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Summary

Current knowledge of the long-term, low dose effects of carbamate (CB)
anti-cholinesterases on skeletal muscle or on the metabolism and regulation of the
molecular forms of acetylcholinesterase (AChE) is limited. This is largely due to the
reversible nature of these inhibitors and the subtle effects they induce which has
generally made their study difficult and preliminary investigations were conducted
to determine suitable study methods. A sequential extraction technique was used to
rapidly analyse AChE molecular form activity at the mouse neuromuscular junction
and also in peripheral parts of muscle fibres. AChE in the synaptic cleft involved in
the termination of cholinergic transmission was successfully assessed by the assay
method and by an alternative method using a correlation equation which represented
the relationship between synaptic AChE and the prolongation of extra-cellular
miniature endplate potentials. It was found that inhibition after in vivo CB dosing
could not be maintained during tissue analysis because CB-inhibited enzyme
complexes decarbamoylated very rapidly and could not be prevented even when
maintained on ice. The methods employed did not therefore give a measure of
inhibition but presented a profile of metabolic responses to continual, low dose CB
treatment.

Repetitive and continual infusion with low doses of the CBs:
pyridostigmine and physostigmine induced a variety of effects on mouse skeletal
muscle. Both compounds induced a mild myopathy in the mouse diaphragm during
continual infusion which was characterised by endplate deformation without
necrosis; such deformation persisted on termination of treatment but had recovered
slightly 14 days later. Endplate and non-endplate AChE molecular forms displayed
selective responses to CB treatment. During treatment endplate AChE was reduced
whereas non-endplate AChE was largely unaffected, and after treatment, endplate
AChE recovered, whereas non-endplate AChE was up-regulated. The mechanisms
by which these responses become manifest are unclear but may be due to CB-
induced effects on nerve-mediated muscle activity, neurotrophic factors or
morphological and physiological changes which arise at the neuromuscular
junctiodt was concluded that, as well as inhibiting AChE. CBs also influence the
metabolism and regulation of the enzyme and induce persistent endplate
deformation; possible detrimental effects of long-term, low-dose determination
requires further investigation.

Keywords: Acetylcholinesterase, carbamates, skeletal muscle, myopathy,
endplate.
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CHAPTER 1

INTRODUCTION




1.1 The biogenesis and regulation of acetylcholinesterase.

1.1.1 Background to AChE and its action.

1.1.1.1 The rote of AChE in cholinergic transmission.

Cholinesterases have been a major topic of interest for many years because
of their involvement in neuromuscular and other types of cholinergic transmission.
They exist as a complex family of proteins differing in structure, properties and
location and have a complex mode of regulation. A choline ester hydrolysing
enzyme was first described by Dale in 1914 but was not linked to neuromuscular
transmission. In the 1920s, Otto Loewi identified acetylcholine (ACh) as a
neurotransmitter and when in 1938 Marney and Nachmansohn found that
acetylcholinesterase (AChE) was present in high concentrations at points of nerve-
muscle contact, it became apparent that this enzyme had a role in neuromuscular
transmission. It is now known that AChE (acetylcholine acetylhydrolase: E.C.
3.1.1.7) rapidly hydrolyses ACh within 1 millisecond of its release from
cholinergic synapses (Massoulie et al., 1993) and is located in the junctional cleftin
association with the external surfaces of both pre- and post-synaptic membranes
and basement membrane material (Koelle, 1963; Koelle et al., 1967, Salpeter,
1967, 1969; Csillik and Knyihar, 1968; Bowden and Duchen, 1976; Hobbiger,
1976). The enzyme was not found to be a structural component of endplate
membranes, but merely coats them (Hall and Kelly, 1971). Quantitative
investigations of the numbers and density of ACh receptors (Fambrough and
Hartzell, 1972; Fertuck and Salpeter, 1976) and ACHhE (Salpeter, 1967; Rogers et
al., 1969; Salpeter et al., 1978) using isotopically labelled ligands and light and
electron microscope autoradiography have provided a detailed ‘molecular map' of

the neuromuscular junction.

1.1.1.2 Detection of AChE

In addition to AChE, pseudocholinesterases (ChE) are present n
mammalian skeletal muscle (Vigny et al., 1978) which exist as low-salt soluble and
insoluble molecules and share some properties with AChE. There are many
methods available for detecting AChE and ChE in tissues. Common assays for
AChE and ChE are the colorimetric method of Ellman et al., (1961) and the

radiometric method of Johnson and Russell (1975). The latter is more sensitive but

uses expensive radioactive isotopes. ChE can be located histochemically in tissue
0.




sections or intact cells at the light and electron microscope level by adaptations of
the staining techniques of Koelle and Freindenwald (1949) and Karnovsky and
Roots (1964) and can also be located by autoradiographic techniques. Electron
microscopic localisation revealed that AChE was located in the muscle sarcoplasm
of rat diaphragms, closely related to the post-synaptic membrane and ChE was
observed in the primary and secondary synaptic clefts between the axon and the
teloglial cells (Teravainen, 1967). The irreversible inhibitor
diisopropylfluorophosphate (DFP) was used by Salpeter (1967) to quantify the
number and distribution of AChE molecules at an ultrastructural level and
demonstrated that there were 0.9-1.2x107 molecules of AChE per rat diaphragm
endplate (Rogers et al., 1969). More modern methods of locating AChE involve the
use of a fluorescein-labelled antibody to AChE (Tsuji et al., 1973). AChE and ChE
inhibitors have been extensively used to study the synthesis, assembly and
processing of these enzymes in cells. Certain inhibitors such as BW 284c51 and
iso-OMPA selectively inhibit AChE and ChE respectively whereas other less
selective inhibitors such as DFP which can penetrate cell plasma membranes and
ecothiopate which cannot, when used alone or in combination have enabled the
study of the metabolic behaviour of intra- and extra-cellular pools of AChE
(Mclssac and Koelle, 1959; Rotundo, 1983).

1.1.1.3 Action of AChE.

The primary function of AChE is the termination of cholinergic transmission
by the hydrolysis of ACh although the enzyme may have many other important
roles. AChE is a serine protease which reacts with its substrate at a close to
diffusion-controlled rate (Bazelyansky et al., 1986). Each molecule of AChE has
binding and hydrolytic sites for ACh (Wright and Plummer, 1973). The number of
active sites per motor endplate was determined by the use of radiolabelled DFP
(Waser and Reller, 1965; Barnard, Rimazewska et al., 1971; Barnard, Wieckowski
et al., 1971) and was found to be in the range 2x107 and 5x107 which
corresponded to the number of ACh receptors. It was estimated that each active
enzyme site could hydrolyse 1.6x10° to 8.3x10 molecules of ACh in one minute
(Berry, 1951; Cohen et al., 1955; Wilson and Harrison, 1961). It took 80-100
usecs to hydrolyse one molecule of ACh (Lawler, 1961; Wilson and Harrison,
1961) and Hobbiger in 1976 showed that there were at least ten ACh receptors and
ten AChE active sites available for each molecule of ACh released by a nerve

impulse. High concentrations of ACh were found to inhibit AChE activity and the

graph relating the rate of ACh hydrolysis to concentration of substrate 1s bell-
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shaped. Hobbiger in 1976 indicated that the concentration of ACh in the synapse
immediately after release by a nerve impulse is in a mM range which partially
inhibits AChE activity but considered that there was sufficient enzyme activity to
lower the concentration of ACh to inactive levels within one millisecond which is
well within the refractory period for the muscle fibre (Wilson, 1971). This rapid
enzymatic activity combined with the physical diffusion of ACh from the receptor
region ensures that there is no accumulation of ACh from one nerve impulse to the
next even during very high physiological frequencies of nerve impulse traffic.

The function of AChE is therefore not only to terminate the interaction of
transmitter with post-junctional receptors but also to prevent or control the
interaction of diffused ACh with receptors on nerve endings. The existence of these
is not disputed but there is controversy regarding whether these have a
physiological role distinct from a mere pharmacological role in nervous
transmission.

There is a good understanding of the kinetics of AChE activity and the
composition of its active sites which has been summarised by Main (1976). Each
active site consists of two subsites: the anionic site which attracts and holds the
positively charged cationic nitrogen-containing trimethylammonium head group of
ACh via the negatively charged oxygen of a dissociated carboxylate group of a
glutamy! residue and the esteratic site which catalyses the hydrolysis and contains
the side groups of histidine, tyrosine and serine. The hydrolysis of ACh occurs in
two stages: choline is first cleaved off leaving an acetylated esteratic site on the
enzyme which then reacts with water to release acetate and regenerate active enzyme
(see Figure 1.1).

In recent years, cDNA cloning and sequencing has revealed the primary
structure of various types of AChE (MacPhee-Quigley et al., 1985) and the three-
dimensional atomic structure of the molecule has now been solved (Sussman et al.,
1991). Site directed mutagenesis has been used to determine which residues are
functionally important. The active site of AChE is now known to contain the typical
catalytic triad of serine hydrolases with histidine as the intermediary charge relay
residue (Wilson and Bergmann, 1950). In 1990 Gibney et al., identified serine-200
and histidine-440 to be active site residues in Torpedo californica.. Histidine
residues were found to be conserved in most species at positions 425 and 400. The
third residue in the triad is thought to be glutamate-327 in Torpedo and glutamate-
334 in humans (Shafferman et al., 1992) but other surrounding residues were
highlighted as having an important role. Residues involved in the catalytic triad may

vary between species. Hence, AChE-driven hydrolysis, like protease-driven
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hydrolysis depends on a charge relay mechanism in which a carboxylic acid
stabilises the tautomer of the imidazole necessary for proton transfer .

The active site itself is thought to be formed by a deep, narrow gorge which
penetrates nearly to the centre of the 70-kDa catalytic subunit. The gorge is lined
with around 14 hydrophobic, aromatic residues which may aid the catalytic
efficiency of the enzyme by providing a guiding mechanism for the diffusion of
ACh to the active site and participate in the allosteric modulation of catalysis
(Ordentlich et al., 1995). Histidine-440 forms the choline binding site while
phenylalanine-329 is important for the acetyl binding site. Serine-198 in humans or
serine-200 in Torpedo forms the nucleophilic attacking region which becomes
acetylated and de-acylated during substrate binding whilst glutamate-199 and
glutamate-443 may have a role in holding the water molecule needed for the final
stage of catalysis close to the active site. AChE is thought to have an additional

peripheral site for binding ACh of unknown function.

1.1.1.4 Non-cholinergic functions of AChE.

ACHE has been reported to have several actions which are unrelated to its
cholinergic function and is located in non-neuronal tissues such as erythrocytes,
plasma, blood vessels and placenta and very high concentrations are found in the
brain in the absence of ACh (Greenfield, 1984; Greenfield, 1992; Appleyard,
1992).

Non-cholinergic roles are generally unclear but may include roles in neural
development (Wolfgang and Forte, 1989; Massoulie et al., 1993) and
neuromodulatory functions (Greenfield, 1984; Greenfield, 1992; Appleyard,
1992). AChE may also be a zymogen of neuropeptide processing enzymes due its
location in neuropeptide-containing cells and its intrinsic protease activity and ability
to hydrolyse neuropeptide precursors when activated by proteolysis (Small, 1989).
The role of AChE as a zymogen may account for the polymorphism of the enzyme
and its multi-cellular locations and may explain the existence of the secreted forms
which are produced by a variety of cells including muscles. The role of AChE as a
neuropeptide processing enzyme may be important in the understanding of

neuropeptide regulation and is discussed in more depth in Section 1.1.6.3.

1.1.2 Structure and properties of AChE.

From 1969 onwards, Massoulie, Rosenberry and Silman produced many

papers on the molecular forms of AChE and ChE, their solubility properties and
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probable structure models. Early studies were carried out on eel and ray electric
organs but were later generalised for rat, mouse, chicken and man (Bon et al.,
1979; Rotundo and Fambrough, 1979; Fernandez et al., 1979; Carson et al.,
1979).

1.1.2.1 Globular and asymmetric forms of AChE.

It was discovered that AChE existed not as one, but as several oligomeric
forms, some which were anchored to membranes and others which were freely
diffusible. A whole host of electrically excitable tissues as well as non-excitable
cells were found to express any of the six different forms of AChE which could be
separated and identified by a variety of methods such as velocity sedimentation on
sucrose density gradients and gel filtration chromatography. In skeletal muscle,
AChE displays a polymorphism which has been demonstrated in several vertebrate
species (Massoulie and Reiger, 1969; Bon et al., 1979; Nicolet and Reiger, 1981).

AChE exists as two distinct classes: globular and asymmetric (Rosenberry,
1975, 1985; Massoulie, 1980; Massoulie and Bon, 1982; Brimijoin, 1993). The
homomeric or globular forms are monomers, dimers and tetramers of a catalytic
subunit of approximate weight 71,000 daltons with sedimentation co-efficients of
around 5S, 7S and 118 respectively (which vary according to species). Massoulie
referred to these as G1, G2 and G4 (see Figure 1.2). These can exist as soluble,
hydrophilic forms or as amphiphilic forms which associate with membranes. The
heteromeric or asymmetric forms consist of 1, 2 or 3 tetramers covalently linked by
disulphide bonds to a three stranded collagen-like tail (Dubai et al., 1973; Bon et
al., 1976; L.Lwega-Mukasa et al., 1976; Rosenberry and Richardson, 1977; Angister
and Silman, 1978). The sedimentation co-efficients of these forms are around 128,
15S and 16-17S and are called A4, A8 and A12 respectively (see Figure 1.2). The
collagen-tail functions in anchoring asymmetric AChE to proteoglycans in the
synaptic basal lamina of muscle fibres (Bon and Massoulie, 1978; Torres and
Inestrosa, 1983: Torres et al., 1983, McMahan et al., 1987) and extra-cellular
matrix of excitable cells. Collagen-tailed forms are highly concentrated in the
neuromuscular junction and the A12 form which has a sedimentation co-efficient of
16S is believed to terminate cholinergic transmission (Hall, 1983).

Globular and asymmetric forms can be separated due to their different
solubility characteristics in low and high ionic strength buffers. Globular forms are
soluble in low ionic buffer (below 150mM) and asymmetric forms are soluble in
high ionic buffer (0.5-1.0M). All tissues can synthesise and assemble all the forms
of AChE but exhibit them in different proportions due to differences in rates of
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synthesis, assembly, intra- and extra-cellular degradation and retention at their

locations.

1.1.2.2 Molecular biology of AChE.

Early genetic experiments (Soreq et al., 1984; Sikorav et al, 1984)
suggested that AChE appeared to be translated from more than one class of mRNA
transcript. It was not known whether these multiple mRNA transcripts were
separate gene products or the result of differential processing of a common
transcript. In Torpedo, two different mRNA transcripts were found to encode
separate AChE polypeptide chains (Sikorav et al., 1984).

In 1986, Schumacher et al., identified and sequenced a c¢DNA clone
containing the entire coding sequence of the Torpedo electroplax asymmetric form
subunit. There was not found to be any homology between the AChE polypeptide
and the ACh receptor which implied these were encoded by separate genes. AChE
was also found to be encoded by a different gene to ChE (Koelle et al., 1977). It is
now known that the catalytic subunits of human AChE are encoded by a single gene
located within 6 kilobases of DNA sequence on chromosome 7q22 (Getman et al.,
1992) and the structural diversity of ACHE arises largely from alternative mRNA
processing arising from alternative splicing of exons found at the 3' end of the open
reading frame (Li et al., 1991). Alternative splicing gives rise to carboxyl termini
which differ in their capacity to disulphide bond with other catalytic and structural
subunits or associate with the plasma membrane (Massoulie et al., 1993; Taylor and
Radic, 1994) and the catalytic and tail subunits of AChE are encoded by different
genes.

The 5' end of the mouse AChE gene has two transcriptional start (Cap) sites
(see Figure 1.3). The gene contains three invariant exons; 2, 3 and 4 in the open
reading frame which encode the signal peptide and 535 amino acids found in the
primary sequence of both globular and asymmetric AChE and contain the genetic
information for all essential catalytic residues and cysteines that form intra-subunit
disulphide bonds. Alternative mRNA splicing from exon 4 to exons 5 and 6 dictates
whether the type of AChE produced is destined to have a collagen-like tail or a
glycophospholipid membrane anchor (Li et al., 1991). Splicing of exon 5 to exon 4
gives a hydrophobic sequence and leads to the addition of glycophospholipids.
Subunits with the ability to form disulphide bonds with the collagen-tail subunitare
encoded by the invariant exons 2-4 linked to exon 6.

