+regenerative Ca influx) . Both effects have been reported m  other 
preparations (see Introduction).

The evidence from my experiments indicate that the catecholamine
action on Ca-spikes most likely results from a direct action on
calcium currents for the following reasons: (1). A hyperpolarization
of the preganglionic cervical sympathetic nerves would be expected if
an increase in potassium conductance was involved. This was not seen
during the experiments on the Ca-spikes; nor did either
L-noradrenaline or clonidine hyperpolarize unstimulated preganglionic
cervical sympathetic nerve trunks, whereas L-noradrenaline did
hyperpolarize superior cervical ganglia under the same recording
conditions. This later action is probably due to an increased
potassium current (Brown & Caulfield, 1979). (2). The action of
selective potassium channel blockers was also tested. If the agonists
reduce Ca-spike amplitude by enhancing an outward potassium current
then the effects may be blocked in the presence of an appropiate
potassium channel blocker. In superior cervical ganglia at least three
potassium currents have been characterized and may be involved in
spike repolarization (Belluzzi, Sacchi & Wanke, 1985 a and b). The
potassium currents present in the cervical sympathetic trunk axons are
less well characterized than in the ganglion neurones. My experiments

2+on Na-spikes recorded in Ca -free solutions suggest that action 
potential repolarization is by a 4-AP rather than TEA-sensitive 
potassium current and so may be similar to the A-current described in 
other neurones (Rogawski, 1985). 4-AP is required for Ca-spikes to be 
recorded and my experiments indicate that 1 mM almost totally blocks 
this current, so it is unlikely that catecholamines reduce Ca-spike



amplitude by enhancing a 4-AP-sensitive current such as the A-current. 
There are no reports of these drugs enhancing the A-current; 
conversely Aghajanian (1985) reported that alpha-1 adrenoceptor 
activation reduced the A-current in rat dorsal raphe serotonergic 
neurones•

The other possible potassium currents are the delayed rectifier
and Ca-dependent potassium conductances. These can be blocked by TEA 

2+or Ba (Belluzzi, Sacchi & Wanke, 1985 a and b; Adams et al., 1982;
2+Brown & Griffith, 1983; Arhem, 1980). TEA and Ba have similar

actions on the Ca-spike; increased amplitude, prolonged duration and
the appearance of a second component. These may be due to a blocking
action of these drugs on a Ca-dependent potassium conductance. In my
experiments, L-noradrenaline still reduced the amplitude of Ca-spikes

2+in the presence of either TEA or Ba . Although the inhibitory action 
was less this may be because a larger fraction of the calcium channels 
are open in the presence of the potassium channel blockers so the 
actions of the agonists were not compared on the same current
densities. The second component to the Ca-spike seen in the presence
of the potassium channel blockers was also completely blocked by 
L-noradrenaline.

Complete replacement of K+ ions by Cs+ has been used to eliminate
potassium currents in other preparations (e.g. Ishizuka, Hattori &

+Akaike, 1984). When K was completely replaced with 10 mM CsCl and 
after the addition of 100 uM 4-AP and 10 mM TEA to the superfusate, 
L-adrenaline still reduced the Ca-spike amplitude. Therefore the 
absence of effect of the potassium channel blockers supports a direct 
effect by reducing the calcium currents by catecholamines to explain 
their action on Ca-spike amplitude.

(2) Pharmacology of catecholamine action on the Ca-spike.

The order of agonist potency for reduction of Ca-spike amplitude 
suggests that the response is mediated by alpha-2 adrenoceptors. The 
agonist profile is (decreasing order of potency); clonidine >



L-adrenaline > L-noradrenaline > dopamine > L-phenylephrine > 
isoprenaline > amidephrine. This order is very similar to the 
inhibitory actions of catecholamines described by others and usually 
classified as alpha-2 adrenoceptors (see Aghajanian & Rogawski, 1983). 
For inhibition of spontaneous firing of locus coeruleus neurones, the 
order of potency was clonidine > OC -methylnoradrenaline > L-adrenaline 
= L-noradrenaline > L-phenylephrine (Cedarbaum & Aghajanian, 1977). In 
the spinal cord catecholamine mediated inhibition of spontaneous 
firing had a similar order of potency clonidine > 0( -methyl
noradrenaline > L-adrenaline > L-noradrenaline > L-phenylephrine 
(Guyenet & Cabot, 1981).

