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SUMMARY

Previous attempts have been made to determine the relationship between the reduction in
activity of acetylcholinesterase (AChE) and the prolongation of extracellularly recorded
miniature endplate potentials (MEPPs)o. These attempts however have not been entirely
successful and it was thought that this may be due to the biochemistry and the
electrophysiology measuring different populations of AChE. In an attempt to avoid this
the method of Younkin ez al (1982) was used, by Mrs A. Rowbotham, to extract the
different molecular isoforms of AChE and new correlations calculated. Using this
technique a better correlation was arrived at and it has been suggested that it is the non
extractable enzymes found specifically in the endplates which constitutes the functional
enzyme, i.e. that responsible for the termination of transmitter action.

Increases in the variability of action potentials, "jitter", are seen with neuromuscular
disease and also after intoxication with an anticholinesterase (anti-ChE), although the
mechanism by which this jitter is caused are not entirely clear. An attempt has been made
to clarify the origin of jitter by recording trains of action potentials at 1 and 30 Hz.. The
data obtained suggests that jitter is a functional disorder caused by a postsynaptic
mechanism.

The effect of multiple doses of the carbamates pyridostigmine and physostigmine, by
implantated osmotic pump, on jitter, prolongation of the timecourse of (MEPPs)o and the
deformation of the endplates have been measured. These results have then been compared
with the activity of functional AChE. Pyridostigmine and physostigmine caused similar
reductions in the activity of functional AChE resulting in similar prolongation of
(MEPPs)o and deformation of the endplate. Both carbamates also caused an increase in

jitter although the onset of this occurred sooner with physostigmine.

Single doses of carbamates have been shown to protect against poisoning with
organophosphorus anti-ChEs. Here, the protective abilities of continuous administration
of low doses of pyridostigmine and physostigmine against a dose of ecothiopate were
tested. Complete protection from all of the effects of ecothiopate were not found with
either pyridostigmine or physostigmine, although the protection found with physostigmine
was considerably greater.
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CHAPTER 1

1.1 The aims of the investigation

All experiments contained within this study were carried out as part of a joint study with
Mrs A. Rowbotham, whose experimental data has been compared with the

electrophysiological findings.

The initial experiments within this study were an attempt to improve on the work of Ferry
and Marshall (1971) and Bamforth (1989) who tried to determine the relationship between
biochemical and electrophysiological methods of measuring the activity of AChE. It was
hoped that a method for determining just functionally active AChE could be developed

which would then allow comparisons of other effects with the activity of functional AChE.

Increases in neuromuscular jitter are seen with diseases, e.g. muscular dystrophy and also
after single in vivo injections of anticholinesterases (anti-ChEs) (Kelly ez al, 1990). The
aim of this study was to determine if such inceases in jitter are found with continuous
administration via an osmotic pump, and how any such increases are related to other
changes in neuromuscular morphology or function after anti-ChE treatment, i.e. endplate

shape, MEPP timecourse or ACHhE activity

A single dose of a carbamate prior to poisoning with an organophosphorus anti-ChE has
been shown to protect against the toxic effects of the organophosphate (Kelly ez al, 1992).
Within this study an attempt has been made to determine whether a carbamate given by

continuous administration is able to offer the same protection.

An attempt has also been made to clarify the mechanism by which increased

neuromuscular jitter is caused.



1.2 Morphology of the synapse

The structure of the mammalian motor endplate can be seen in Figure 1.1. It shows a
chemical synapse where there is no direct contact between the axolemma and sarcolemma.
The width of this primary synaptic cleft varies between 20-60 nm depending on the muscle
and the animal. The morphology of the muscle cell below the axon is specialised with
increased numbers of mitochondria and nuclei within the cell and the sarcolemma is also
folded forming secondary clefts which extend into the muscle. Heuser and Salpeter
(1979) used electron microscopy to show that these secondary clefts contain a network of
fibres, the basal lamina which Zacks and Blumberg (1961) compare to mucoprotein or

mucopolysaccharide basement membranes.

Although the exact arrangement of these secondary folds differs they have been found in
reptiles (Robertson, 1956), amphibians (Birks et al, 1960) and mammals (Zacks and
Blumberg, 1961) where the width was 50-100 nm, the depth 500-1000 nm and the gap

between them up to 2 pum.

The prejunctional membrane, i.e the axolemma, has also been shown to have areas of
thickening which correspond with the peaks of the secondary clefts and Birks (1960)

suggested that these may be the areas from which the vesicles are released.