Alternative polyadenylation signals (pA) are found in the 3'-untranslated

region which may be important in influencing the stability of the mRNA. Promoter
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elements which control the expression of AChE genes in mammalian cells have
now been identified in Torpedo (Ekstrom et al., 1993) and mouse muscle (Mutero
et al., 1995) but little is generally known of the transcriptional regulation of the
mammalian gene. Both mouse and human genes display a conservation of structure
from the promoter region upstream of exon 1 through the first pA signal (Li et al.,
1991) and in 1995, Getman et al., cloned and characterised promoter sequences
from the 5' region of the human AChE gene and determined transcription initiation
sites. They found that GC-rich sequence elements containing consensus binding
sites for the transcription factor Spl were essential for transcription, while the
transcription factor AP2 acted as a repressor of human and mouse genes in vitro.
Alternative promoters and splice acceptors occur in the 5' untranslated region of the
gene which leads to tissue specific spicing in brain, muscle and erythrocytes (Li et
al., 1993, Ekstrom et al., 1993).

1.1.2.3 Subunit composition of AChE molecular forms.

The polymorphism of AChE arises from the associations of various catalytic
and structural subunits derived from the AChE gene. Catalytic subunits include a
soluble T-subunit and a hydrophobic H-subunit which are both derived from a
single gene by alternative splicing (Schumacher et al., 1988; Li et al., 1991).
Structural subunits include the collagen-like Q-subunit (Krejci et al., 1991) and the
20-kDa lipid-linked hydrophobic P-subunits (Inestrosa et al., 1987).

Subunits may also vary between species. Non-catalytic subunits of
unknown function were identified in electric ray asymmetric forms (Lee et al.,
1982b) which were not present in electric eel. Also, membrane-bound globular
forms differed to soluble globular forms and asymmetric forms with respect to
covalent modifications and primary structure. For example, Torpedo electroplax
asymmetric forms are associated with the basal lamina but the amphipathic dimeric
globular forms are located exclusively on the pre-synaptic plasma membrane (L
and Bon, 1983). Some amphipathic dimeric globular forms are associated with
vesicles (Bouma et al., 1977) and can be solubilised by treatment with
phosphoinositol-specific phospholipase C (Futerman et al., 1984) suggesting that
they may be associated with a phospholipid molecule which includes carbohydrate
residues (Haas et al., 1986). Hence, membrane-bound and soluble globular forms
can be differentiated by the presence or absence of covalently linked phospholipids
and may have different primary structures (Lee and Taylor, 1982; Lee et al.,
1982a).



Studies of mRNA suggest that in different species, different types of
polypeptide chains may exist. Electric eel can translate one species of mRNA
whereas electric ray can translate two separate species. G2 and G4 from chicken
brain (Rotundo, 1984b) and muscle (Rotundo, 1984c) appear to contain two
distinct polypeptide chains differing between 5000-10000 daltons which may be
due to differences in primary structures of two distinct alleles (Randall et al., 1987).
Hence, the general structures of AChE are conserved in various species but
variations can occur with respect to catalytic subunit primary structure, size and

covalent modifications.

1.1.2.4 Cell-bound and secreted forms of AChE.

The molecular forms of AChE can interact with cell membranes by a variety
of inherent modifications found in dimers, tetramers and the collagen-tailed forms.
(Inestrosa and Perelman, 1989). Globular AChE can exist as either soluble secreted
forms, precursor forms or as detergent-soluble membrane associated forms. The
differentiation between the globular forms arises from the T-subunit which forms
secreted and cell-bound T-type dimers and tetramers attached to cell-associated
structural subunits (Massoulie et al., 1992).

Cell-bound forms of AChE include dimeric enzyme found in human
erythrocytes (Ott et al., 1975; Ott and Brodbeck, 1978; Dutta-Choudhury and
Rosenberry, 1984; Rosenberry and Scoggin, 1984) and Torpedo electroplax (Bon
and Massoulie, 1980; Viratelle and Bernhart, 1980; Lee et al., 1982a; Futerman et
al., 1984) and tetrameric enzyme found in high concentrations in the brain (Reiger
and Vigny, 1976; Grassi et al., 1981; Rotundo, 1984b). Extra-cellular AChE
dimers attach to cell plasma membranes by the diacylglycerol moiety of a
glycosylphosphatidylinositol glycolipid in the carboxy-terminus of the polypeptide
(Richier et al., 1992) which can bind to one Triton X 100 micelle (Dutta-Choudhury
and Rosenberry, 1984) therefore rendering it detergent-soluble (see Figure 1.2).
AChE tetramers attach to cell plasma membranes by a covalently attached 20kDa
hydrophobic polypeptide anchor (see Figure 1.2). The G4 anchor contains three
subdomains: a proximal subdomain containing disulphide bridges involved in the
binding of the hydrophobic domain to the 68kDa catalytic subunit, a proteinase K-
sensitive intermediate subdomain and a pronase-resistant 7kDa subdomain which
contains fatty acids involved in binding the molecule to the membrane (Inestrosa
and Perelman, 1989).

As well as G2 and G4 forms, asymmetric AChE has structural
modifications enabling it to associate with the extra-cellular matrix. The tail subunit
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of asymmetric forms contains a collagen-like composition and hydroxyproline,
hydroxylysine, proline and glycine amino acids (Mays and Rosenberry, 1981). In
addition, it also contains a non collagen-like domain due to the presence of amino
acids not normally associated with collagen as well as a cleavage site for proteases
that do not cleave collagen (Mays and Rosenberry, 1981) at a specific site by the
amino-terminal end of the tail (Krejci etal., 1991). The collagen-tailed form can be
removed by treatment with collagenase (Hall and Kelly, 1971; Betz and Sakmann,
1973). In muscle cell cultures, some asymmetric AChE was found to be covalently
bound to muscle proteins by transglutaminase and suggested that these collagen-
tailed AChE were crosslinked via one or more sites in the collagen-like subunits to
transglutaminase substrates of fibronectin or other extra-cellular glycoproteins in a
manner which directs the functional orientation of the catalytic subunits (Hand and
Haynes, 1992). The primary structure of the tail subunit contains a signal peptide,
an N-terminal proline-rich domain, a collagenic domain with periodic repetitions of
glycine every three residues and a C-terminal domain containing a proline-rich
region and a cysteine rich region. The collagenic domain is bracketed by two pairs
of cysteines which lock the triple helical collagenic tail into a stable conformation.
Collagen-tail formed AChE reversibly binds to heparin-like glycosaminoglycans
present in extra-cellular matrix glycoproteins such as heparin or dermatan sulphate
proteoglycans. Binding between AChE and proteoglycans is mediated by clusters
of basic residues which form belts around the triple helix of the collagenic tail.
(Deprez and Inestrosa, 1995).

Secretion of AChE from muscle cells was demonstrated by Wilson et al.
(1973) and there was found to be a distinction between AChE targeted for the
plasma membrane and for secretion (Rotundo and Fambrough 1980a,b). Secreted
globular AChE may be unassembled T-subunits, degradation products of extra-
cellular multimers or products of the recently identified mRNA species that encodes
AChHE subunits devoid of a COOH-terminal cysteine residue which is believed to be
involved in the assembly of AChE into multimeric forms (Li et al., 1991). The role
of secreted globular forms is unknown. They are secreted by a variety of cells
including nerve and muscle (Linkhart and Wilson, 1975; Gisiger and Vigny, 1977;
Oh et al., 1977) and are found in all body fluids including serum, cerebral spinal

fluid and saliva.



1.1.3 Synthesis, assembly and processing of AChE.

1.1.3.1 Biogenesis of AChE.

Much of the study of the biogenesis of AChE has derived from tissue
culture studies on nerve and muscle cells and a summary of the biogenesis process
is shown in Figure 1.4. AChE mRNA transcribed from the AChE gene is
transferred to the rough endoplasmic reticulum (RER) on ribosomes which bind to
the membrane and translate AChE polypeptide chains into the lumen, as expected
for secreted and membrane-associated proteins. In the RER the polypeptides are
folded, disulphide bonds formed and core sugars are acquired before they are
transferred to the Golgi apparatus for complex carbohydrate processing and
targeting to specific cellular locations. Only about 20-30% of the AChE synthesised
is transferred to the Golgi, the rest is degraded. All AChE polypeptides are
glycoproteins containing approximately 15% asparagine-linked olj gosaccharides by
weight (Bon et al., 1976; Rotundo, 1983, 1984b). AChE polypeptides appear to
contain only N-linked oligosaccharides which are added co-translationally.

Globular forms of AChE are assembled soon after synthesis in the lumen of
the RER (Rotundo, 1984a). After assembly they are transported to the Gol gl where
further modification of their oligosaccharides occurs i.e. trimming of mannose
residues and addition of N-acetylglucosamine and galactose. Finally sialic acid may
be added depending on species (Bon et al., 1976). In tissue-cultured chicken and
quail muscle cells processing of oligosaccharides during the journey of AChE
polypeptides through the cell, takes about 2 hours. Only enzyme molecules with
fully processed carbohydrate chains complete the Journey through the cell and
become externalised as secreted molecules or associated with the cell surface
(Rotundo, 1984a). Cell-bound dimers acquire their glycophosphatidylinostiol
anchors in the Golgi apparatus (Inestrosa and Perelman, 1989).

Asymmetric AChE is assembled late in the synthesis, processing and
targeting pathway within muscle cells (Rotundo, 1984a; Inestrosa, 1984) from G4
tetrameric precursors (Rotundo, 1984; Lazar et al., 1984; Brockman et al., 1986)
made 90 mins earlier in the RER by the addition of the collagen-tail. Intersubunit
disulphide bonds involving the most COOH-terminal cysteine of the catalytic
subunit have a key role in determining which globular molecules in the RER will be
assembled into asymmetric forms (Lockridge et al., 1979; Roberts et al., 1991;
Velanet al., 1991 ; Lockridge at al., 1979). It is possible that a cysteine-580 residue
constitutes a RER retention signal for molecules destined to be assembled into

higher forms and molecules without the residue are eventually secreted and form an
-34-






extra-cellular pool of monomers with an unknown function (Kerem et al., 1993).
The carbohydrate side chains of asymmetric forms are complexly processed and
contain terminal galactose residues (Rotundo, 1984a) which are added by
galactosyltransferase present only in the distal cisternae of the Golgi where
asymmetric processing therefore occurs.

Asymmetric forms are externalised 2.5 hours after synthesis (Inestrosa,
1984) and become associated with heparan sulphate proteoglycans in the extra-
cellular matrix or with the cell surface. No collagen-tailed forms were found to be
secreted, suggesting that there is an efficient capturing and binding mechanism for
the enzyme and the presence of cell-surface proteoglycans may be a necessary
signal for the externalisation of the enzyme. Collagen-tailed forms, secreted AChE,
membrane-bound AChE and ACh receptors are transported to the cell surface from
the Golgi apparatus by a common pathway in the same vesicles (Rotundo and
Fambrough, 1980b).

Newly made AChE is also found in microsomes in muscle with their active
sites facing towards the interior. Microsomal membranes derived from the
sarcotubular system i.e. terminal cisternae, longitudinal sarcoplasmic reticulum and
T-tubules of mammalian muscle contain a full range of globular and asymmetric
AChE of which three distinct pools were identified on the basis of their interaction

with the membrane (Cabezas-Herrera et al., 1993).

1.1.3.2 Activation of AChE.

Walker and Wilson (1976) proposed that newly made AChE may undergo
an activation step. Catalytically active AChE was located in the RER by electron
microscopy and histochemical methods (Tennyson et al., 1973; Sawyer et al.,
1976; Davis and Koelle, 1978). In addition to this active enzyme, a large intra-
cellular catalytically inactive pool was located (Lazar et al., 1984) which was
approximately 40-80% of the total intra-cellular newly synthesised AChE and
pulse-chase studies using radiolabelled amino acids showed that only a small
fraction of this pool becomes activated and assembled into oligomeric forms
whereas the rest is degraded. Studies proposed that the AChE activation mechanism
is independent from AChE biosynthesis and largely unclear but maturation of the
active site may involve a conformational change in the enzyme early in the
processing of the molecule and may be analogous to that of the ACh receptor
(Merlie and Sebbane, 1981; Merlie and Lindstrom 1983).



1.1.4 Transport and localisation of AChE in muscle.

1.1.4.1 Subcellular distribution of AChE.

Different forms of AChE appear to have different, but overlapping
subcellular distributions. 65-75% of all active AChE is located in intra-cellular
compartments (Rotundo and Famborough, 1980a,b; Brockman et al., 1982;
Younkin et al., 1982) including organelles for synthesis and processing of exported
proteins such as RER, the Golgi apparatus and vesicles involved in transport of
proteins from one compartment to another. Newly made AChE is located in vesicles
known to mediate intra-cellular transport of proteins to the plasma membrane
(Porter-Jordan et al., 1986), lysosomes which mediate intra-cellular degradation of
cell surface components, muscle sarcoplasmic reticulum (Tennyson et al., 1973),
secretory granules (Wake, 1976; Sawyer et al., 1976) and the perinuclear space
(Sawyer et al., 1976). In nerves, AChE molecules are transported from cell bodies
to nerve terminals by rapid axoplasmic transport (Ranish and Ochs, 1972; Brimijoin
and Wierma, 1978; DiGiamberardino and Couraud, 1978). Hence, based on the
sequence of events during the synthesis and assembly of AChE molecular forms
(Rotundo, 1984a) only globular forms are found in the RER of all cell types and all
other forms are found in the late Golgi and post-Golgi organelles. The role of
sequestered AChE in the sarcoplasmic reticulum of muscle is unknown (Tennyson
et al., 1973).

1.1.4.2 Cell surface localisation of AChE molecular forms.

Cell surface AChE is important in neuromuscular transmission and acts as a
marker for nerve-muscle contact. In muscle 30-50% of total cellular AChE 1S
located externally on cell surfaces (Rotundo and Fambrough, 1980a,b; Brockman et
al., 1982; Younkin et al., 1982; Donoso and Fernandez, 1985) and is
predominantly asymmetric and membrane-bound G4 and G2 (Brockman et al.,
1982; Inestrosa et al., 1982; Rotundo, 1983, 1984a).

Collagen-tailed AChE is present in higher amounts in innervated muscle
(Hall, 1973) and is the predominant form in the neuromuscular junction where it
inserts into the basal lamina (Inestrosa et al., 1982). The presence of the junctional
form appears to be critically dependent on the integrity of neuromuscular
transmission since interference by pharmacological means (Rubin et al., 1980) or
surgical denervation (Hall, 1973) causes the activity to disappear. Although most
junctional AChE is associated with the basal lamina and is located between the
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nerve-ending and muscle plasma membranes (McMahan et al., 1978) some may be
localised on the presynaptic plasma membrane (Salpeter et al., 1978). In some
species, the collagen-tailed form has also been located in non-endplate regions but
its function at these sites is unknown (Carson et al., 1979).

The compartmentalisation of cell surface asymmetric AChE with respect to
function occurs due to the restricted expression of mRNA which encodes only
enzyme destined for the synaptic membrane which overlies the nucleus of origin.
However, transcripts encoding AChE are widely distributed in muscle fibres which
can potentially be expressed by a majority of nuclei (Tsim et al., 1992). Rossi and
Rotundo (1992) found that AChE molecules in multinucleated myotubes are
preferentially transported and localised to regions of surface membrane overlying
the nucleus from which they were expressed and this targeting could be important
in maintaining specialised cell surface domains such as neuromuscular and

myotendinous junctions.

1.1.5 Turnover of AChE.

1.1.5.1 Studies on tissue-cultured muscle.

The turnover of a molecule is a balance between the rate of synthesis and the
rate of degradation. Little of known of the true turnover rate of AChE because it
exists as a complex family with many subcellular locations and is difficult to study.
[nitial studies of AChE turnover involved inhibiting protein synthesis in cultured
muscle cells and measuring the rate of disappearance of cell AChE (Wilson and
Walker ,1974; Rotundo and Fambrough, 1980a). From these studies it was found
that cell AChE is partially localised intra-cellularly and partially on the cell surface in
the ratio 2:1 (Rotundo and Fambrough, 1980 a,b). The intra-cellular pool in
cultured muscle had a rapid turnover and the half-life of catalytically active AChE is
around 90mins (Lazar et al., 1984). The kinetics of the appearance of new
catalytically active heavy AChE suggested the presence of a catalytically inactive
precursor pool (Lazar et al., 1984). The turnover rate of the inactive pool is unclear.
This inactive AChE probably never leaves the Gol g1 apparatus and cannot be easily
detected by conventional methods.

Most of the intra-cellular pool is destined for secretion and some is destined
for the cell surface where it becomes membrane-bound or associated with the basal
lamina (Rotundo and Fambrough, 1980a; Brockman et al., 1982). Cell surface
AChE accumulates at the rate of 3% of the total surface population of AChE per
hour, and is degraded at the rate of 1% per hour (Rotundo and Fambrough, 1980a)
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resulting in a net increase of surface AChE. Cell surface AChHE has a half-life of
approximately 40-50 hours (Lazar et al., 1984) whereas the half-life of ACh
receptors is 20 hours, suggesting that cells can distinguish between AChE and
receptors and degrade them at different rates. Cell surface AChE is degraded by a
mechanism exhibiting first order decay kinetics which may be mediated by

lysosomes (Devreotes and Fambrough, 1976).