In the rat superior cervical sympathetic ganglion neurones, 
catecholamines appear to have two actions mediated via alpha 
adrenoceptors, each with different pharmacological profiles: 
Hyperpolarization is mediated by agonists with the order of potency: 
L-adrenaline > L-noradrenaline > isoprenaline => L-phenylephrine > 
dopamine > amidephrine; whereas for inhibition of transmission the 
order is: L-adrenaline > clonidine > L-noradrenaline > dopamine > 
L-phenylephrine > isoprenaline (see Table 9 and Brown & Caulfield, 
1981). A more more direct comparison of my results on the Ca-spike is 
possibly with inhibition of calcium currents in rat superior cervical 
ganglionic neurones (Horn & McAfee, 1980). The action on calcium 
currents, as assessed by reduction of the Ca-dependent 
after-hyperpolarization, was; L-adrenaline > L-noradrenaline > 
D-noradrenaline = dopamine > isoprenaline. The evidence from the 
catecholamine agonists suggests that inhibition of the Ca-spikes is 
mediated via alpha-2 adrenoceptors, because of the high potency of the 
selective alpha-2 agonist clonidine (Starke, Endo & Taube, 1975) and 
the weak action of the selective alpha-1 agonist amidephrine (Butler & 
Jenkinson, 1978). This action is similar to inhibitory actions in the
C.N.S., inhibition of transmission in superior cervical ganglia and 
reduction of calcium currents in sympathetic ganglion neurones.

It is preferable to characterize receptors with selective, 
competitive antagonists (Furchgott, 1972). Therefore selective 
adrenergic antagonists were tested on the Ca-spike responses, namely



yohimbine, phentolamine, prazosin and propranolol. Although the 
agonist profile suggested an action by alpha-2 adrenoceptors the 
action of the selective alpha-2 antagonist, yohimbine, did not support 
this. In my experiments, at least 10 uM was required for any 
significant block, which is considerably more than required to block 
alpha-2 adrenoceptors at other sites• On presynaptic alpha-2 receptors 
in tha rat vas deferens pA^ values for yohimbine of 7.4 and 8.2 have 
been reported (Doxey, Smith & Walker, 1977; Drew, 1977) and a pA^ of 
7.8 on presynaptic receptors in the guinea-pig ileum (Drew, 1978). The 
selective alpha-1 antagonist, prazosin (Cambridge, Davey & Massingham, 
1977; Doxey, Smith & Walker, 1977) had no antagonistic action at 
concentrations upto 100 uM in my experiments. Propranolol (0.1-1 uM), 
a selective beta-antagonist, also had no antagonistic action.

Therefore, the receptor mediating catecholamine inhibition of the
Ca-spike does not conform either to alpha-1, alpha-2 or beta-
adrenoceptor subtypes. Phentolamine, a non-selective alpha antagonist
was the most potent antagonist used in my study, a Schild plot gave a
pA^ value of 6.47. This is, however, less than the values reported for
the action of phentolamine at alpha-2 adrenoceptors, where pA values2
of 8.5 on the guinea-pig ileum (Drew, 1978) and 7.5 and 8.4 on the rat 
vas deferens (Drew, 1977; Doxey, Smith & Walker, 1977). My value is 
also lower than the pA^ (7.7) reported for the action of phentolamine 
on alpha-1 adrenoceptors in the rat anococcygeus muscle (Doxey, Smith 
& Walker, 1977) .

Caution must be used in the interpretation of the pA^ value 
derived from my experiments, as the slope of the Schild plot for 
phentolamine was 0.653 (+/- 0.077). The slope should be unity for 
competitive antagonism. Reasons have been deduced why Schild plot 
slopes of less than unity can arise (Kenakin, 1982). I will discuss 
these in detail and consider some of the problems encountered in my 
experiments.