The postjunctional membrane is further specialised by the presence of acetylcholine
receptors which have been found to be unevenly distributed being more densely packed on
the peaks of the secondary clefts, as many as 25000 per um?; but very few have been
found in the secondary clefts at depths below 250 nm (Fertuck and Salpeter, 1976;

Matthews-Bellinger and Salpeter, 1978).
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Diagrammatic representation of the morphology of the neuromuscular
junction showing the presynaptic and postsynaptic regions of the
synapse. (Bowman, 1980).
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1.3 Transmission across the synapse

When an action potential arrives at the nerve terminal it opens voltage dependent calcium
channels causing an influx of Ca2* ions which triggers the release of pre-packed vesicles of
transmitter, acetylcholine (ACh). The ACh crosses the synaptic cleft, which is very
narrow and ACh can diffuse this short distance very rapidly, a few microseconds. Once it

has crossed the cleft it combines with ACh receptors, 2 ACh molecules per receptor.

Any free ACh is rapidly hydrolysed by the AChE present in the cleft associated with the
basement membrane. This rapid hydrolysis prevents ACh from diffusing very far laterally
along the cleft so the action of a quantum is probably confined to a small area about 2um?
(Hartzell et al 1975). The ACh molecules released in a quantum will be almost enough to
saturate all the receptors in the small area meaning a substantial proportion of the
molecules released bond, two molecules per receptor, whilst the rest diffuses or is
hydrolysed by AChE. This binding causes most of the ion channels associated with the
receptor to open and these remain open for a millisecond or so. The concentration of free
ACh in the synaptic cleft falls much more rapidly than this however due to binding to
receptors and the rapid hydrolysis of ACh, see Figure 1.2. An ACh molecule will not
normally interact with the receptor more than once before it is hydrolysed or diffuses

away.

The binding of ACh to the receptors opens associated ion channels allowing an influx of
small cations into the muscle (Takeuchi and Takeuchi, 1959; 1960. Takeuchi, 1963). The
ion movements resulting are an influx of sodium ions and efflux of potassium ions both
through the same channel, which has a conductance of 50 -70 pS. Channel opening
therefore produces a short circuit across the membrane reducing the membrane potential
from rest, -70 uV, to a value near zero. A single channel when open causes a

depolarisation of only 0.5uV, which is too small to be seen directly. One quantum



however will open 1000 - 2000 channels almost simultaneously resulting in a total

depolarisation of 0.5 to 1 mV, the miniature endplate potential.

The flow of ions produced by ACh depolarises the resting membrane potential (-70mV)
primarily by an influx of Na* ions but with an associated efflux of K* which prevents the
endplate potential (EPP) from depolarising beyond the zero potential level. The
membrane actually depolarises to about -15mV (in frogs), the null potential, which is
above the threshold of excitation meaning that the pre synaptic voltage gated Na* channels
are opened as well as the transmitter mediated channels allowing an action potential to be

propagated.

After the ACh receptor associated channels close the ACh is released back into the
synaptic cleft where it is rapidly hydrolysed to choline and acetic acid (see section 1.3).
Acetylcholinesterase (AChE) has one of the highest rates of activity for any enzyme
(Silver, 1974). Berry (1951) and Wilson and Harrison (1961) estimated that each enzyme
site can hydrolyse 1.6X105 to 8.3X105 molecules of ACh per minute. Hobbiger (1976)
showed that there are at least ten ACh receptors and ten active enzyme sites per molecule
of ACh released and he suggested that although the concentration of ACh in the cleft will
partially inhibit enzyme activity there will still be enough activity to lower the ACh to
inactive levels within 1ms, which is well within the refractory period of the muscle
membrane (Wilson, 1971), and so prevents the accumulation of ACh from one action

potential to the next.

Fatt and Katz (1952) found that as well as muscle membrane changes caused by nerve or
muscle stimulation there are small, spontaneous depolarising potentials in the region of the
frog motor endplate. The frequency of these events varied from 0.1-100 Hz and they had
the same localisation, time course and pharmacological sensitivities as larger evoked

endplate potentials (del Castillo and Katz, 1956; Liley, 1956a; Brooks, 1956; Thesleff.
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1960). The size of the spontaneous events though was only about 1% of the EPP

(Takeuchi and Takeuchi, 1960) so they are called miniature endplate potentials (MEPPs).

If ACh is applied ionophoretically to the post junctional membrane a discrete
depolarisation is not seen, instead there is a graded depo!arisation which indicates that a
MEPP is produced not by a single molecule of ACh but rather by the synchronous release
of 100 or more molecules (Fatt and Katz, 1952; Liley, 1956b; Katz and Miledi, 1972).
When the bathing solution is manipulated to reduce EPP amplitude, i.e. raising Mg2" and
lowering Ca2*, EPPs show stepped changes in amplitude where the size of the steps
correspond to the size of a MEPP which sugests that the EPP is made up of a number of
MEPP sized depolarisations, a suggestion confirmed by del Castillo and Katz (1954).
They showed how the number of MEPPs making up an EPP conforms to the Poisson
distribution for random events. Later researchers hbwever have found that there may be
deviations from the Poisson distribution, (Wernig 1975). This deviation is caused by the
limited number of viscles available for release or by the limited number of release sites.
Accounting for these limitations, the number of quanta released conforms more to a
binomial distribution. However if the number of vesicles available is large the binomial

distribution approaches the Poisson distrbution, (Stein 1980).