1.1.5.2 Half-life of AChE at the neuromuscular junction.

Denervation studies of the turnover of synaptic AChE (Inestrosa and
Fernandez, 1976, 1977) have under-estimated its duration in the synapse because
injured nerve and muscle cells release proteases which may speed up the
degradation of AChE (Fernandez and Duell, 1980). However McMahan et al.
(1978) showed that after denervation a substantial amount of synaptic AChE could
still be histochemically stained for several months suggesting that it had a slow
turnover rate. Kasprzak and Salpeter (1985) estimated the half-life of mouse
synaptic AChE to be around 20 days using radiolabelling and autoradiography and
was longer than that predicted by denervation studies. The half-life of AChE was
found to be nearly twice as lon g as that of the ACh receptor (Kasprzak and Salpeter
1985). Since, ACh receptors are integral membrane proteins and are degraded by
internalisation of the cell surface and transport to lysosomes whereas AChE is
located in the basal lamina which is at some distance from the plasma membrane
(McMabhan et al., 1978), it is unlikely that the same mechanism controls the
turnover of these molecules. Non-endplate AChE, in contrast, has a shorter half-life
than endplate AChE of around 26 hours (Newman et al., 1984)

1.1.6 Regulation of AChE synthesis and location.

1.1.6.1 Levels of regulation.

The regulation of appropriate AChE levels at their sites of function may
occur at several different levels i.e. transcriptional, translational and post-
translational and due to the development of molecular probes, this has recently
become an active area of research. These probes include monoclonal and polyclonal
antibodies to AChE polypeptides, enzymes which allow the study of associated
oligosaccharides and ¢DNAs to several AChE mRNA allowing studies at the
transcriptional level. However, much of the understanding of AChE regulation is

still at an infant stage.
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Little is known of the regulation of enzyme levels and expression of AChE
at the transcriptional level. It is known that for ACh receptors transcription and
presence of mRNA in the cytoplasm is insufficient for synthesis of subunit
polypeptide chains (Merlie and Lindstrom, 1983: Merlie and Sebbane, 1981; Merlie
1984) which requires additional cellular signals. Post-translational control of AChE
may therefore be important in determining how many functional AChE molecules
are assembled into oligomeric forms and transit the cell to reach the plasma
membrane.

AChE may also be regulated with respect to where it is located. New AChE
which is externalised at the plasma membrane or synaptic basal lamina must be
located at sites of function and control of localisation must therefore be dependent
on interactions with other molecules in the plasma membrane, the cytoplasm or the
extra-cellular matrix. For example, the location and attachment of Jjunctional AChE
to the basal lamina must depend on molecules in this region to which the enzyme
can bind (McMahan et al., 1978). Since, asymmetric AChE can bind to (Bon and
Massoulie, 1978) and be solubilised by heparin (Torres and Inestrosa, 1983: Torres
et al., 1983) and a specific form of heparin sulphate proteoglycan is highly
concentrated at sites of nerve-muscle contact (Anderson and Fambrough, 1983;
Bayne et al., 1984), it follows that this molecule provides an anchorage site for
Jjunctional AChE. Hence, regulation of AChE in the cleft, is mediated by the
presence of specific molecules in the cleft which provide binding sites.

It was previously thought that the nerve released trophic substances which
alone regulated the functional integrity of muscle. This was found to be an
oversimplification. Innervation has a profound influence on AChE activity as
denervation effects both endplate and non-endplate AChE (Newman et al., 1984).
Muscle function was found to be dependent on muscle activity as well as the
contribution of factors from nerves which also function in the localisation and
anchorage of other synaptic components of the neuromuscular junction (Guth,
1969; Drachman, 1972; Reiger et al., 1980; Lomo and Slater, 1980a,b; Rubin et al;
1980; Younkin et al; 1978; Davey et al., 1979; Fernandez et al; 1979a,b; Fernandez
et al; 1980; Lentz et al, 1981). The influence of the nerve on mammalian skeletal
muscle non-endplate AChE is mediated primarily by the activity (action potentials
and contractions) exerted by the nerve on muscle and the influence of the nerve on
endplate-specific AChE is mediated in part by muscle activity and a mechanism
which is activity independent and possibly due to neurotrophic factors (Younkin
and Younkin, 1988).
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1.1.6.2 Influences of muscle activity.

Muscle activity refers to the occurrence and frequency of muscle
contractions and all the associated electrical and ionic events at the plasma
membrane and normal muscle activity is important for maintaining muscle integrity.
[f activity is abnormal, muscles may degenerate. The presence of nerve impulses to
the muscle is important in determining the number and type of proteins made in the
muscle. Weeds et al., (1974) showed that reinnervating slow muscles with fast
muscle nerves switched off the synthesis of slow muscle myosin heavy chains and
switched on the synthesis of fast muscle myosin heavy chains. The pattern of nerve
impulses was also found to be an important variable in muscle function. When slow
muscle was stimulated by electrodes at the rate that fast muscle is normally
stimulated, the slow muscle began to make fast muscle myosin heavy chains
(Salmons and Sreter, 1976; Rubenstein et al., 1978). Since fast and slow muscle
myosin heavy chains are encoded by two distinct genes (Buckingham et al., 1984),
the studies implied that the pattern of impulse activity could regulate which genes
were transcribed and which mRNA was translated in the cell.

Muscle activity can also affect synthesis of synaptic components i.e. ACh
and AChE. Several studies in vivo and in tissue cultures showed that the amount
and pattern of muscle activity was important in determining AChE levels and the
appearance of individual molecular forms. Reiger et al., (1980) and Rubin (1985)
showed that when spontaneous contractions in cultured muscle cells were blocked
by blocking voltage-dependent sodium channels with tetrodotoxin, asymmetric
AChE disappeared but globular AChE was unaffected. Blockage of ACh receptors
with curare (Rubin et al., 1980) also eliminated the appearance of asymmetric
AChE but not of globular AChE. It was not known if the effects were due to
inhibition of synthesis of polypeptides in the collagen-tailed subunit or due to
prevention of the covalent association of various subunits in the asymmetric
molecule.

Unlike ACh receptors which always increase after denervation, AChE
molecular forms may increase or decrease. Denervation results in a decrease in total
muscle activity in rat (Guth and Zalewsky, 1963; Lubinska, 1966; Hall, 1973) but
an increase in muscle activity in chicken and rabbit (Sketelj et al., 1978; Bacou et
al., 1982). Denervation of rat, rabbit or chicken muscle is always followed by a
rapid decrease in the amount of asymmetric AChE to very low levels. (Hall, 1973;
Collins and Younkin, 1982; Bacou et al., 1982; Sketelj et al., 1978; Silman et al.,
1979; Fernandez et al., 1980). In adult mammalian skeletal muscle. denervation
causes a rapid decrease in both endplate and non-endplate AChE and reinnervation
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causes a reappearance these enzymes (Guth and Zalewski, 1963; Weinberg and
Hall, 1979). Hence, unlike the regulation of ACh receptors which is similar
between species, regulation of AChE between species may be different.

The contribution of muscle activity in the regulation of AChE was also
studied by developing ectopic endplates. These were made by denervating muscles
at the synapse and replanting the nerve at a different site along the muscle fibre
(Guth and Zalewski, 1963; Lomo and Slater ,1980a,b; Weinberg and Hall, 1979:
Weinberg et al., 1981). It was found that asymmetric AChE disappeared from the
original synapse following denervation and reappeared at both the original and
ectopic endplate following replanting of the nerve. This implied that the continual
presence of the nerve was not necessary for localisation of AChE (Guth, 1968).

Recovery of AChE at the original synaptic site could also be induced by
electrical stimulation (LLomo and Slater, 1980a,b) suggesting that muscle activity
alone is sufficient for the accumulation of newly synthesised molecules at a
denervated neuromuscular Junction. Weinberg and Hall (1979) and Weinberg et al.,
(1981) showed that asymmetric forms developed at the original and ectopic sites,
suggesting that muscle could express the correct form of AChE at a site in the
absence of direct nerve contact when the muscle was active. However, expression
of AChE at the former innervated site does require that the region of muscle,
possibly via the basal lamina had been previously contacted by the nerve (Lomo and
Salter, 1980a,b; Weinberg and Hall, 1979; Anglister and McMahan, 1985). The
nerve is therefore capable of imprinting an enduring si gnal on the basal lamina that
instructs the muscle fibre, when active to synthesise and insert AChE at a particular
point (Anglister and McMahan, 1985). The normal expression of AChE at the
endplate requires the presence of the motor nerve (Fernandez and Inestrosa, 1976)
but the synthesis of asymmetric AChE is therefore an intrinsic property of muscles
that does not require the presence of neurons (Vallette et al., 1990).

When rat soleus muscle (slow twitch type muscle) was denervated, total
AChE decreased and asymmetric AChE disappeared (Lomo et al., 1985) and when
the soleus was stimulated electrically at fast and slow muscle rates, AChE levels
were increased to normal. Asymmetric AChE in denervated muscle was found to be
increased by electrical stimulation and accumulated in junctional and extra-junctional
regions of muscle. In some cases, innervation of denervated muscle increased
asymmetric AChE to above normal levels (Lomo et al., 1985). Hence, muscle
activity also has an important role in regulating the amounts of AChE expressed and
the relative abundance of the different oligomeric forms.

Sveistrup et al., (1995) studied levels of AChE mRNA in muscle after 8

weeks of increased exercise in rats and found that in the fast extensor digitorum
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longus muscle, total AChE increased by 72% due to a threefold increase in G4,
whereas in the slow soleus muscle, total AChE increased by 33% but A12 was
decreased by 30%. This suggested that increases in neuromuscular activity
modulate the expression of the AChE gene and a pretranslational regulatory
mechanism may be involved in the adaptive response of AChE to enhanced

neuromuscular activation.

1.1.6.3 Role of nerve factors and hormones in the regulation of muscle AChE.

Little is known of the precise chemical nature of regulatory neurotrophic
factors, their origin or the level at which they exert their effects. A variety of trophic
factors, some which originate from the spinal cord have been implicated in
regulating AChE in developing and mature systems, but their modes of action are
unclear. Two classes of neural factors are important in regulating AChE: those
acting on the level of biogenesis (these are generally hard to study) and those
involved in localising molecules after externalisation or secretion - i.e. molecules
which also act in aggregation of ACh receptors. Agrin, the molecule responsible for
ACh receptor aggregation, but which has no role in receptor synthesis was also
found to induce the synthesis and junctional accumulation of AChE (Leith and
Fallon, 1993; Wallace, 1989). Agrin is probably made by the nerve and transported
down the axon where it is released and attaches to the basal lamina.

Proopiomelanocortin is a common precursor for several pituitary peptides
(POMC peptides) which in adult animals are restricted to the pituitary and brain but
in immature animals are present in the spinal cord and motor neurones. $-
endorphin, a product of the POMC precursor is known to reversibly inhibit the A12
form of AChE in rat skeletal muscle (Haynes and Smith, 1982) and may be
important in its regulation in developing systems (Haynes et al., 1984). Although
POMC peptides disappear soon into the post-natal period, they are released into the
circulation of adults in response to stress (Rosier et al., 1977) i.e. nerve damage,
certain diseases such as muscular dystrophy and anti-ChE induced myopathy.
POMC peptides are therefore obvious contenders for the role of maintaining the
properties of the neuromuscular junction throughout life and for ensuring the
responsiveness of skeletal muscle during stress. In addition to POMC peptides,
their post-translationally modified derivatives may also have a role in the regulation
of AChE expression and activity. Small, neurotrophic peptides such as
trilodothyronine and glycyl-L-glutamine (Gly-Gln), a derivative of B-endorphin,
may up-regulate the transcription of AChE genes to mRNA in the superior cervical
ganglion of cat through the mediation of a binding protein and its receptor (Koelle,

43-



1988) and was also found to induce the production of A12 in cultured embryonic
cells (Haynes and Smith, 1984, 1985).

Hormones may also have an important role in the regulation of AChE
activity. Brank and Grubic (1993), found that after 10-15 days of chronic treatment
with dexamethasone, glucocorticoid-mediated reduction of protein synthesis
occurred and AChE levels in diaphragm endplate-free regions were reduced,
whereas endplate-rich activity was not and suggested that these plasma-circulating
glucocorticoids, which are known transcriptional controllers (Muller and
Renkawitz, 1991), may regulate AChE activity in skeletal muscle and its

metabolism according to environmental demands.

1.2 Anti-cholinesterase-induced myepathy

1.2.1 Background to anti-ChE and their action.

There are many compounds present in industrial chemicals, insecticides,
medicines and warfare agents which have anti-cholinesterase (anti-ChE) properties.
Since the last century there has been an interest in these compounds which as well
as having beneficial purposes such as pest control and the treatment of various
medical disorders, can also cause acute muscular disease and induce delayed
neuropathy. In recent years, there has been a concern regarding these compounds
as a risk to not only the environment but also to human health due to the extensive
use of insecticides in agriculture which may threaten the food chain. There has also
been much debate concerning the risk to the health of farmers who habitually come
into contact with anti-ChE whilst handing sheep dip. Since, the incidence of human
exposure to anti-ChE compounds in the last century has not been infrequent,
research into this field is an on-going process. Perhaps the most striking event in
recent times was the freak exposure of passengers on the Tokyo underground in
1995 to sarin released by terrorists.

The acute and selective toxicity of anti-ChE compounds can be very high
(i-e. prg/kg) and resuits from the inhibition of AChE. There are two distinct groups
of anti-ChE: organophosphorous (OP) compounds and carbamates (CB). Both
types of anti-ChE agent inhibit the action of AChE by binding to its active site and
taking the place of the normal substrate ACh. Unlike the acetylated intermediate
formed in the hydrolysis of the normal substrate for AChE the phosphorylated and
carbamoylated AChE complexes are stable. The inhibition of AChE by OPs is
essentially irreversible and AChE activity can only be restored by de novo
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synthesis or spontaneous reactivation. In contrast inhibition by CBs is less stable,
lasting from 30 minutes to several hours after which AChE is regenerated intact.

The first OP anti-ChE produced was tetraethyl pyrophosphate by Phillipe de
Clermont in 1854 although there was speculation regarding the purity and true
identity of the compound. It was not until 90 years later that the toxicity of OPs was
discovered by Lange who observed that inhalation of dimethyl or diethyl
phosphoflouridate vapour produced choking and dimness of vision (miosis).
Extensive investigations in the use of these compounds to produce insecticides was
begun in 1936 by Schrader who by 1952 had synthesised in the region of 2000 OP
compounds including the commonly known pesticides parathion and paraxon.
Schrader's work was also used by governments of the time to create chemical
warfare agents such as the nerve gas diisopropyl phosphorofluoridate (DFP) and
more potent agents such as tabun, sarin and soman. In addition to use as
insecticides and chemical warfare agents, OPs were found to have medicinal value
and have been used as tranquillisers, to treat glaucoma, myasthenia gravis
(Schaumann and Job, 1958), anticholinergic poisoning and paroxysmal atrial
tachycardia.

The first CB, physostigmine was isolated from the Calabar bean which was
isolated in the pure form in 1864 by Jobst and Hesse. In 1877 the drug was used
therapeutically for the first time in the treatment of glaucoma. Physostigmine was
found to produce miosis as well as other symptoms due to the urethane group of the
drug. This lead to the preparation of a number of substituted urethanes such as
neostigmine which was synthesised by Aeschliman and Reinert in 1931 which was
initially used to stimulate the intestinal tract but was also found to be effective in the
treatment of myasthenia gravis. Today, the CB pyridostigmine is also routinely
used to treat this condition.

In the 1950's CB were first used as insecticides and in the manufacture of
insect repellents and many analogues were tested and produced. Amongst the most
common CBs used as insecticides are carbaryl and propoxur. The former is one of
the most widely used insecticides whereas the latter is more commonly used for
domestic pest control. Pyridostigmine bromide has prophylactic properties against
nerve agent poisoning. Recently, during the Gulf War crisis, its protective use
against chemical warfare was exploited on a grand scale during Operation Desert
Storm. This was the first large-scale human use of pyridostigmine under field

conditions in the anticipation of nerve agent attack (Keeler et al, 1991).
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1.2.2 Organophosphorous compounds.