(1). The tissue may be sensitized to the agonist. This may occur if 
phentolamine has intrinsic calcium channel blocking actions and 
L-noradrenaline has a more potent action on smaller amplitude



Ca-spikes; for this reason, concentrations of phentolamine less than 
10 uM were used because of an apparent Ca-spike blocking action with 
phentolamine above 10 uM (see below). All of the adrenergic
antagonists had an intrinsic blocking action on the Ca-spike. With
yohimbine this effect was apparent at 10 uM, with propranolol at 1 uM
and with phentolamine and prazosin at 100 uM. Yohimbine also had a
marked depressant action on ganglionic transmission. Atlas & Adler 
(1981) have reported that alpha-adrenergic antagonists bind to calcium 
channels and this may explain their action on the Ca-spike.
Propranolol reduces calcium currents in Helix neurones (Akaike, Nishi 
& Oyama, 1981) and inhibits transmission in guinea-pig superior 
cervical sympathetic ganglia (Ito & Nishi, 1982).

(2). An agonist related decrease in slope may occur on saturation 
of an active uptake process for the agonist. In the superior cervical 
ganglion uptake did interfere with estimations of dose-ratio shifts 
with some of the catecholamines tested (Brown & Caulfield, 1979). 
Uptake blockers were not tested in the present experiments but an 
uptake blocker such as cocaine or desipramine could be used to test 
for the presence of an uptake system.

(3). Production of responses by high concentrations of agonists 
which are not mediated by the same receptor and so not blocked by the 
antagonist may also affect the slope. Catecholamines may be acting on 
beta-adrenoceptors which would not be blocked by phentolamine. The 
evidence for beta-adrenergic receptor action on the Ca-spike is not 
conclusive. Isoprenaline did not facilitate or enhance the Ca-spike at 
concentrations which facilitated transmission in superior cervical 
ganglia (Brown & Dunn, 1983). This may be explained by the fact that 
Brown & Dunn found that beta-adrenoceptors are confined to presynaptic 
terminals. In my study, there was an apparent facilitation of 
adrenaline mediated depression of the Ca-spike in the presence of 
propranolol. A similar effect was reported by Medgett (1983) for the 
adrenaline mediated inhibition in superior cervical ganglia: this may 
be an action via beta-adrenoceptors.



Catecholamine antagonist action in other tissues has been 
characterized on different catecholamine mediated responses; on 
calcium currents, hyperpolarizations and presynaptic inhibition. On 
the calcium-dependent potential recorded from chick dorsal root 
ganglion neurones, Dunlap & Fishback (1978) reported that 10 uM 
phentolamine antagonized the response to L-noradrenaline, whereas 10 
uM propranolol had no action. The pharmacology of monoamine responses 
in this preparation was investigated more thoroughly by Canfield & 
Dunlap (1984). Reduction of the Ca-dependent action potential plateau 
by L-noradrenaline and dopamine was antagonized by yohimbine, 
phentolamine, haloperidol and mianserin but not by propranolol, 
prazosin, domperidone, spiperone or methysergide. Interestingly, 
neither clonidine nor xylazine, specific alpha-2 adrenoceptor agonists 
had any action on the action potential plateau. The i c ,-q f°r 
phentolamine against L-noradrenaline was 0.16 uM and for yohimbine 
between 5-10 nM.

In rat superior cervical ganglion neurones phentolamine 
antagonized the action of L-noradrenaline on Ca-dependent after
hyperpolarizations (Horn & McAfee, 1980). No pA^ value was reported 
but the L-noradrenaline concentration-response curve was shifted to 
the right by 5 and 10 uM phentolamine. These were the same 
concentrations required in my experiments for antagonism of 
L-noradrenaline action on the Ca-spike. Catecholamines can also 
hyperpolarize these neurones and the effect of selective antagonists 
has been studied. In both rat and rabbit superior cervical ganglion 
neurones the catecholamine action is blocked by 1 uM of either 
phentolamine or yohimbine (Brown & Caulfield, 1979; Medgett, 1983;
Cole &. Schinnick-Gallagher, 1981). Brown & Caulfield (1979) reported a 
pA^ value of 7.68 for phentolamine against isoprenaline-induced 
hyperpolarizations.