It has been shown therefore that the MEPP is the minimum functional unit of ACh release,
with the exception of non-quantal release. The minimum unit is called the quantum and
the post junctional potential it causes the quantum potential. The number of these
quantum potentials which make up the EPP is the quantal content. There is some
variation in the size of the MEPP from one muscle to the next but this can be mostly

accounted for by the electrical properties of the muscle (Katz and Thesleff, 1957).
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1.4 Principles of extracellular miniature endplate potential, and jitter recording

It is possible to record MEPPs externally using an electrode placed focally over the
endplate region and this is the technique employed within this study. Using this technique
what is actually recorded is a localised ion current caused by the different membrane
potentials at the synapse where transmitter mediated channels are open allowing an ion

flux and the adjacent membrane which is still near its resting potential. These are referred

to as extracellular miniature endplate potentials [(MEPPs)o].

Figure 1.2 illustrates the principle of (MEPP)o recording showing the current flow within

the muscle fibre.

Although the shape of extracellular MEPPs and intracellular MEPPs is the same there are
some differences, as the nature of the event is different. The polarity of the event is
reversed as the microelectrode is negative with respect to the bath, and their time course is
shorter, because with extracellular records the membrane capacitance has no effect. Care
must be taken in positioning the electrode however as too much downwards pressure will

result in an artificial lengthening of the (MEPP)o timecourse due to constriction of the

diffusion path (Katz and Miledi, 1973).

(MEPPs)o have the same sensitivity as EPPs to the action of anti-ChEs due to their
dependence on AChE activity and so have been used in these experiments as an indication
of the activity of functional AChE, i.e. that AChE responsible for the termination of
transmitter action. (MEPPs)o were used as there was no need to attempt voltage
clamping which although giving an accurate record of endplate action is a difficult
technique where 2 electrodes need to be placed in the same cell and a lot of current is
needed to be passed through the clamping electrode. The experiments here were carried

out at 37°C which further complicates voltage clamping.
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Figure 1.2 The principles of recording extracellular miniature endplate potentials
(MEPPs)o showing the synapse a) at rest, b) upon the spontaneous release of a
quantum of ACh, ¢) when there is no Anti-ChE present and d) in the presence of an

anti-ChE - note the presence of the second current caused by the rebinding of the ACh

molecules.



When recording the action potentials from two muscle fibres in the same motor unit there
is variability in the time intervals between the two muscle fibre potentials at consecutive
discharges. This “jitter” is due to variability in the transmission time from the point of

stimulation to the area from which the recording is made. (Ekstedt, 1964)

Single fibre electromyography is a clinical technique developed by Stalberg and Trontelj
(1979) which involves extracellular recording of action potentials in 2 single muscle fibres
of the same motor unit. It is a technique which measures the variability of the latency of
action potentials ‘jitter, excessive amounts of which is a sensitive indicator of

neuromuscular disease.

The variability will occur in different types of recordings. There may be variability in the
time between the action potentials of two fibres in the same motor unit during voluntary
activity (Stalberg and Trontelj, 1979), or in the time between stimuli and action potentials
in a train of evoked responses (Trontelj et al, 1986). The variability is expressed as the
standard deviation around the mean interpotential interval. Measurements of jitter gained
however can be inaccurate due to the increased standard deviation which can be caused by
slow trends superimposed on the short-term random variation. A more accurate way of
expressing jitter is to measure the mean consecutive difference of a train of action
potentials which measures short term variability but is relatively unaffected by slow trends

(Ekstedt et al 1974, Stalberg and Trontelj, 1979).

Kelly et al (1990) modified the technique of single fibre electromyography to record
stimulated action potentials from mouse diaphragm in vitro. In this technique the action
potentials are recorded intracellularly as this ensures that succesive action potentials are
recorded from the same part of the muscle fibre, and so eliminate any variability in delay
caused by the recording of action potentials from different loci. They then went on to
develop computer programs to analyse these action potential trains to investigate jitter

after treatment with ecothiopate. The computer programs measure the delay for each of
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the action potentials in the train and then calculates the mean consecutive difference of

these.

It is this technique of Kelly ez al (1990) which has been used in this study to determine the

long term effects of low doses of anti-ChEs.