The general structure of an OP compound is shown in Figure 1.5(b). OPs
are usually esters, amides or thiol derivatives of phosphoric acid. R1 and R2 are
commonly aryl or alkyl groups which may be bonded directly or through an -O- or
-S- bond. The structure of the OP ecothiopate (ECQO), which is used throughout this
study is shown in Figure 1.5(c). ECO, contains a quaternary nitrogen in its
structure which limits its access to muscle and nerve cells because it cannot readily
traverse the blood-brain barrier (except at high doses and possibly through ion
channels) and mostly exerts its inhibitory effects on the peripheral nervous system.

The catalytic mechanism of AChE on its normal substrate, ACh, is shown
in Figure 1.6. The catalytic site of AChE contains two active sites, the esteratic and
the anionic site. Under normal circumstances, the ester group of ACh attaches to a
serine residue in the esteratic site forming a strong covalent bond whilst the cationic
head group of the molecule forms a less strong ionic bond with the anionic site.
Hydrolysis of ACh occurs, choline is released and the enzyme is acetylated for a
short time. It is then hydrolysed and the enzyme is reactivated. The interaction of a
general OP compound with AChE is shown in Figure 1.7. The OP inhibits normal
enzyme function by binding to the esteratic site. Hydrolysis of the inhibitor
molecule then occurs leaving the esteratic site phosphorylated. Quaternary
compounds such as ECO display some interaction with the anionic site due to the
quaternary nitrogen. Dissociation of the phosphate group and reactivation of the
enzyme can occur spontaneously or by the use of oximes. Some inhibitor-enzyme
complexes undergo ageing where an R group from the phosphorylated enzyme is
hydrolysed. Once ageing has occurred, the enzyme cannot be reactivated. ECO
displays some spontaneous reactivation with a half-life of between 44 and 64 hours
and ages with a half-life of 41 hours (Hobbiger, 1976).

1.2.3 Carbamate compounds.

Prophylaxis with CB compounds such as pyridostigmine is known to
prevent OP poisoning (Dirnhuber and Green, 1978; Gordon et al., 1978: Wecker et
al., 1978a,b; Dirnhuber et al., 1979; French et al., 1979). CBs reversibly inhibit
AChE such that in the event of OP intoxication, the enzyme is protected (Berry and
Davies, 1970) and only a small portion of the enzyme, in the region of 25-30%,
needs to be inhibited to maintain normal neuromuscular function (Hobbiger, 1976).
The general structure of a CB is shown in Figure 1.5(d) and the structures of

pyridostigmine and physostigmine which are used throughout this study are shown
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suggesting that they may be ineffectively processed or that a fault has occurred in
the targeting of these forms to the cell membrane. Agrin is known to function in the
accumulation of asymmetric AChE in the basal lamina (Leith and Fallon, 1993;
Wallace, 1989) and its transport to target sites may be hindered in the event of
prolonged cholinergic agonism.

An interesting feature of the recovery of AChE after inhibition is that
endplate and non-endplate AChE recover at different rates. After OP intoxication,
non-endplate AChE recovered at a faster rate of 2.9% hr-l (Van Dongen et al.,
1988) than endplate AChE which recovered at 1.5% hr-| (Grubic et al., 1981;
Fernandez and Stiles, 1984). Differences in recovery rates may arise from
differences in the regulation of AChE in each region. Non-endplate is regulated
primarily by muscle activity whereas endplate AChE is regulated by muscle activity
and neurotrophic factors (Younkin and Younkin, 1988). It is possible that the delay
in the recovery of endplate AChE is related to a delay in the effects of neurotrophic
regulators caused by abnormal synaptic activity.

Grubic et al., 1981 found that a few hours after soman, AChE synthesis
had been induced in the endoplasmic reticulum and perinuclear membrane of the
Schwann cell and the sarcoplasmic reticulum and the special tubule structures
located under motor-endplates. This location of AChE was analogous to that
observed during the post-natal development of rats and suggested that a similar
system of regulation operates in developing systems and after anti-ChE
intoxication. Likely candidates for this role are the POMC derived peptides which
are important in developing systems (Haynes et al., 1984) and may have an
important function in regulating the proportions of AChE molecular forms after
anti-ChE intoxication (Haynes et al., 1984).

Goudou and Reiger (1983) observed that after OP intoxication, biosynthesis
of A12 occurred in non-endplate parts of muscle fibre as well as endplate regions. It
was proposed that A12 could originate from any part of muscle fibres and be
selectively accumulated in synaptic structures. The mechanism by which this occurs
is unclear as is the relationship between endplate and non-endplate AChE. The
recovery of AChE activity has largely been studied using OP anti-ChEs and little is
known about the recovery after reversible inhibition. It is evident, that AChE
recovers by a complex mechanism which is regulated and influenced by many

factors.
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1.3 Aims of the Investigations.

Sections of this thesis have been conducted as joint research carried out by
myself and Amanda Crofts and have investigated the anti-ChE effects of OPs and
CBs on mouse skeletal muscle using electrophysiological techniques to monitor
endplate synaptic currents and biochemical methods to analyse responses of
functional and non-functional molecular forms of AChE. Current knowledge of the
long-term, low dose effects of CBs on mouse skeletal muscle is limited and the
primary objective of this study was to investigate these effects. The study was

conducted via a series of aims which are listed below:

(a) To rapidly extract AChE molecular forms from the mouse diaphragm,
represent endplate-specific AChE and synaptic AChE activity and determine
the distribution of AChE molecular forms,

(d) To investigate the effects on mouse skeleta] muscle of acute OP dosing
and monitor muscle recovery.

(e) To relate synaptic AChE activity determined by assay to the prolongation
of extra-cellular miniature endplate potentials and determine the nature of the
relationship between them.

(f) To determine whether CB-induced inhibition after in vivo dosing can be
maintained for the duration of tissue preparation for the assay of molecular
forms.

(g) To investigate effects on mouse skeletal muscle of 14 days of continual
CB infusion, the recovery of muscle after 7 days of continual CB infusion
and determine whether CB pre-treatment protects against the effects induced
by an acute OP dose.
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2.1 Animals.

Six month old male albino mice from Bantin and Kingman, usually
exbreeders and weighing 40-50g were used for experimentation. The animals were
given a pelleted breeding diet and water. At 6 months the mice are adult and a
suitable study model as their neuromuscular junctions have stable characteristics for
several months (Banker et al., 1982; Kelly, 1978).

2.2 Administration of drugs.

2.2.1 Ecothiopate.

Ecothiopate iodide (ECO) was obtained from Cusi (UK) Ltd. as Ecothiopate
Eyedrops BNF (phospholine iodide) consisting of a dry powder of 12.5mg
ecothiopate iodide and 40mg potassium acetate and a diluent containing 0.5%
chlorobutanol, mannitol, boric acid and sodium phosphate. The dry powder was
dissolved with 3.2ml of the diluent to give a solution of 10-2M ECO. This was then
diluted with distilled water to a 10-4M stock solution which was stored at -20°C.

An injection solution was prepared by adding 1.4 x10-4M atropine sulphate
and 0.9% sodium chloride to the 10-4M ECO stock solution. All injections were
administered subcutaneously, between the shoulder blades of unanaethetised mice
in a dose of 0.1ml per 20g of body weight (i.e. ECO 500 nmol kg1 plus 700 nmol
kg1 atropine). Atropine was always given with ECO to prevent any muscarinic

effects.
2.2.2 Pyridostigmine (repetitive dosing experiments).

A pyridostigmine (PYR) dosing solution was prepared by adding 1 mg ml-!
ampoules of PYR to 0.9% sodium chloride solution (PYR was obtained from
Sigma). Mice were given PYR in sign-free doses of 100 ug kg1 body weight in
the form of a subcutaneous injection of volume 0.1 ml kg ! twice daily at 9am and
5pm such that the total dose of drug received in 24 hours was 200 ug kg1 (the
molar equivalent of each dose was 383 nmol kg1 Diaphragms were removed for
enzyme studies and blood samples were taken for analysis 3 hours after the first

dose in the treatment and 3 hours after the morning dose on various days thereafter.
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2.2.3 Pyridostigmine and physostigmine (continuous infusion

experiments).
2.2.3.1 General procedure.

Mice were implanted with Alzet mini-osmotic pumps Model 2001 (available
from Charles River UK Ltd.) which had a nominal reservoir volume of 200ul, and
pumped at a rate of 1.0 ul hr! for 7 days which had been filled with
pyridostigmine (Sigma) or physostigmine salicylate (Sigma) prepared in 0.9%
saline. Concentrations of each drug were prepared such that pyridostigmine was
administered at the rate of 11.4 nmol hr-! and physostigmine at the rate of 14 nmol

hr-l. Diaphragms were removed for analysis at various time points.
2.2.3.2 Principle of operation of the Alzet osmotic pump.

The Alzet osmotic pump is a miniature pump which can continuously
deliver agents at controlled rates to laboratory animals and serve as a constant
source for prolonged drug delivery when implanted subcutaneously or
intraperitoneally.

The pump is composed of three concentric layers; the drug reservoir, the
osmotic sleeve and the rate-controlling, semipermeable membrane (see Figure 2.1).
An additional component called the flow modulator is a 21 gauge stainless steel tube
with a plastic end-cap which is inserted into the pump after filling. The internal drug
reservoir is made from a synthetic elastomer, is chemically inert to most aqueous
drugs and is impermeable such that there is no exchange of material between the
reservoir and the osmotic compartment. The osmotic sleeve contains a high
concentration of sodium chloride and the difference in osmotic pressure between the
sleeve and the site where the pump is implanted causes water to enter the sleeve
along the osmotic gradient which compresses the flexible reservoir and displaces
and releases the test drug through the flow modulator. The rate at which water
enters the osmotic sleeve is regulated by the water permeability of the semi-
permeable membrane, its dimensions and the osmotic pressure difference across the
membrane. The pumps are designed to deliver at a constant rate due to the presence
of a driving agent in the osmotic sleeve which maintains constant osmotic activity

during the lifetime of the pump. The pumps were sterile and bubble packed.
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Figure 2.1: Alzet osmotic pump. Cross sectional representation of an Alzet

osmotic pump showing design, components and mechanism of operation.
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2.2.3 3 Filling Alzet osmotic pump.

During filling, the pumps were handled with surgical gloves as skin oils
could interfere with the performance of the pump if allowed to accumulate on the
surface. Prior to filling, the empty pump and flow modulator were weighed. The
pump was then filled at room temperature with drug using a syringe and a blunt
tipped filling tube. All drug solutions were sterilised prior to loading into pumps by
filtering through a 0.22yum syringe-end filter (Millex Filter Unit, Millipore). After
careful filling of the pump, the flow modulator was inserted and the entire unit was
weighed. The total volume of drug in the reservoir was calculated by subtracting the
two weights. Incorrectly filled pumps had potential to display unpredictable
pumping rates and were therefore refilled. In order to ensure that pumps ready for
animal implantation would operate at the correct pumping rate, filled pumps were
placed in isotonic saline at 37°C for 4 hours to allow the pumping rate to reach
steady state. This steady state pumping rate could be maintained until 95% of the
contents have been delivered. There was a 5% reservoir residual volume which

could not be displaced.

2.2.3.4 Surgical subcutaneous implantation and removal of Alzet osmotic pumps.

The most usual site for subcutaneous implantation of the pumps in mice is
on the back, slightly posterior to the scapulae. Mice were shaved and the skin of the
implantation site area was disinfected before anaesthesia was induced with 3%
halothane/ 50% oxygen/ 50% nitrous oxide. During surgery, halothane
administration was reduced to and maintained at 1.5%. A mid-scapular incision was
then made adjacent to the site using a scalpel. Spencer Wells forceps were then
inserted into the incision and the jaws were opened so as to spread the
subcutaneous tissue to create a pocket for the pump. The pocket was made about
Iem larger than the pump to allow for some movement. The pump was never
inserted directly below the incisional wound were it could interfere with correct
healing of the incision. The pump was inserted into the pocket with the delivery
portal end first and the wound was closed using suture stitching. The wound was
treated with a centrimide-containing cream to prevent infection. Mice usually made a
complete recovery from the procedure within 5 minutes.

In experiments where the removal of the pump was required, this was again
performed under anaesthesia. An incision was made adjacent to the ori ginal incision
and the pump was carefully removed. The new wound was then closed using

suture stitching and mice allowed to recover as before.
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2.2.3.5 In vitro assessment of pumping rate.

A simple in vitro test was carried out to verify that the pumping rate of the
Alzet unit remained constant within the recommended time scale. A pump was filled
with 0.0IM Coomassie Brilliant Blue solution prepared in 0.9% saline and
incubated in isotonic saline for the 4 hour priming period. The pump was then
transferred to a clean vessel containing 4ml of fresh saline and incubated at 37°C for
24 hours. This procedure was repeated every 24 hours for a period of 9 days. For
each day therefore, the total amount of coloured compound released in a given
period of time was collected. The precise concentration of Coomassie Blue released
was established by performing spectrophotometric scans of the samples collected
each day. Coomassie Blue gives a distinctive peak at 595nm thus by using the Beer
Lambert law (checks were made that the compound obeyed the law by calculating
the molar extinction coefficient at a variety of concentrations), the concentration and
hence, compound delivery rate was calculated per day.

Independent studies were also carried out to check that there was no leakage
of osmotic agent from the pump by carrying out similar experiments using pumps
filled with saline only. A spectrum was obtained for the osmotic agent using a
solubilised sample obtained from a dissected pump. This agent was found to give a
distinctive peak at 276nm, but was not found to leak from the pumps during
experimentation. When the daily samples in these experiments were scanned, only a
constant absorption profile was obtained corresponding to the background sodium
chloride present in the collecting medium (peaks were recorded at 283nm).
Although PYR gave a distinctive peak at 270nm, it could not be used in the
experiments to monitor flow rate because it did not obey the Beer-Lambert law.

Verification of the pumping rate of the osmotic pump is discussed in Appendix A.3.

2.3 Preparation of diaphragm.

Mice were killed by a blow to the head and section of the cervical spinal
cord. Skin was removed from the chest area and the thorax was opened allowing
the dissection and removal of the whole diaphragm. The isolated diaphragm was
immediately placed in physiological saline which had been gassed with 95% O/
5% CO2 and divided into left and right hemidiaphragms by section of the central

tendon where required.
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2.4 Biochemical methods for the assay of ChE activity.

2.4.1 Estimation of ChE activity using a spectrophotometric assay
technique.

A spectrophotometric assay technique based on the method of Ellman et al.,
(1961) was used to determine the activity of ChE in enzyme extracts from mouse
diaphragm and blood. This method was chosen due to its simplicity, sensitivity and

reproducibility and has been widely used for routine determination of ChE activity.

2.4.1.1 General principle.

The spectrophotometric enzyme assay to determine ChE activity follows the
rate of production of thiocholine, a product of the ChE catalysed hydrolysis of the
substrate acetylthiocholine. The thiocholine continuously reacts with 5,5 -dithiobis-
2-nitrobenzoate ions present in the reagent DTNB to yield a yellow coloured anionic
product, 5-thiol-2-nitro benzoic acid. This product absorbs UV light at 412nm
hence the rate of change of absorbance at this wavelength can be linked to enzyme

activity.

Acetylthiocholine - ____ > thiocholine + acetate.
Thiocholine + DTNB----——————__ >YELLOW COLOUR.

2.4.1.2 Instrumentation.

The rate of hydrolysis of acetylthiocholine by ChE present in enzyme
extracts was determined using a Philips PU8700 Series UV/VIS fixed bandwidth
spectrophotometer with a Philips colour plotter, PU8700 cell programmer with
multi-cell holder and temperature control as accessories.

Using the scan programme option of the spectrophotometer, a profile of the
Ellman reaction was obtained in the wavelength range 200-600nm. During the
course of the reaction a peak developed at 412nm corresponding to the formation of
coloured product. Using the cell programmer option, the absorbance of multiple
samples at a fixed wavelength of 412nm was recorded continuously for periods of
5 seconds and measurements were repeated at pre-selected time intervals of 1

minute for 10 minutes.



2.4.1.2 General procedure.

Prior to assay of samples for enzyme activity, the spectrophotometer was
blanked by running a cuvette containing extraction buffer through the instrument in
the reference compartment. This restored the baseline to zero. It was sufficient to
blank the spectrophotometer only once prior to assaying samples. Prior to mixing
assay reagents, glass test tubes were warmed to 30°C in a water bath. The assay
mixture was prepared by adding Iml of enzyme sample to the test tube followed by
Iml of DTNB colour reagent (see Appendix A.1.1). To initiate the reaction, Iml of
a 1.5mM stock solution of acetylthiocholine iodide substrate (see Appendix A.1.2)
was added to each tube to give a final assay substrate concentration of 0.5mM
(enzyme kinetic studies using purified electric eel AChE were carried out to
determine the Ky, value for the enzyme: see Appendix A.2). The contents of each
tube was then mixed and transferred to a plastic disposable cuvette in the
spectrophotometer. The change in absorbance at 412nm was then recorded every

minute over a 10 minute period.