The actions of antagonists against catecholamine hyper
polarizations have been reported for other neuronal types• In rat 
substantia gelatinosa neurones, North & Yoshimura (1984) found that 
catecholamine-induced hyperpolarizations were blocked by phentolamine 
(0.5-1 uM) and yohimbine (0.5 uM) but not by propranolol (1 uM) or
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prazosin. L-noradrenaline-induced hyperpolarizations of cat vesical 
parasympathetic neurones were blocked by either 1 uM phentolamine or 
yohimbine, but not by propranolol or prazosin (Akasu et al., 1985). 
Catecholamine mediated hyperpolarizations of guinea-pig submucous 
plexus neurones were blocked by phentolamine, yohimbine and RX 781094, 
with a pA^ value for phentolamine of 7.7 (North & Surprenant, 1985).

An interesting comparison has been reported for catecholamine 
actions in rat locus coeruleus neurones (Williams, Henderson & North, 
1985; Williams & North, 1985). They characterized the hyperpolarizing 
response; this was found to be due to an increased potassium 
conductance. The order of potency of adrenergic agonists suggested the 
involvement of an alpha-2 adrenoceptor. The catecholamine responses 
were potently blocked by yohimbine ( P ^  7.85) and phentolamine (7.7). 
They found that catecholamine agonists also depressed a Ca-spike, 
observed in these neurones, but were much less potent than on the 
hyperpolarization responses. This catecholamine action was not 
antagonized by yohimbine (10 uM), propranolol (20 uM) or prazosin (1 
uM) . The action was reduced by phentolamine but at concentrations 100 
times higher than that which antagonized the hyperpolarizations.

Slack (1986) compared various actions of L-noradrenaline and 
clonidine in guinea-pig myenteric plexus neurones. He also assessed 
the action of a alpha-antagonist, RX 781094 on these responses. Three 
actions of L-noradrenaline were assessed; reduction of e.p.s.p. 
amplitude, reduction of the duration of a calcium-dependent action 
potential and postsynaptic hyperpolarization. All three were potently 
blocked by RX 781094. The selective alpha-2 agonist, clonidine had no 
effect on the duration of calcium-dependent action potentials. Also
the clonidine-induced inhibition of e.p.s.p. amplitude could be

2+ , . . .blocked by Ba , whereas the L-noradrenaline-induced inhibition was
not.

In general, neuronal hyperpolarizations produced by
*catecholamines appears to be mediated via alpha-2 adrenoceptors, with 

similar antagonist potencies as reported for presynaptic alpha-2 
adrenoceptors (see above). However the receptor involved in inhibition



of Ca-dependent potentials recorded in various preparations does not 
seem to fit in with the current adrenoceptor classification. In three 
cases the selective alpha-2 agonist clonidine had no action on 
Ca-spikes (Canfield & Dunlap, 1984; Williams & North, 1985; Slack, 
1986). Canfield & Dunlap (1984) reported that the selective alpha-2 
antagonist yohimbine potently blocked the action of catecholamines on 
Ca-dependent potentials. Slack (1986) found that the selective alpha-2 
antagonist RX 781094 potently blocked the inhibitory action of 
L-noradrenaline on Ca-spikes in myenteric neurones. However, Williams 
& North (1985) found that yohimbine was ineffective and phentolamine 
weaker than expected on Ca-spikes recorded from rat locus coerelous 
neurones•

To see if the catecholamine-induced inhibition of Ca-spikes could 
account for the catecholamine mediated inhibition of transmission in 
superior cervical ganglia I tested the actions of L-noradrenaline on 
transmission in the rat superior cervical ganglion to compare with 
their actions on the Ca-spike. The action of L-noradrenaline was 
similar in potency to that on the Ca-spike. I also tested the action 
of antagonists on catecholamine responses in the ganglion. In my 
experiments on ganglionic transmission phentolamine and yohimbine 
apparently had different actions. Phentolamine was more potent in 
blocking catecholamine action on transmission and yohimbine more 
potent in blocking catecholamine-induced hyperpolarization of the 
postganglionic neurones. This agrees with previously reported results: 
yohimbine blocks catecholamine mediated hyperpolarization (Brown & 
Caulfield, 1979) and phentolamine antagonism of the catecholamine 
inhibition of transmission (Medgett, 1983). I did not see any 
facilitation of transmission in the presence of phentolamine as 
reported by Medgett (1983).