1.5 Acetylcholinesterase

Cholinesterases can be broadly divided into two categories true cholinesterase, which 1s
found in nervous and striated muscle tissue, and pseudo cholinesterases, which are found
in plasma, intestine, skin and other tissues. The role of pseudocholinesterases, the main
one of which is butyrylcholinesterase, is not known but true cholinesterase is that which

hydrolyses ACh.

Early attempts to isolate and find the structure of cholinesterase led to discrepancies in the
molecular weight, the estimates differing from 30 million to 70,000 Daltons (Rosenberry
et al., 1972; Silver, 1974; Rosenberry, 1975). The discrepancies were due to the crudity
of the techniques used and it was not until Bon (1979) studied this problem that AChE
was properly classified when six molecular forms were found. Three of these forms were

globular and three asymmetric (Figure 1.3).

The three globular forms were called G1, G2 and G4 as they were found to be made up of
a number of identical chains each with a molecular weight of 71,000 Daltons where the
number of chains is reflected in the name. The three asymmetric forms were called A4, A8
and A12 where the number again represents the number of the single chains. These forms
are actually made up of one, two or three of the G4 forms connected to a collagen tail
which is 50 nm long and has a molecular weight of 100,000. Massoulie and Bon (1982)
suggested that the collagen tails hold the enzyme in place as they are a component of the

basal lamina.

It is the asymmetric forms of the enzyme which are thought to be the functional enzyme
and Al2 in particular, where functional enzyme is defined as that isoform which is
responsible for terminating transmitter action by hydrolysing ACh. It is thought that the
synthesis of AChE is carried out inside the muscle cell and the asymmetrical forms are

packaged into transport vesicles and are then transported to the cell surface where they are
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incorporated into the basal lamina. Rotundo and Fambrough (1980b) suggested that
AChE and the ACh receptor follow a single intracellular transport pathway as they are

transported to the cell surface with similar kinetics.

The role of ACHE at the neuromuscular junction is to hydrolyse ACh, which takes place in
four stdges. AChE consists of two binding sites an anionic site and an esteratic site
(Figure 1.4a). The first stage of hydrolysis is the binding of ACh to AChE, the cationic
heakj 8f ACh binds to the anionic site by its quarternary nitrogen ion and the ester group
cdtﬁmnes to a serine residue at the esteratic site. The bond at the anionic site is an ionic
Bdr{d Which is weaker than the covalent bond formed at the esteratic site, so the latter is
mbte persistent. After attachment the enzyme-substrate compound undergoes hydrolysis
4rd then the weaker ionic bond dissociates removing choline from the anionic site and
leaving the enzyme acetylated. The final step is deacetylation which occurs rapidly. The
final products of the hydrolysis then are choline and acetic acid, which are taken up by the

nerve terminal to synthesise new transmitter, and regenerated enzyme (Figure 1 4b).
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Figure 1.3 The molecularisotorms of acetvlcholinesterase.
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Figure 1.4 Diagramatic represntations of a) acetylcholinesterase structure and b) its
mode of action. The structure illustrates the two binding sites and the mode of action

shows the hydrolysis of ACh.



1.6 Anticholinesterases

1.6.1 Actions of Anticholinesterases

Drugs which have anticholinesterase (anti-ChE) properties can be divided broadly into two
categories, those which dissociate quickly from the enzyme (e.g. edrophonium) and those
which form a much longer lasting and stable enzyme complex. This second category can
be further divided into two subgroups, carbamates which are reversible over tens of
minutes and organophosphates some of which are reversible over tens of hours or days.
In this study two carbamates and one organophosphate were used, pyridostigmine,

physostigmine and ecothiopate respectively.

Figure 1.4a shows the enzyme sites and how ACh combines with it and is hydrolysed.
Anti-ChE’s intefere with one or more of the stages of hydrolysis and so allow the

transmitter to exert a prolonged effect.

Pyridostigmine and physostigme are both carbamates and so attach to both the anionic and
esteratic sites where there is hydrolysis of the enzyme-substrate compound. The bond
with the anionic site is then dissociated leaving carbamylated enzyme. In order for the
enzyme to be regenerated decarbamylation has to occur and this is a slow process
compared to the deacylation carried out when ACh is being hydrolysed. The actions of
carbamates such as pyridostigmine which have a quarternary nitrogen ion are further
complicated by their direct nicotinic action at the skeletal neuromuscular junction, some,
e.g. pyridostigmine interact with the ACh receptor and act as a weak agonist while others
e.g. physostigmine interact directly with the ACh receptor associated channels.
(Albuquerque ef al., 1984). There are some differences between pyridostigmine and
physostigmine however, firstly their duration of action; pyridostigmine has a half life of

approximately 30 minutes in vivo whereas that of physostigmine is shorter. Another