2.4.2 Preparation of diaphragm for routine ChE determination.

Hemidiaphragms were pinned via the ribs and central tendon to Sylgard in a
petri dish. Connective and adipose tissue was trimmed away, the phrenic nerve was
cut close to the muscle and excess blood was removed by gently squeezing the
blood vessels.

The central tendon and ribs were trimmed and a central strip, 3mm wide
was cut containing nerve terminal branches. This region was designated the
junctional region (J) and contained virtually all the endplates. The remainder of the
hemidiaphragm, consisting of two strips adjacent to the central region was
designated the non-junctional region (NJ). J and NJ regions were blotted dry and

weighed. Typical J regions weighed 25mg.

2.4.3 Extraction of ChE from mouse diaphragm.

2.4.3.1 Conventional extraction method.

The method employed previously in the laboratory shall be referred to as the
conventional extraction method. J and NJ regions were each placed in centrifuge
tubes containing 2ml of ice-cold 0.1M phosphate buffer at pH8.0 and homogenised

for 1 minute using an Ultra Turrax T25 homogeniser set to give an output of
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24,000rpm. The homogeniser was washed with 3ml of ice-cold buffer to give a
final sample volume of 5ml. All samples were kept on ice during homogenisation.
The 5Sml homogenate samples were then sonicated using a high intensity 50watt
model ultrasonic processor (Jencons). Sonication programmes were varied
according to experiment. The homogenate was finally centrifuged at 2700rpm for
I5mins in a Beckmann T.J. bench centrifuge at 4°C. The supernatants were
removed for assay of ChE activity and pellets were discarded. Samples were kept

on ice till assay.

2.4.3.2 Sequential extraction of high and low molecular forms of AChE.

The sequential extraction technique of Younkin et al., (1982) was used to
extract globular and asymmetric molecular forms of AChE f rom endplate and non-
endplate regions of muscle fibres. Globular and asymmetric forms of AChE can be
selectively extracted on the basis of their differential solubility in low and high ionic
strength buffer. If a set of extractions are performed sequentially, then the majority
of tissue AChE molecular forms can be extracted by this method and appear in
various extraction fractions. At each stage in the process, a homogenate was
prepared in the appropriate buffer. Low ionic strength buffer was used to
preferentially extract globular forms and high ionic strength buffer was used to
extract asymmetric forms. Samples were centrifuged for 30mins at 39,000¢g. The
supernatant was removed and assayed spectrophotometrically by the Ellman method
for enzyme activity. The pellet was re-suspended in buffer and homogenised for the
next stage in the process (the process is summarised in Figure 2.2).

J and NJ regions from the left and ri ght hemidiaphragm of each diaphragm
were pooled together and sequential extraction was carried out on each region
independently. Extracts were prepared in 4ml of appropriate buffer and were
maintained at 4°C throughout the process. Extracts were homogenised for 1 minute
using an Ultra Turrax T25 homogeniser which was washed thoroughly with 100ml
of distilled water between extractions and centrifuged in a Beckmann J2-21
centrifuge with a temperature control unit set to 49C.

The first extraction was carried out using low jonic strength 10mM
phosphate buffer, pH7.0 containing 1% Triton X-100 (LIB) and was intended to
extract globular forms of AChE. The supernatant rendered was called S1. A second
extraction was also carried out in LIB which yielded supernatant S2 in the attempt
to ensure that any residual globular forms in the tissue were removed. The third
extraction was carried out in high ionic strength 10mM phosphate buffer at pH7.0
containing 1% Triton X-100 and 1.0M NaCl (HIB) to extract asymmetric form:s.

-64-






The supernatant was called S3. Due to the structure of the asymmetric enzymes,
they can only be solubilised in a high ionic media. The fourth extraction, again in
HIB, was performed to remove any residual asymmetric forms from the tissue
preparation. The pellet remaining following removal of S4 was re-suspended in
HIB, homogenised to give a homogenate H5 and assayed for any AChE activity
which had not been readily extracted during previous stages in the process. The
precise molecular composition of each fraction; St, S2, S3, S4 and H5 was

checked using velocity sedimentation on sucrose density gradients (see Section
2.5).

2.4.3.3 Extraction of ChE from mouse blood.

During dissection of the diaphragm, the left or right limb femoral artery was
exposed and severed. Using a syringe which had been rinsed with heparin, 100ul
of blood was transferred to 19.9ml of ice-cold 0.1M phosphate buffer at pHS8.0.
The process was rapid so no further precautions were needed to prevent the blood

from clotting. Samples were kept on ice till assay.
2.4.4 Calculations.

In the spectrophotometric assay method, the change in absorbance can be
used as a basis for calculating enzyme activity. The Beer-Lambert law states that the
absorbance or the extent of radiation absorbed by a medium, is proportional to the
concentration of that medium and the thickness of the layer. Since absorption is
equal to the reciprocal of the transmittance, the law can be expressed in terms of

absorption as follows:

A = Log (Io/It) = ECL

A = Absorbance

Io = Intensity of incident radiation

I¢ = Intensity of transmitted radiation

E = Molar extinction coefficient for the absorbing medium (in

units of litres mol-1 cm‘l)
C = Concentration of the absorbing solution (molar)

L = Length of light path in the absorbing material (in cm)
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Enzyme activity, expressed as the rate of hydrolysis of a given substrate,
can be calculated from a general equation which applies to all spectrophotometric

assays where the Beer-ILambert Law applies which is shown below:

Enzyme activity = AA
EL

A A = Rate of change in absorbance at the experimental wavelen gth (min-1).
E = Molar extinction coefficient for the absorbing medium

(litres mol-1 cm-1y.
L =Length of light path in the cell (cm).

In the spectrophotometric assay of ChE activity, the above equation can be
used as follows. The molar extinction coefficient for DTNB is 1.36 x 104 litres
mol-! em-1, Enzyme activity is usually in the order of nanomoles and for
experimental purposes E is required in millilitres (i.e. small sample volumes were
used) hence:

E(DTNB) = 136 x 104 x 103 x 10-9 ml nmol-1 cem-1

= 1.36 x 102 ml nmol-1 ¢m-!

Since the length of the light path in the cuvette was lem, enzyme activity

(1.e. the rate of hydrolysis of acetylthiocholine substrate) can be calculated from the

following equation:

Enzyme activity = AA (412nm) min-|

1.36 x 10-2mi nmol-! ecm-1 x Tem
In the routine determination of ChE activity if the concentration of tissue in a
given sample was X mg mi-! (determined from the weight of the tissue and the
extraction buffer volume), the cuvette volume was 3 ml and the volume of tissue

sample in the cuvette was | ml, then the activity can be expressed as follows:

Enzyme activity = AA (412nm) min-1 x 3m]

1.36 x 10-2ml nmol-Icm-1 X lem x Xmg ml-1 x 1m]

= AA@412nm) x 220.59 nmol min-! mg-1

X
For the calculation of enzyme activity in the sequential extraction

method, during the extraction process the molecular forms from a given tissue
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region were extracted into a total volume of 20ml of buffer. The concentration of
tissue in a given sample Xmg ml-1 was calculated by dividing the sample weight in
mg by 20ml. Hence, in calculating the activity of molecular forms, although they
were extracted sequentially, their overall activity was expressed with respect to the
tissue of origin. The same calculations were then applied as for the routine ChE
determination.

Since 0.1ml of whole blood was extracted into 19.9ml of phosphate buffer
and hence diluted 1 in 200 times, in each Iml of diluted sample there was 5x [0-3m|
of whole blood. In the calculation of whole blood activity the sample volume was

5x10-3ml, the cuvette volume was 3ml and the following equation was used:

Enzyme activity = AA (412nm) min-1 x 3m]

1.36 x 102m] nmol-1 ¢m-1 X lem x 5x10-3mi

AA (412nm) X 44118 nmol min-1 mi-1

i

Since the calculation tended to give large figures for whole blood ChE
activity, a conversion to pmolar units from nmolar units was made and the activity
was routinely calculated as:

Enzyme acti vity =A A (412nm) x 44.118 pmol min-! mi-!

2.4.4.1 Expression of ChE activity.

ChE activities in tissue and the activity of AChE molecular forms were
calculated and routinely expressed as nmol of acetylthiocholine hydrolysed min-1
mg-! (abbreviated to nmol min-1 mg1). Whole blood ChE activity was expressed

as ymol min-1 m]-1,
2.4.5 Determination of endplate-specific activity,

Many attempts have been made in the past to give an accurate representation
of AChE activity which is associated with the endplates of skeletal muscje fibres in
isolation to the AChE which is found in the rest of the muscle. Since it is very
difficult to extract the endplate enzyme without extracting enzyme found in other
parts of the fibres and not very practical to use the complex methods available when
rapid extraction is required, a more common way of assessing the endplate activity

has involved the use of various calculations.

-68-



Previous attempts made by researchers to assess the endplate-specific
enzyme activity by calculation have found it a daunting task. They have been faced
with the question: which is the best way to investigate the activity of an enzyme
which is part of a complex network of inter-related molecular forms which span the
entire muscle? As yet, there are no hard and fast rules for calculating this activity.
One of the more common ways to tackle this issue has been to make the following
assumption. It was assumed that the J and NJ regions of each muscle fibre are
similar except that a small portion (<1%) of each fibre in the J region is specialised
as an endplate. Bearing this in mind it was therefore assumed that ChE activity per
mg of J and NJ tissue was the same and ChE activity associated specifically with
the endplate (EPS) was the difference between J and NJ ChE activity per mg of
tissue. The following three equations represent different calculations commonly
used to determine endplate-specific AChE activity (Das, 1989).

EPS1 =J - NJ nmol min-! mg‘I (1)

EPS2 = Wy (J - NJ) nmol min-1 (2)

EPS3 = Wy (J-ND nmol min-! (3)
Wi+ WN)

J = Junctional activity per mg of tissue.

NJ = Non-junctional activity per mg of tissue.

WJ = Weight of junctional region (mg).

WNJ Weight of non-junctional region (mg).

2.5 Separation of AChE molecular forms by differential

centrifugation.

Differential centrifugation was used to separate the six molecular forms of
AChE : G1, G2, G4, A4, A8 and A12 and was carried out to determine the precise
molecularcomposition of each of the 5 enzyme fractions: S1, S2, S3, S4 and HS
obtained by the sequential extraction technique. This technique was not used
routinely to determine AChE activity because the entire separation and analysis
process could take around 24 hours to complete and was not appropriate for studies
involving reversible inhibitors or irreversible inhibitors over longer time periods
(Hobbiger, 1976 ).
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2.5.1 General principle.

The molecular forms of AChE were separated by velocity sedimentation on
a 5-20% linear sucrose density gradient of volume 12ml in a 13.5ml thin walled
centrifuge tube. Sucrose gradients were prepared in enzyme extraction buffers. The
gradient was made using a BioRad Econo Pump gradient former with a flow rate of
Iml min-1. Enzyme extracts of sample size 1ml were carefully layered to the top of
the gradient using a pipette. Gradients were centrifuged for 18.5 hours at
38,000rpm in a Beckman 18-M ultracentrifuge with a SW40Ti rotor. The centrifuge

contained a refrigeration unit which was set to 40C during the process.
2.5.2 Preparation of samples for velocity centrifugation.

Sequential extraction fractions were prepared at double the concentration
required for routine enzyme determination. Due to the duration of the separation
process a range of protease inhibitors : EGTA 3.8 mg ml-1, benzamidine 0.3 mg
ml -1, aprotinin 0.2mg mi~!, bacitracin 1 mg mi-1, pepstatin 0.02 mg ml-! and
trypsin inhibitor 0.1 mg ml-! were added to enzyme samples to ensure that there

was minimal degradation of higher molecular forms during the period of separation.
2.5.3 Calibration of sucrose density gradient.

Sucrose gradients were calibrated using markers with known sedimentation
coefficients: B-galactosidase (16.14S), catalase (11.3S) and alcohol dehydrogenase
(4.85). These were added to samples prior to application to the gradient. The
position of the markers on the gradient was determined by the appropriate assay

shown below.

B-galactosidase: assay at410nm by incubation at pH7.5 with 10nM
p-nitrophenylgalactopyranoside in the presence of
1.5mM MgCl 7.

catalase : assay at 210nm by incubation at pH7.5 with
hydrogen peroxide.

alcohol assay at 310nm by incubation at pH8.6 with 1.0M

dehydrogenase :  ethanol in the presence of B-NAD.
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2.5.4 Fraction collection and peak detection.

Fractions were collected from the gradients after centrifugation using the
BioRad Econo Pump set in reverse mode. The pump tube was inserted into the
bottom of the tube and fractions were collected in a carousel with a pre-set rotation
time to collect fractions of volume 0.5ml. A total of 27 fractions were collected
from each gradient. Fractions were assayed for AChE activity
spectrophotometrically by the Ellman method. Sedimentation profiles were obtained

for each sample by plotting fraction AChE activity against fraction number.

2.6 Histochemical methods.

2.6.1 Histochemical localisation of ChE.

The method of Karnovsky and Roots (1964) was used for the histochemical
localisation of ChE. The method involves the hydrolysis of acetylthiocholine
substrate by enzyme present in whole, fixed hemidiaphragms. Thiocholine liberated
in the process reduces ferricyanide present in the stain medium to ferrocyanide
which reacts with copper ions to form an insoluble copperferrocyanide precipitate
(Hatchett's Brown). Copper ions present in the medium are complexed with citrate
to prevent formation of copper ferricyanide.

The brown coloured precipitate is produced directly at sites of enzyme
activity. The stain develops gradually and may be monitored to prevent over-
staining by visualising tissues under a microscope. The staining procedure was
carried out under controlled pH conditions. At stain pH greater than 5, the brown
reaction product diffuses out of the endplate and gives and inaccurate definition of

endplate shape.

2.6.2 Preparation of tissues for staining.

Hemidiaphragms were trimmed away from the ribs and connective tissue
and the phrenic nerve was removed from them. Hemidiaphragms were then
incubated in freshly prepared stain medium at room temperature. Staining of
endplates could be seen after 20-30mins. The brown colour was allowed to develop
until a large number of endplates were well defined and could be clearly visualised.
Tissues were then removed from the stain, washed in distilled water and fixed in
4% formaldehyde in 0.2M acetate buffer at pH4 overni ght before being mounted in
glycerol jelly on glass microscope slides.
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2.6.3 Measurement of endplate dimensions.

The widths and lengths of 30 endplates from each hemidiaphragm were
measured in microns using a Zeiss microscope. All measurements were made using
a graduated scale placed in the x10 eyepiece of the microscope and slides were
viewed with a x40 objective. The microscope was calibrated using a stage
micrometer and dimensions were measured in microns. Measurements were made
by moving isolated endplates into the centre of the field of view (slides were always
mounted so that muscles fibres appeared vertically across the field of view) and
rotating the eyepiece so that the graticule scale was horizontal for width
measurements and vertical for length measurements. The preparation was always
moved in the same direction throughout the counting process and never moved
backwards to ensure that the same endplate was not counted twice. Endplates were

selected for measurement if they satisfied the following criteria:

(a) The endplate in focus must be located on a muscle fibre which could be
clearly visualised and also be in focus.

(b) The outline of the endplate must be clearly defined so that all the stained
product was retained within the boundary of the endplate and not diffused
out.

(c) The endplate must be flat on the muscle fibre and be completely in
focus. Endplates which were wrapped around fibres in focus or on fibres

not in focus or overlapping other endplates were rejected.

It was found that despite the numerous endplates contained within each
hemidiaphragm, few were ideally stained and satisfied the criteria discussed above.
The ANOVA one-way test was applied to groups of 30 endplates measured from
different hemidiaphragms which had received the same treatment to test the inter-
mouse variation. The results of the test and the corresponding F-test values are
shown in the appendix in Table A.9. In mice which had received the same
treatment, an inter-hemidiaphragm variation was found which was independent of
treatment and generally random. This may be due to differences in the staining of
each hemidiaphragm or due to inter-mouse variation. In some cases: 8% of widths,
33% of lengths and 25% of width/length ratios the variation was significant
(ANOVA, P<0.0001) but in the remaining cases the variation was not significant
(each type of treatment w.r.t. drug and dose was taken to be one case). The
between hemidiaphragm variation at each treatment was therefore taken into account
in the overall analysis of endplate dimensions. The endplate data was analysed
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using a multi-factor analysis of variance test (MANOVA) with a one-level nested
design on the PC statistics package STATISTICA. The MANOVA model was
designed to simultaneously test the between treatment variation and the within

treatment variation.