From the evidence provided by my experiments and from comparison 
with the effects of catecholamines in other preparations, it is 
proposed that the inhibition of transmission in rat superior cervical 
ganglia may be explained by reduction of presynaptic calcium currents 
by catecholamines. This assumes that drug responses on the 
preganglionic axons are the same as those on the presynaptic
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terminals• My results indicate that in the preganglionic axons 
catecholamines can directly reduce calcium currents. Also 
catecholamines do not appear to hyperpolarize these axons, therefore 
it seems unlikely that a catecholamine-induced hyperpolarization of 
the presynaptic terminals can explain inhibition of transmission. This 
evidence is supported by the action of the antagonists. Phentolamine 
was able to block the inhibitory responses of L-noradrenaline on both 
the Ca-spike and on transmission but only had a weak effect on the 
postganglionic hyperpolarization mediated by catecholamines. 
Conversely, yohimbine only had weak effects on the inhibitory actions 
of L-noradrenaline on both the Ca-spikes and transmission at a concen
tration which completely blocked the postganglionic hyperpolarization 
response induced by the catecholamines.

(3) The action of adenosine on the Ca-spike.

In my experiments, adenosine also potently blocked the Ca-spikes;
with a maximal reduction of 38.5% and an IC of 3.1 uM. The mechanism50
of this action is not clear. Although the action of adenosine was not 
blocked by potassium channel blockers, adenosine did produce a small 
hyperpolarizing response on unstimulated preganglionic cervical 
sympathetic nerve trunks. Therefore the mechanism of action of 
adenosine on inhibition of Ca-spike amplitude is unclear.

The pharmacology of adenosine action on the Ca-spike is almost 
identical to that reported by Alkadhi, Brown & Sabouni (1984) for the 
action of adenosine on transmission in rat superior cervical ganglion. 
Both adenosine responses had similar concentration-response curves, 
were antagonized by theophylline and not potentiated by the uptake 
blocker dipyridamole. In my experiment, the i c ^q s f°r adenosine on the 
Ca-spike and inhibition of transmission were different. This may 
reflect a postsynaptic action of adenosine in ganglia, as reported 
before (Brown, Caulfield & Kirby, 1979; Henon & McAfee, 1983). The 
antagonism of adenosine by theophylline suggests an A receptor subtype 
but does not differentiate between the A^ and A^ receptor subtypes 
(Snyder, 1981). Adenosine has been shown to act via A^ receptors to



reduce calcium currents in cultured rat dorsal root ganglion neurones 
(Dolphin, Forda & Scott, 1986) and depress synaptic transmission in 
the isolated olfactory cortex (McCabe & Scholfield, 1985).

There is some dispute as to the mechanism of action of adenosine
on synaptic transmission, mainly due to the interpretation of the
action of 4-AP. In my experiments, 1 mM 4-AP almost completely blocked
the depressant action of L-noradrenaline and adenosine on transmission
in superior cervical ganglia. In the lateral olfactory cortex,
Scholfield (1986) showed that 4-AP blocked the inhibitory action of
adenosine on transmission and so proposed that adenosine acted by
enhancing a presynaptic potassium current. Alkadhi, Brown & Sabouni
(1984) also demonstrated that inhibition of transmission by adenosine
in superior cervical ganglion was blocked by 4-AP. These authors
argued that 4-AP acted by blocking presynaptic potassium currents,
which prolonged action potential duration in the nerve terminal and so 

2+increased Ca influx and transmitter release. Therefore the
2+inhibition of transmission by adenosine, acting to reduce Ca influx,

is overwhelmed by the opposing action of 4-AP. This is supported by 
+experiments on K -stimulated glutamate release from cultured neurones. 

The conclusion from these experiments was that adenosine inhibition of 
glutamate release did not involve enhancement of presynaptic potassium 
currents (Blain, Dolphin & Prestwich, 1987).