2.7 Electrophvsiological methods.

2.7.1 Recording of extra-cellular miniature endplate potentials .

The biochemical and histochemical assessment of mouse skeletal muscle
responses to a range of anti-ChE treatments was carried out in collaboration with
electrophysiological investigations of the mouse diaphragm conducted by A.
Crofts. Throughout the thesis data obtained from analysis of extra-cellular miniature
endplate potentials (MEPPs)q recorded by A. Crofts has been utilised and analysed
in conjunction with corresponding biochemical data. A brief summary of the
methods employed by A. Crofts is given below.

MEPPs were first characterised by Fatt and Katz (1950, 1952) who
discovered spontaneous sub-threshold activity recorded from the surface of isolated
muscle using an electrode near the nerve and an indifferent electrode at some
distance away. These potentials varied in amplitude but had a consistent time
course. They were localised at the neuromuscular junction and resembled endplate
potentials in shape but had smaller amplitudes and were therefore aptly named
‘miniature endplate potentials'. (MEPPs), essentially resemble intra-cellular
MEPPs in shape but represent different cellular events.

The recording of (MEPPs)g at the neuromuscular junction of mouse skeletal
muscle was performed on hemidiaphragms which were dissected from mice and
pinned out on Sylgard in a water-bath of volume 16ml which contained Liley's
physiological saline gassed with carbogen (95% Oy 5% CO2). Recordings were
made with capillary micro-electrodes made from GC100TF-15 borosilicate glass
(Clark Electromedical [nstruments) with tip diameter 3-5um pulled in two stages on
a Kopf needle/pipette puller (model 750) and filled with Liley's saline. (MEPPs),
were recorded using a WPI duo 773 electrometer and Devices AC pre-amp 3160
with high and low frequency filters set at 10KHz and 0.8Hz respectively. Traces
were displayed on a Tektronix dual beam oscilloscope D12 with a SA8IN dual trace
amplifier and a SB10N time base/amplifier. Recordings were analysed using an
ADINS program or recorded onto Maxell 25-120 magnetic tape and analysed on a

Northstar computer.
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Figure 2.3: Extracellularly recorded miniature endplate potential. The
T509 is shown as the time from the peak amplitude to the half amplitude of the

decay phase in milliseconds.
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2.7.2 Measurement of time to half amplitude (T5¢9) of (MEPPs),.

The measurement of various parameters was carried out manually from
traces of (MEPPs)q plotted on the Northstar computer which had been reproduced
onto standard 80g A4 paper. Figure 2.3 shows a representation of a characteristic
(MEPPs)g trace. The time to half amplitude (T50%) of (MEPPs)q was measured as
the time from the peak amplitude of the trace to half the amplitude of the decay
phase and was expressed in milliseconds.

The (MEPPs)q consists of two components: the rise phase and the decay
phase. In electrophysiological studies related to the behaviour of anti-ChEs, the
decay phase is important and is governed by the termination of transmitter action
and its diffusion from the synaptic cleft .

In the event of inhibition or reduction of AChE, the action of transmitter on
its receptor is prolonged and can be visualised by changes in the decay phase.
These changes can be quantified by measurement of T509, which is the time taken
for the potential to decay to half amplitude. There is therefore a distinct relationship

between the inhibition or reduction of synaptic AChE and the properties of
(MEPPs)q decay phase.

2.8 Statistical tests.

The sample sizes of data from blood and diaphragm enzyme activity studies
were too small to determine whether the data was normally distributed and the use
of parametric tests was not appropriate. The Mann-Whitney non-parametric test was
used were appropriate to compare two groups and the Spearman’s rank non-
parametric test was used to determine the correlation between data. In treatment
studies the Kruskal-Wallis one-way analysis of variance by ranks test (K-S
ANOVA) was initially used for groups in a treatment set for each enzyme to test the
null hypothesis that the groups come from identical populations. When the test
result was not significant, the null hypothesis of no difference between groups was
accepted and no further analysis was performed on these groups. When the test
result was significant, the null hypothesis of no difference between groups was
rejected and the alternative hypothesis of differences between groups was accepted.
These groups were analysed further using the Kruskal-Wallis multi—comparison test
(Siegel and Castellan, 1988) to determine which groups were different within the

treatment set for a given enzyme.
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The samples sizes of hemidiaphragm endplate groups were large and found
to be normal (STATISTICA normality tests) and parametric tests were therefore
used. The one-way analysis of variance test (ANOVA) was initially used to test the
null hypothesis that al] groups in a given treatment set for a particular parameter are
not different. When the ANOVA test was not significant the null hypothesis was
accepted. When the result was significant the null hypothesis was rejected and the
alternative hypothesis was accepted that there were differences between groups.
The latter groups were further analysed using a one-level nested design model
multi-factor analysis of variance test (MANOVA) and post-hoc comparison as
described by Myers (1977) was performed to determine which groups in the

treatment sets were different.



CHAPTER 3

THE EXTRACTION OF MOUSE DIAPHRAGM
ACETYLCHOLINESTERASE
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3.1 Introduction.

Prior to conducting any studies of inhibition, it was necessary to find a
rapid and reproducible method for extracting the various molecular forms of AChE
from mouse diaphragms which would be suitable for investigating the actions of
irreversible and reversible inhibitors.

The conventional €nzyme extraction method has been extensively used in
the past for the routine determination of ChE activity. Due to its simplicity, this
method, although rapid and reproducible, does not differentiate between ChE and
ACHE or between the six different molecular forms of AChE of which the A12
form is probably the most functionally important (Hall, 1973). In 1982, Younkin et
al., adapted techniques used by Bon and Massoulie (1980) and Bon et al., (1979)
to develop a sequential extraction method for selectively extracting AChE (in
isolation to ChE) and distinguishing between globular and asymmetric forms due to
their differential solubility in low and high ionic strength buffer respectively. In
addition, the method gave the activity of non-readily extractable asymmetric AChE
which was associated with the extra-cellular matrix. The precise molecular
composition of the sequentially extracted fractions can be determined by velocity
sedimentation on sucrose density gradients.

Neither method gives a direct measure of AChE which is associated with
endplates alone. Hence, is this section an attempt was made to best represent
endplate AChE and hence determine AChHE activity likely to be associated with the

synaptic cleft. The aims of this section can be summarised as follows:

(a) To rapidly extract AChE molecular forms from mouse diaphragms and
identify fraction composition.

(b) To represent endplate-specific AChE.

(¢) To determine the activity of AChE associated with the synapse.

3.2 Results and discussion.

3.2.1 Extraction of mouse diaphragm ChE by the conventional

method.

Junctional (J) and non-junctional (NJ) ChE activities in left and right side
hemidiaphragms are shown in Table 3.1. Statistical analysis using the Mann-
Whitney non-parametric test showed that there was no significant difference
between left and right hemidiaphragm ChE activity (see Figure 3.1) and data was
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J NJ EPSy EPS> EPS3
activity activity activity activity activity

(J-NJ) WJ(J-NJ) W)(J-NJ)

Wi+WNy
Left HD 2.01 1.44 0.76 - -
+0.87 +0.59 +0.56
(21) (21) (21)
Right HD 1.76 1.42 0.48 - -
+0.67 +0.55 +0.24
(24) (24) (24)
Output 100 1.10 1.13 0.26 - -
6 cycles +0.30 +0.32 +0.26
(17) (17) (17)
Output60  2.08 *** 1.78 *** 0.52 - -
6 cycles +0.26 +0.38 +0.16
(6) (6) (6)
Output60  2.94 ** 2.38 ** 0.56 - -
4cycles +0.24 +0.18 +0.29
(4) 4) (4)
Output 60  2.84 ** 2.09 0.75 - -
3 cycles +0.58 +0.49 +0.31
(5 (5) (5)
2.02 1.39 0.36 8.11 0.23
+0.73 +0.58 +0.24 +5.32 +0.17
(37) (37) (37) (37) (37)
Cv 36.1% 41.7 % 66.7 % 65.7 % 73.9%

Table 3.1: Conventional extraction method diaphragm ChE activity.
The activity of junctional (J) and non-junctional (NJ) ChE in left and right
hemidiaphragms (HD) and at different sonication programmes and EPS values
calculated by three different methods: 1,2 and 3 (See Section 2.4.5). Activities are
in nmol min-1 mg‘l. Co-efficients of variation (CV) are in bold. N numbers are in
parentheses and all values are means + standard deviation (s.d.). ** and *** denote
values significantly different from the first sonication programme values (Mann-
Whitney, P<0.02 and P<0.002 respectively). Units:J,NJ,EPS {(nmol min-1
mg‘l),EPSZ(nmol min-~ 1),EPS3(nmol min-1).
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pooled. Table 3.1 also shows J and NJ and ChE activities obtained by different
sonication programmes. There was found to be a clear relationship between the
intensity and duration of sonication and the overall yield of enzyme (see Figure
3.2.) At higher intensities of sonication, yields were poorer suggesting denaturing
and destruction of enzyme had occurred. An optimal yield was given at an output
control setting of 60 watts, for 4 cycles and this programme was adopted as the
standard method of sonication.

Table 3.1 also shows endplate-specific (EPS) activity calculated using the
three different equations shown in Section 2.4.5 to determine which would best
represent this activity in routine experiments. The co-efficient of variation (CV) of
the mean values obtained by each method was high, in the region of 60-70%.
Several factors were found to contribute to this variation which were experimentally
unavoidable. Firstly, whole hemidiaphragms dissected from mice weighed around
37.7+8.8 mg (N=45, CV=23.3%) so despite the overall homology between mice
from the same batch, is was unlikely that every dissected diaphragm would weigh
the same. Also, the experimental error of dissecting J regions out of
hemidiaphrams as 3mm strips was reflected in the calculations of EPS activity.
These strips typically weighed 22.9+5.8 mg (N=45, CV=25.3%). Since the
dissection of the J strips was standardised but there was an initial variation in the
overall hemidiaphragm weight, it followed that the variation of the sizes of the
portions remaining, i.e., the NJ weights was larger. These were typically 14.8+7.1
mg (N=45, CV=48.0%).

The EPS activity values displayed large variations because they were
derived from equations involving several of the factors discussed above which were
each subject to variation. Of the three methods used to calculate the endplate values,
it was found that the most variable value was obtained using equation 3 which
involved the most variables. There was little difference between the values obtained
by equations 1 and 2. Having contemplated the representation of the EPS activity
from a variety of angles, the simplest calculation (equation 1) involving the least
variables was used for routine determinations. Equation 1 was therefore used to
determine EPS activity for left and right hemidiaphragms and at different sonication

programmes (see Table 3.1).
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3.2.2. Extraction of mouse diaphragm AChE by a sequential
extraction method.

3.22.1. Activity of globular, asymmetric and non-extractable molecular forms and
the representation of endplate-specific activity.

Table 3.2 and Figure 3.3 show AChE activities in sequential extraction
fractions S1, S2, S3, S4 and H5 In junctional (J) and non-junctional (NJ) regions
of mouse diaphragm. Previous work by Younkin et al., (1982) demonstrated that
enzyme in fractions S1 and $2 was globular (G) in nature and enzyme in S3 and S4
was asymmetric (A) and a distinction between these forms could be made because
A forms were only soluble in a high salt medium. Enzyme in H5 was non-
extractable (NE) in nature. Enzyme in fractions S3, S84 and H5 was asymmetric but
S3 and S4 corresponded to readily-extractable AChE (A) and H5 corresponded to
non-readily extractable AChE (NE).

The first extract in each region, S1, was found to be the most enzyme rich
fraction , followed by S3 and H5. A small proportion of G (82) and A (84) forms
were residual and not extracted with the majority of G (S1) and A (83) enzyme. It
was important to carry out these residual extractions, to prevent contamination of A
fractions with G eénzyme and to maximise énzyme yields. Hence, for each
extraction carried out, residual G and A forms were added to S1 and S3 activities
respectively to give total G and A forms (see Table 3.3 and Figure 3.4).

Re-suspension of the pellet remaining at the end of the process into high
ionic buffer and analysis for AChE activity showed that even after four previous
extractions, enzymes were sti]] present suggesting that they could not be readily
extracted. AChE in the HS5 fraction was digested with collagenase it was found to
be asymmetric in nature and was identified as the collagen-tailed AChE associated
with the extra-cellular matrix (Younkin et al, 1982).

In Section 3.2.1. an attempt was made to find the best way of representing
the activity of enzyme which Wwas associated with endplates using the conventional
method and the simplest equation i.e. subtracting NJ from J activities was routinely
applied because errors where minimised. To verify the criteria for this argument,
EPS activities calculated from data obtained from the sequential extraction method
were done so by the three different methods outlined in Section 2.4.5. These
activities are shown in Table 3.3 and the corresponding variations are shown below
them. Of the three calculation methods used, it was found that higher variations
were obtained by methods 2 and 3, and the least variable EPS activities were
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Fraction

S1

S2

S4

HS

Total

Buffer

Low ionic
buffer (LIB)

LIB

High ionic

buffer (HIB)

HIB

HIB

Molecular

forms

Globular

Residual

globular

Asymmetric

Residual

asymmetric

Non-

extractable

J AChE

activity

3.06
+0.48
(10)

0.45
+0.15
(10)

0.98
+0.21
(10)

0.34
+0.06
(10)

0.80
+0.20
(10)

5.63
+0.81
(10)

NJ AChE

activity

1.67
+0.35
(10)

0.29
+0.07
(10)

0.55
+0.19
(10)

0.20
+0.09
(10)

0.29
+0.15
(10)

3.01
+0.74
(10)

EPS AChE

activity

1.40
+0.53
(10)

0.16
+0.12
(10)

042
+0.16
(10)

0.14
+0.11
(10)

0.50
+0.13
(10)

2.61
+0.95
(10)

Table 3.2: Sequential extraction fraction AChE. Activity of junctional (J)

and non-junctional (NJ) AChE extracted using low ionic strength buffer (LIB) and

high ionic strength buffer (HIB) and calculated values of endplate-specific (EPS)

activity for enzyme fractions: S1, S2, S3, S4 and H5. Activities are in nmol min-1

mg“l. Values shown are means+s.d. N numbers are in parentheses. All NJ values

are significantly different from J values in the corresponding fraction (Mann-
Whitney, P<0.02).
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Region

Junctional

Non-

Junctional

EPS]

Cv

EPS

Cv

EPS 3

Cv

Table 3.3:
Total globular and asymmetric values were obtained by adding together S1 + S2
and S3 + 54 activities respectively. Non-extractable activity was obtained by assay
of H5. Also shown are the mean values for endplate-
three different methods and the corresponding co-efficients of variation (CV) for
these values. J, NJ and EPS| and EPS3 activity is in nmol min‘lmg‘l, EPS»

activity is in nmol min-1. All values are means=+s.d.

Globular
(S1+S82)

3.46
+0.68

1.96
+0.40

38.9%

82.0
+51.9

63.3%

0.97
+0.19

49.5%

10

Asymmetric
(S3+S4)

1.32
+0.25

0.77
+0.26

0.66
+0.26

39.4%

33.6
+19.2

57.1%

0.40
+0.19

47.5%

10
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Non-
extractable
(HS)

0.80

+0.20

0.29
+0.15

0.50
+0.20

40.0 %

25.9
+14.7

56.8%

031
+0.15

48.4%

10

specific activities calculated by

Total

10

Globular, asymmetric and non-extractable AChE activity.






Each sequential extraction carried out rendered a total of nine AChE

activities which are listed below -

J(G): Total junctional globular AChE (S1+S82).
J(A): Total junctional readily-extractable asymmetric
AChE (S3+84)
J(NE): Junctional non-readily extractable asymmetric AChE (H5)
NJ (G): Total non-junctional globular AChE (S1+82).
NJ (A): Total non-junctional readily-extractable asymmetric
AChE (S3+84)
NJ (NE): Non-junctional non-readily extractable asymmetric
AChE (H5)

EPS (G): Endplate-specific globular AChE : J (G)-NI(G)

EPS (A): Endplate-specific readsi] y-extractable asymmetric
AChE: J(A)-NJ (A)

EPS (NE): Endplate-specific non-extractable asymmetric
AChE: J (NE) - NJ (NE)

3.2.2.2 Ratio of molecular forms in endplate and non-endplate containing regions

of the mouse diaphragm

(EPS) and non-endplate containing regjons (NJ) expressed as percentages of the
total enzyme activity per mg of muscle. Work by Younkin et al., (1982) indicated
that in rat diaphragm 67.8% of whole muscle activity was due to G forms 22.7%

due to readily extractabje A forms and 9.4% due to NE forms. About 269 of

forms, 45% to A forms and 279, was NE enzyme.

The enzyme distribution In mouse diaphragm was found to be similar.
61.4+12.1% of the total activity per mg of muscle was due to G forms, 56.5% of
which were located in non-endplate containing regions of muscle fibres, and 43.5%
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AChE

NE

Total

Non-endplate

activity (NJ) as
% of activity/mg

tissue

34.7
+7.2

13.1
+5.2

+2.6

53.3
+13.1

Endplate activity
(EPS) as
% of activity/mg

tissue

27.1
+10.8

12.6
+4.9

3.6

I+

46.2
+16.9

Total activity as
% of activity/mg
tissue

61.4
+12.1

23.4
+4.4

14.1
+3.6

100

Table 3.4: Percentage of AChE molecular forms in diaphragm.
Globular (G), asymmetric (A),non-extractable (NE) and total AChE in the non-
endplate (NJ) and endplate (EPS) regions of mouse diaphragm expressed as

percentages of the total activity per mg of muscle, V

percentages+s.d. (N=10).
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in endplates. Of the total activity per mg of muscle activity, 23.4+4.4% was due to
A forms, again 53.8% which were in endplates and 46.2% were in non-endplate
regions. Thus, neither G or A forms were exclusive to either endplate or non-
endplate regions but were distributed between the two. Enzymes which were not
readily extractable (NE) contributed to 14.1+3.6% of muscle activity and 70% of
these are exclusive to endplates. About 30% of NE enzyme was not located in

endplate regions but associated with peripheral parts of muscle fibres.

3.2.2.3 Determination of the precise molecular composition of the sequential

extraction fractions.

The precise molecular composition of the sequential extraction fractions was
determined by velocity sedimentation on sucrose density gradients. Figure 3.5
shows characteristic sedimentation profiles for ] G, A and NE AChE fractions
obtained by velocity sedimentation of extracts of S1+S2, S3+S4 and H5 obtained
sequentially. J and NJ fractions had essentially similar compositions although NJ
profiles were poor due to low enzyme levels and consequently profiles for EPS
fractions (J-NJ) could not be obtained. The gradients were calibrated using markers
with known sedimentation.

The predominant enzyme in the G fraction (S1+S82) sedimented around the
4S marker. Previous work showed that this enzyme corresponded to G1. The G2
form appeared as a hump on the G1 peak and sedimented around 6S. Also present
in the G fraction was G4 which sedimented at the 10S marker. Globular forms are
either low salt soluble intra-cellular precursors and secreted enzyme or detergent
soluble integral membrane dimers and tetramers (Rotundo, 1984). Since the LIB
extraction buffer used contained the detergent Triton-X100, the G fraction (§1+S2)
represents AChE activity which is a combination of intra-cellular G precursors and
extra-cellularintegral membrane proteins.

The sedimentation profiles for the A fraction (S3+84) and the NE (H5)
fraction were similar with major sedimentation occurring around the 16S marker
corresponding to the A12 form of AChE which has a functional role in the synaptic
cleft (Hall, 1983). There was evidence in both A and NE fractions of sedimentation
between 4S and 12S where the A4 and A8 forms were expected to appear but
distinctive peaks could not be identified because an insufficient number of fractions
was obtained by the method for better resolved peaks. Although A12 was present in
both A (S3+84) and NE (H5) fractions, the enzyme peak was better resolved in the
NE (H5) fraction and constituted more than 60% of the activity. The A and NE
fractions can be distinguished because the former contains readily-extractable
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were found in both. The NE form was largely associated with the endplate, but a
small proportion was also found in non-endplate regions.

Velocity sedimentation studies verified that the globular (G) fractions
(S14S2), asymmetric (A) fractions (S3+S54) and non-extractable (NE) fraction (H5)
where rich in globular, readily extractable asymmetric and non-readily extractable
asymmetric (or basal lamina-associated) AChE respectively. The fractions, their
compositions and probable cellular origins are summarised in Table 3.5.

The NE fraction was found to be rich in A12 molecular form by velocity
sedimentation and has previously been shown to be collagenase-sensitive and
therefore associated with the basal lamina (Younkin et al., 1982). There was found
to be a good abundance of A12 in the J (NE) profile and it is likely that correction
of the J (NE) profile for non-endplate activity would indicate that most of the A12 1s
associated with the endplate. Functionally active AChE associated with the endplate
was routinely calculated by subtracting NJ (NE) from J (NE) to obtain EPS (NE).
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CHAPTER 4

THE EFFECTS OF ECOTHIOPATE ON MOUSE SKELETAL
MUSCLE AND THE REPRESENTATION OF FUNCTIONAL
ACETYLCHOLINESTERASE.
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4.1 Introduction.

In Chapter 3, the molecular forms associated with endplate and non-
endplate regions of mouse diaphragm were investigated and it was found that
various globular and asymmetric forms were found in both regions in varying
proportions. In this section, the distribution of AChE molecular forms in mouse
skeletal muscle was investigated further and an attempt was made to determine
internal and external cellular locations of the various molecular forms using the
irreversible OP inhibitor, ecothiopate (ECO). ECO penetrates membranes very
slowly and selectively inhibits extra-cellular AChE (Brimijoin et al.. 1978: Wallace
and Gillon, 1982). Due to its quaternary nature, ECO has been used in several
studies (Younkin et al., 1982; Mclssac and Koelle 1959; Rotundo, 1983) to
distinguish between AChE with intra- and extra-cellular locations.

ECO was also used to study OP-induced myopathy by investigating the
responses of AChE molecular forms, blood ChE and endplate dimensions to acute
dosing. The recovery of AChE molecular forms and endplate shape was also
monitored and attempt was made to determine various aspects of AChE
biosynthesis and regulation after anti-ChEs.

When functional AChE in the synaptic cleft is inhibited, the action of ACh
on its receptor is prolonged and there is a prolongation of extra-cellular miniature
endplate potentials; (MEPPs), (Boyd and Martin, 1956; Blaber and Christ, 1967).
This suggests that there is a relationship between these endplate potentials and
synaptic AChE activity which would apply under a variety of circumstances.
Previous work carried out to explore dose and time dependent changes in AChE
activity after treatment with anti-ChEs have concentrated on the use of a one step
extraction method, which due to jts simplicity, measured only the activity of low
molecular weight globular forms of AChE which were probably not functionally
relevant. When comparisons which were made between the effects of ECO on
AChE measured by this method and the prolongation of (MEPPs),, a consistent
correlation was not found (Bamforth, 1989) and suggested that the assay technique
did not give a true indication of synaptic enzyme. In this section this hypothesis
was investigated by examining the dose and time responses of a variety of AChE
molecular forms to ECO and correlating these responses with electrophysiologically
recorded data. An attempt was also made to determine the nature of the relationship
between assayed synaptic AChE and the prolongation of (MEPPs), and express the
relationship in a reproducible form which could be applied to other experimental

conditions. The aims of work in this section are summarised as follows:
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(a) To determine the distribution of AChE molecular forms in mouse
skeletal muscle.

(b) To investigate OP-induced myopathy with respect to muscle fibre
morphology and molecular form activity.

(c) Toinvestigate the recovery of skeletal muscle after OP intoxication and
determine aspects of AChE metabolism.

(d) To relate synaptic AChE activity to the prolongation of (MEPPs),.

4.2 Results and discussion.

4.2.1 Response of mouse skeletal muscle to acute dosing with ECO.
4.2.1.1 Experimental design.

Mice were allocated into the following dosing groups and treated with a
single subcutaneous injection of ECO with 700 nmol kg-! atropine sulphate to

prevent muscarinic effects.

Group 1 : 700 nmol kg1 atropine sulphate only (untreated group).
Group 2 : 25 nmol kg-! ECO + 700 nmol kg atropine sulphate.
Group 3 : 50 nmol kg-1 ECO + ! "

Group 4: 100 nmol kg-! ECO + " "

Group 5: 300 nmol kg-! ECO + " "

Group 6 : 500 nmol kg-! ECO + " ".

Three hours after the injection, mice were killed and a blood sample was
removed from the femoral artery and assayed for ChE activity (see Section
2.4.3.3). Diaphragms were then dissected out and prepared for assay of molecular
forms of AChE by the sequential extraction method (see Section 2.4.3.2).
Hemidiaphragm endplates were also stained histochemically (see Section 2.6) and

their dimensions were measured.
4.2.1.2 Whole blood ChE.

Table 4.1 and Figure 4.1 show the dose-response of whole blood ChE to
ECO administered at doses in the range 25-300 nmol kg-!. Whole blood ChE

responded to ECO treatment in a dose-dependent manner. At low, non-necrotising
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Dose ECO

Untreated

25

50

100

300

Whole Blood ChE
Activity
(#mol min- Iip)-1)

3.58
+0.84
(8)

1.85 *
+0.80
4)

0.96 *
+0.31
(6)

0.79 *
+0.20

(4)

0.64 *
+0.25
4)

% Inhibition

73.2

77.9

82.1

Table 4.1: Whole blood ChE 3 hours after ECO (25-300 nmol kg-1).
The table shows blood ChE activities and the corresponding percentage inhibitions.

Values are means=+s.d. N values are shown in parentheses. Kruskal-Wallis one-
way ANOVA: P<0.05, * denotes groups which differ from the untreated
group:P<0.05 (Kruskal-Wallis multi-comparison test).
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doses the inhibition of whole blood ChE was almost 50%. When the dose was
doubled the inhibition increased to 70%. There was little change in the extent of
inhibition when the dose was doubled again to 100 nmol kg1 or increased to 300
nmol kg“l when the inhibition was around 80%.

The results indicated that blood ChEs were readily accessible to ECO due to
the sensitivity displayed to lower doses. At 50 nmol kg‘1 of ECO more than 70%
of blood ChE was inhibited and when the dose was increased 6 times, there was
only a further 10% increase in inhibition suggesting that at the lower dose, a
majority of the blood ChE active sites were saturated by the drug.

Erythrocyte ChE levels have often been used routinely to indicate AChE
activity in the synaptic cleftin the peripheral nervous system and the assessment of
plasma butyrylcholinesterase (BChE) levels has been suggested to be a sensitive
measure of OP intoxication and therefore provides an early warning of excessive
exposure (Duncan and Griffith, 1992). The assay of whole blood does not
differentiate between BChE and AChE which was found to consist predominantly
of 67.9+12.3% ( N=5) BChE in the plasma and 32.0+12.3% (N=5) low molecular
weight forms of AChE which are membrane bound on erythrocytes but was the

simplest and most rapid method of assessing levels of OP inhibition.
4.2.1.3 Molecular forms of AChE.

Table 4.2 shows the change in the activity of mouse diaphragm AChE
molecular forms 3 hours after the subcutaneous injection of an acute dose of ECO
in the range 25-500 nmol l(g'1 and Table 4.3 gives an indication of the percentage
reduction in enzyme activities at the respective doses.

Figure 4.2 shows the response of junctional (J) AChE. J(G), (A) and (NE)
AChE forms were sensitive to doses of ECO at and above 100 nmol kg‘l. Figure
43 shows the response of non-junctional (NJ) AChE. NJ (G) was senstive to ECO
at and above 300 nmol kg‘l. NJ (A) and (NE) AChE forms were sensitive to ECO
at and above 25 nmol kg‘l. Figure 4.4 shows the response of endplate-specific
(EPS) AChE. None of the EPS AChE forms gave a significant response to ECO
below the 300 nmol kg‘1 dose. EPS (G) and EPS (NE) were sensitive to this dose,
but EPS (A) was only sensitive to the 500 nmol kg“1 dose. EPS (NE) AChE
displayed the most consistent dose-dependent variation.

None of the individual enzyme fractions displayed a good dose-response
relationship as the percentage inhibitions were inconsistent and subject to large
variations and the response of various endplate AChE molecular forms to ECO was

different to that of the non-endplate molecular forms of AChE. Since the various
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molecular forms of AChE do not differ significantly in their susceptibility to
alkylphosphorylation by OP compounds (Madhukar and Matsumura, 1979) the
different responses observed may be due to other influences.

The large variations in actual activities may be due to an inter-mouse
difference in sensitivity to ECO. This variation was also observed in human blood
AChE but is difficult to characterise (Duncan and Griffith, 1992). Since, portions
of AChE in each region, are located internally and externally (Younkin, 1982), it is
possible that the different responses to ECO arise from differences in the portions
of enzyme which can be targeted by the drug in each region. The region with the
higher portion of extra-cellular enzyme is more likely to display a response than the
region which has a higher portion of intra-cellular AChE which is largely
inaccessible to ECO. Also, intra-cellular AChE has a rapid turnover with a half-life
of around 90 mins whereas extra-cellular AChE has a slower turnover with a half-
life of around 40-50 hours (Lazar et al., 1984). It is possible therefore, that 3 hours
after the administration of ECO, de novo synthesis of intra-cellular AChE has
already increased enzyme levels such that the inhibitions recorded at this time do not
truly reflect that which occurred soon after the drug was given. In addition, it was
not known to what extent and at what dose ECO can penetrate the cell and inhibit
intra-cellular pools of AChE.

Hence, the response of the molecular forms of AChE to ECO at a given
dose and time was found to be selective and may depend on any one or a
combination of factors i.e. cellular locations, enzyme turnover rates, inter-mouse
variations and access to ECO. In addition, the response of whole blood to ECO was
not found to closely parallel the response of any of the diaphragm forms of AChE
which suggested that although the assay of whole blood gave a good indication of

OP inhibition, it was not a good indicator of responses in peripheral nervous tissue.
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Region Un- 25 50 100 300 500
treated nmol nmol nmol nmol nmol

kg1 kg1 kg1 kg-1 kg‘l
ECO ECO ECO ECO ECO

J(G) T 3.46 2.71 2.82 2.41* 2.06%* 1.67*
+0.68 +0.63 +0.28 +0.27 +0.02 +0.83
JAA) T 1.32+ 0.86* 1.05 0.69* 0.61* 0.70*
+0.25 +0.26 +0.21 +0.09 +0.12 +0.25
J(NE) + 0.80+ 0.49 0.52 0.39*%+ 0.11%* 0.18%*

+0.20 +0.31 +0.25 +0.10 +0.08 +0.11

NJ (G) 7T 1.96 1.54 1.50 1.56 1.28%* 1.04*
+0.40 +0.27 +0.31 +0.26 +0.24 +0.41
NJ (A) 0.77+ 0.22%* 0.39* 0.33* 0.15%* 0.40*
+0.26 +0.12 +0.19 +0.34 +0.11 +0.21
NJ(NE) ¥ 0.29+ 0.01* 0.12%* 0.08* 0.05* 0.14*
+0.15 +0.01 +0.16 +0.09 +0.07 +0.14

EPS (G)+ 1.57 1.17 1.32 0.85 0.78%* 0.63*
+0.61 +0.63 +0.18 +0.48 +0.46 +0.50
EPS(A)T 0.66 0.64 0.67 0.57 0.45 031*
+0.26 +0.14 +0.14 +0.12 +0.22 +0.17
EPS(NE) + 0.50 0.48 0.41 0.32 0.09* 0.05%*

+0.20 +0.31 +0.20 +0.15 +0.26 +0.04

Table 4.2: Diaphragm AChE 3 hours after ECO (25-500 nmol kg-1).
Globular (G), asymmetric (A) and non-extractable (NE) enzyme activities in
junctional (J), non-junctional (NJ) and endplate-specific (EPS) regions. All
activities are in nmol min-1 mgl. + denotes sets with different groups (K-S
ANOVA, P<0.05), * denotes groups which differ from the untreated group (K-S
multi-comparison test, P<0.05) and + denotes different adjacent groups (K-S multi-

comparison test, P<0.05).
-102-



Region 25nmol 50nmol 100nmol 300nmol 500nmol
kg lECO kg'1ECO kg lECO kg lECO kg 1ECO

J(G) 23.9 18.6 30.5 40.4 51.7
+16.3 +6.9 +6.6 +9.0 +23.9
J(A) 34.9 20.8 48.1 54.2 46.9
+17.1 +13.8 +5.8 +8.0 +19.0
J(NE) 39.4 35.0 51.2 86.6 77.9
+33.2 +26.7 +10.4 +8.3 +14.2
NJ (G) 21.6 23.7 20.7 34.7 47.1
+11.9 +13.8 +11.6 +6.9 +21.0
NJ (A) 71.4 50.0 57.8 80.2 48.7
+13.4 +21.9 +38.6 +12.3 +26.9
NJ (NE) 97.4 60.4 74.2 84.5 504
+4.5 +47.9 +26.3 +18.3 +47.8
EPS (G) 25.3 15.9 45.9 50.2 59.7
+35.0 +9.7 +26.4 +13.1 +32.2
EPS (A) 1.2 4.6 45.5 31.5 53.2
+18.4 +17.7 +26.6 +14.8 +25.6
EPS (NE) 4.5 19.0 37.0 87.5 90.3
+54.1 +34.1 +26.6 +19.0 +8.7
N 10 4 4 4 8

Table 4.3: Percentage reduction of diaphragm AChE 3 hours after
ECO (25-500 nmol kg-1). Reduction in Junctional (J), non-junctional and
endplate-specific (EPS), globular (G), asymmetric (A) and non-extractable (NE)

AChE. Values are mean percentage reduction + s.d.
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4.2.1.4 Internal and external cellular locations of AChE.