(4) Possible future experiments.

The Ca-spikes are potently inhibited by both catecholamines and 
adenosine, possibly by a direct action on a calcium current; this may 
explain their presynaptic inhibitory action in rat superior cervical 
ganglia. Ca-spikes recorded from rat preganglionic cervical 
sympathetic nerves therefore, may be a useful tool to investigate the 
pharmacology and possible mechanisms of actions of a range of drugs 
and neurotransmitters that mediate presynaptic inhibition. There are a 
number of other neurotransmitters which have putative presynaptic 
inhibitory actions in mammalian sympathetic ganglia and it would be 
interesting to test their actions on the Ca-spike.
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Main Conclusions.

1 . The antiepileptics phenytoin, carbamazepine and phenobarbitone 
do not appear to be more potent in blocking action potential 
conduction in the non-myelinated rat cervical sympathetic nerve fibres 
than in myelinated axons. The potency of the drugs used in my study 
are similar to those reported on frog myelinated axons •

2. These drugs also show a frequency-dependent action in 
non-myelinated nerves similar to that reported for myelinated nerves.

3. The frequency-dependent action of the antiepileptics phenytoin, 
carbamazepine and phenobarbitone could not be distinguished from other 
drugs with local anaesthetic action such as lidocaine and flurazepam.

4. Experiments utilizing intracellular recording techniques have 
shown that phenytoin apparently has a voltage-dependent sodium channel 
blocking action. There is also some evidence that phenytoin may 
inhibit synaptic transmission in rat superior cervical ganglia. There 
is also some evidence, although far from conclusive, that phenytoin 
may have a stimulant action on sodium pump activity.

5. In the presence of TTX (to block sodium currents) and 4-AP (to 
reduce potassium currents), Ca-spikes can be recorded from rat 
preganglionic cervical sympathetic nerve trunks. These have shown to
be true Ca-spikes, rather than TTX-insensitive Na-spikes by the fact

2+ 2+ 2+ that Ca can be replaced by either Ba or Sr as the inward charge
carrier and that the Ca-spike can be blocked by concentrations of
divalent and trivalent cations known to block calcium currents; such

2+ 3+ 2+ 2+ 2+ 2+as Cd , La , Ni , Co , Mn and Mg .

6. These experiments indicate that the outward potassium 
conductance responsible for action potential repolarization in these 
axons is selectively blocked by 4-AP, at concentrations known to block



the A-current. The actions of TEA and Ba on Ca-spikes suggests that 
a calcium-dependent potassium conductance may also be present in these 
axons.

7. Although no differences could be detected between the action of 
the antiepileptics and local anaesthetics on the Na-spike, the 
antiepileptics were more potent blockers of the Ca-spike. It is
proposed that an action on calcium currents may, at least in part,
contribute to their antiepileptic action.

8. From my experiments, it appears unlikely that the therapeutic 
actions of the antiepileptics tested can be explained by one single 
mechanism of action. Their efficacy in preventing seizures is probably 
by a combination of several neuronal depressant effects:

(a) A frequency- and voltage-dependent block of sodium channels,
which would be effective in suppressing the spread of seizures from
either sites of paroxysmal depolarizing shifts or backfiring.

2+(b) An action on calcium channels to reduce Ca influx. This may
lead to inhibition of synaptic transmission and depress post-tetanic

2+potentiation. Reduction of Ca influx may also prevent an excessive 
2+lowering of [Ca ] which would also help to decrease excitability 

thresholds. A plausible mechanism of action may involve a synergistic 
interaction between these two effects and may explain the efficacy of 
the antiepileptics.

9. Catecholamines and adenosine both reduce Ca-spikes recorded 
from isolated rat cervical sympathetic nerve trunks, possibly by a 
direct action on the calcium current. This may explain their mechanism 
of action in inhibiting neurotransmitter release from the presynaptic 
terminals of superior cervical ganglia. The actions of the 
catecholamines are mediated by an alpha adrenoceptor which does not 
fully conform to either the alpha-1 or alpha-2 subtypes.
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