In the previous section, the response of AChE molecular forms to ECO
was found to be selective. Younkin et al., (1982) used ECO to selectively inhibit
external AChE in rat skeletal muscle and hence determine the internal and external
distributions of the molecular forms of AChE. Younkin et al. performed these
experiments in vitro by incubating rat diaphragms with ECO over a time period. It
was proposed that there were two phases to the inhibition caused by ECO: a slow
phase where most of the external AChE was inhibited within 1 hour and a second,
slower phase lasting 3 hrs when the internal AChE became progressively inhibited
due to slow penetration of the cationic phosphorylating agent into fibres. Although
the data provided by selective inhibition was useful, ECO was not found to give an
wholly accurate distribution profile because the drug was found to inactivate
external enzyme whilst it also slowly penetrated the cell and it was difficult to
identify the precise time when all the external AChE was totally inactivated without
any internal AChE being also inhibited. In addition, the penetrating ability of ECO
was found to increase with temperature.

In this section the internal and external locations of AChE were
investigated in vivo. Hence, in contrast to the experiment by Younkin et al. where
the diaphragm was continuously exposed to ECO, the diaphragm would receive
ECO via the bloodstream as a single dose and thus mininise the oportunity for it to
penetrate the cell. ECO was administered subcutaneously to mice at 500 nmol kg~ L
In some diaphragms AChE levels were measured 1 hour after the injection and in
others levels were measured 3 hours after the injection and a comparison was made
between them. Because ECO was administered to the mouse it was assumed that a
longer period of time was needed to allow ECO to diffuse to its target sites and the
penetration of ECO into the cell would be minimal after 1 hour.

Table 4.4 shows the hypothesised percentage distribution of internal and
external enzyme 1 hour and 3 hours after dosing with ECO. The actual AChE
activities at the 2 time points was taken to represent internal enzyme and the
difference between the untreated enzyme levels and the internal activity at each of
the time points was taken to represent the external enzyme. Both the internal and
external activities were expressed as percentages of the total activity per mg of
untreated tissue. Table 4.4 shows that after 1 hour, NJ (G), NJ (A) and NJ (NE)
were all predominately internal and EPS (G) and EPS (A) were equally distributed
between the inside and outside of the cell but EPS (NE) was predominately
external. When the activities were measured at 3 hours, there were only slight

increases in the external proportions of all EPS forms and NJ (NE) whereas NJ (G)
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G
Internal (1hr)
External(1 hr)

Internal (3 hrs)
External (3 hrs)

A
Internal (1 hr)
External (1 hr)

Internal (3 hrs)
External (3 hrs)

NE
Internal (1 hr)
External (1 hr)

Internal (3 hrs)
External (3 hrs)

Total/mg
muscle
Internal (1 hr)
External (1 hr)

Internal (3 hrs)
External (3 hrs)

NJ (% activity / EPS (% activity %

mg muscle)
347 = 7.2
319+ 3.6
28 +£3.6

184+ 7.3
164 + 7.3

13.1 = 5.2
120+ 1.5
1.7+ 1.5

7.0 £3.7
6.7 +3.6

5.2 + 2.6
39+25
2.1+ 18

26 +25
29+ 2.1

53.3 + 13.1

445+ 6.5
89 +64

279 + 12.7
254 + 12.7

/ mg muscle)
27.7 £+ 10.8
134 +57
145+53

11.2 +89
16.6 + 8.9

12.6 =+ 4.9
6.0+24
57+24

55+3.0
6.2 +30

8.9 + 3.6
1.7+ 1.8
73+ 1.8

09 +08
8008

46.2 = 16.9

19.6 + 54
266 + 54

17.6 + 10.7
28.7 + 10.7

activity/mg
muscle

61.4 = 12.1

453 + 54

16.1 + 54

26.6 + 14.6
31.8+ 146

23.4 + 4.4
18.0+ [.8
54+ 1.8

125+ 44
109 + 4.4

14.1 = 3.6
56 +3.2
87+3.2

3.1+20
[1.1 £2.0

100

70.4 + 9.5
29.6 + 9.5

45.2 + 20.6
348 + 20.6

Table 4.4: The percentage distribution of diaphragm ACHhE. Activities

are expressed as percentage of activity per mg of muscle (values in bold). Also

shown are internal and external enzymes 1 hr and 3 hrs after a 500 nmol kg1

injection of ECO. Internal and external percentages were also expressed by dividing

the measured activities by the total activity per mg of tissue. N (I hr) = 4, N (3hrs)

= 8.



and NJ (A) external proportions increased by a greater extent. The reason for these
observations is unclear. It is possible that at the 1 hour time point, ECO has only
partially inhibited all the external AChE and at 3 hours it has inhibited all the
external thus resulting in the observed decreases in internal AChE and increases in
external AChE between the two time points. This would imply that the 3 hour
distribution represents AChE location better than the 1 hour distribution. This
however is unlikely because ECO is probably removed from the circulation quite
quickly and the observation that the EPS (NE) enzyme is inhibited by around 90%
at both the 1 hour and 3 hour time points suggests that the progressive inhibition of
this enzyme does not occur. It is unlikely that the situation at 1 hour would be such
that some enzymes are partially inhibited wherease others are completely inhibited.
It is also possible that at 1 hour all the external enzyme is completely inhibited but
after 3 hours some ECO penetrates the cell and additionally inhibits some internal
NJ (A) and NJ (G) suggesting that at | hour the distribution gives a bettter
representation of enzyme location that at 3 hours. Since it was unknown whether
ECO is cleared from circulation between the two time points the possibility of
progressive inhibition cannot completely be ruled out. It is unlikely that ECO can
enter the cell across membranes which have been damaged due to anti-ChE action
because cellular necrosis after only 3 hours is minimal (Townsend, 1988). Cell
penetration may however occur by pinocytosis and the process of ECO injestion
into the cell and subsequent inhibition of internal AChE by this method may occur
slowly between the two time points and result in the decrease in internal NJ (G) and
NJ (A) seen at 3 hours. Hence, in the absence of evidence to support or reject either
of the possibilities disscused, both must be considered. In general, however,
differences were observed in the extent to which the molecular forms where
inhibited, irrespective of the time at which they were assessed, which suggested
that they had been selectively inhibited by ECO on the basis of their cellular
locations.

The percentages in Table 4.4 shown in bold type represent the total enzyme
distribution in the diaphragm and was discussed in Section 3.2.2.2. It was found
that 61.4+12.1% of the total activity per mg of muscle was G AChE, 23.4+4.4%
was A AChE and 14.1+3.6% was NE AChE. Of the total activity per mg of muscle
53.3+13.1% was associated with NJ parts of muscle fibres (i.e. parts of the muscle
which were not specialised as endplates) and 46.2+16.9% was associated with
endplates (i.e. EPS AChE). Of the total G AChE in the diaphragm, 60% was
associated with the NJ region and 40% with endplates. Of the total A AChE 60%
was associated the NJ region and 40% with endplates and of total NE AChE 40%
was associated with the NJ region and 60% with endplates. Hence, G, A and NE
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AChE was associated with both endplate and non-endplate regions. In the mouse
diaphragm there was only slightly more G AChE in the non-endplate region than in
the endplate which was in contrast with the distribution found in rat (Younkin et al.,
1982) where 82% was found in the non-endplate region and 18% in the endplate.
In rat and mouse total asymmetric (A and NE) AChE was equally distributed
between the non-endplate and endplate regions.

Of the total enzyme activity 45-70% was internal AChE and 30-55% was
external suggesting that AChE was not exclusively internal or external. Of the total
internal AChE about 60% was found in the NJ region and 40% was associated with
endplates and of the total external AChE 30-50% was NJ and 50-70% in endplates.

G AChE accounted for 61.4+12.1% of the total activity per mg of muscle.
Around 60% of G AChE was in the NJ region and 40% was in the endplates.
About 40-70% of the total G AChE was located internally and 30-60% was
external. Of the total internal G AChE 70% was in NJ parts and 30% in endplates.
Of the total external G AChE 20-50% was in NJ parts and 50-80% in endplates. In
the NJ region G AChE was 50-90% internal and 10-90% external. Since Younkin
etal. determined that in the rat diaphragm G AChE was equally distributed between
the inside and outside of the cell, this study proposes that the internal pool of NIJ
(G) enzyme may be larger that estimated and in the Younkin studies a lower
estimate of internal NJ (G)was made because some of the internal enzyme had been
inhibited by ECO which had penetrated the cell. However, Younkin et al., (1982)
in their study, determined that of the non-endplate G AChE, the G1 form existed
predominately internally whereas the G4 form was predominately external hence,
individual G forms have different locations. In the endplates, however, 50% of G
AChE was internal and 50% was external. The study suggested that both endplate
and non-endplate regions contain intra- and extra-cellular pools of G forms. Intra-
cellular forms are likely to be G1, G2 and G4 precursors in the RER and Golgi
apparatus (Rotundo, 1984: 1.azar et al., 1984; Brockman et al., 1986), processed
G1, G2 and G4 forms in vesicles targeted for the cell membrane (Porter-Jordan et
al., 1986) or molecules associated with the sarcoplasmic reticulum (Tennyson et
al., 1973), lysosomes which mediate intra-cellular degradation of AChE and
secretory granules (Wake, 1976; Sawyer et al., 1976). Studies have also indicated
the existence of monomeric intra-cellular inactive pools which have an unknown
function (Kerem et al., 1993; Lazar et al., 1984). Extra-cellular forms are likely to
be secreted G1, G2 and G4 forms (Wilson et al., 1973) which may have a specific
role or be degradation products of the multimetric forms or products of a recently
identified mRNA devoid of an assembly signal (Li etal., 1991) or G1, G2 and G4
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which are integral proteins of the sarcolemma (Rotundo, 1984a; Inestrosa and
Perelman, 1989).

Readily-extractable asymmetric AChE (A)accounted for 23.4+4.4% of the
total AChE activity per mg of muscle. About 60% of the total A AChE was in the
NJ region and 40% in endplates. Of the total A AChE in the diaphragm about 50-
70% was internal and 30-50% external. About 60% of the total internal A AChE
was associated with the NJ region and 40% with endplates. Of the total external A
AChE, about 30-60% was associated with the NJ region and 40-70% with
endplates. In the NJ region 50-90% of A AChE was internal and 10-50% external.
In the endplate region A AChE was equally distributed between the inside and
outside of the cell. Readily-extractable asymmetric AChE was therefore equally
distributed between the endplate and non-endplate regions and in each region was
found internally and externally. This conflicted with the proposition in Chapter 3
that AChE in this fraction was totally intra-cellular because it is readily extractable
and therefore not associated with the extra-cellular matrix. The collagen-tailed forms
therefore exist as both intra- and extra-cellular pools in both regions. Intra-cellular
A AChE is likely to be A4, A8 and A12 at various stages of processing and
originating from various locatjons including the Golgi, vesicles, sarcoplasmic
reticulum and lysosomes (Rotundo, 1984a: Inestrosa, 1984). Extra-cellular A
AChE is possibly secreted A4, A8 and Al2, or collagen-tailed AChE which has
been externalised and failed to associate with the extra-cellular matrix although
previous studies have suggested that no A forms are secreted and the capturing
mechanism is largely effective. The origin of extra-cellular A AChE is therefore
unclear. The occurrence of external A AChE in the non-endplate regions suggests
that the enzyme have a non-cholinergic role because there are no endplates in this
region.

The remainder of the total AChE activity per mg of muscle which accounted
for 14.14+3.6% was due to NE AChE. About 40% of the total NE AChE was
associated with the NJ region and 60% with endplates. Of the total NE AChE in the
diaphragm, 20-40% was internal and 60-80% external. About 70-80% of the total
internal NE AChE was located in non-endplate (i.e. NJ muscle regions) with the
remaining 20-30% being located internally in the endplate. Of the external NE
AChE, 80% was located at the endplate, with only a small portion, 20% found
externally on non-specialised parts of muscle fibres. In the NJ region the NE forms
were 50-75% internal and 25-50% external whereas in the endplates only about
10% was internal with the remaining 90% being external. Endplate NE AChE was
therefore virtually all external and since the EPS (NE) fraction is predominately
A12, this suggested that this enzyme was associated with the basal lamina of the
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synaptic cleft and had a role in the termination of synaptic transmission (Inestrosa et
al., 1982). Selective inhibition studies by Younkin et al.. 1982, also identified
endplate-associated A 12 which was predominately external. NE AChE was also
found to be associated with the non-endplate region in small amounts. Y ounkin et
al., (1982) demonstrated using l251—211pha—bungarotoxin that this activity was not
associated with stray endplates and therefore genuinely expressed high molecular
weight forms at the cell surface of non-endplate regions. The function of or
interaction with the cell mem brane of these forms is unclear.

All the molecular forms of AChE were found in endplate and non-endplate
parts of mouse skeletal muscle. The majority of these forms were distributed
between the inside and outside of the cell with the exception of NE AChE in the
endplate region which was predominantly external. It must be noted that the data
provided in this section gives only an indication of enzyme distributions and not a
precise map of the exact locations because the method used is based on assumptions
about the movement of ECO through the tissue to the target areas. The cellular
distribution of mouse molecular forms proposed by this study and for rat proposed
by Younkin et al., (1982) support a hypothesis based on numerous studies and
reviews of the metabolism of AChE. G1 appears to be a precursor for G4 and
ultimately A2 (Koenig and Vigny, 1978). Globular and asymmetric forms arise
from a single gene (Lj et al, 1991) and extensive post-translational processing
occurs to produce the secreted, cell-bound and basal lamina-associated molecular
forms. The collagen-tailed forms of AChE are assembled internally and co-
transported with enzyme targeted for secretion or membrane association in
vesicles. External collagen-tailed AChE is predominately associated with the basa]
lamina, but some is associated with non-endplate regions whilst a portion appears

to either secreted or unbound.
4.2.1.5 Endplate dimensions,

Table 4.5 shows endplate width (W), length (L) and width/length (W/L)
ratio after various doses of ECO. At each dose the mean of averages of 30 endplates
per hemi-diaphragm is given (in the statistical analysis of data the inter-
hemidiaphragm variation was taken into account using a mixed-design MANOVA
model as discussed in Section 2.6.3). Figures 4.5a and 4.5b show the changes in
whole population W, L and W/L ratio respectively at each dose obtained by pooling
together the ratios for all the endplates at that dose and the corresponding

histograms for endplate ratios are shown in Fi gure 4.6.
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Untreated

25

50

100

300

500

Table 4.5: Endplate dimensions 3 hours after ECO (25-500 nmol kg-
L Change in endplate width, fength and width/length (W/L) ratio. HD gives the

no. of hemidiaphragms and EP gives the total no. of endplates.

No. of HD
No. of EP

240

120

90

120

60

180

Width of

endplates

(pmjy

19.3+0.7

20.4+1.8

20.5+0.3 *

21.8+1.6 *

22.8+1.4 *

25.0+1.5 *

Length of
endplates

(pgm)

34.7+2.9

29.3+3.9 *

27.3+1.1 *

29.1+4.3 *

26.4+0.7 *

29.5+3.7 *

W/L ratio +

0.56+0.04

0.72+0.04 *

0.76+0.03 *

0.78+0.06 *

-+

0.87+0.03 *

0.88+0.09 *

meansz+s.d. of averages of 30 EP per HD (300 nmol kg‘I dose value is +min/max).

T denotes sets with different groups (ANOVA, P<0.05), * denotes groups which
differ from the untreated group (MANOVA, P<0.05) and + denotes different

adjacent groups (MANOVA, P<0.05).
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At the non-necrotising dose of 25 nmol kg‘l, the endplates became more
rounded and the W/L ratio increased from around 0.57 to 0.72. Figure 4.6 shows
that there was a shift within the endplate population such that the percentage with a
higher W/L ratio increased and the percentage which had ratios around the untreated
mean reduced. As the dose of ECO was increased, there was a progressive increase
in the W/L ratio which at the 500 nmol kg"l dose was 57% higher than the
untreated ratio. There were no differences between groups at consecutive time
points (MANOVA) despite the observed trend suggesting that the increase may be
gradual. There was evidence at each of the doses that undistorted endplates co-
existed with distorted endplates of varying severity.

Observations of the W and L showed that as the dose of ECO was increased
the W increased and the L decreased suggesting that the rounding of endplates may
be due to persistent hypercontractions in underlying muscle fibres (Das, 1989)
although changes in cell volume due to proteolysis and ion movement may also
contribute to the distortion. The precise mechanism of the deformation process is
unclear. The ultrastructural myopathy induced by anti-ChE action at endplates is
characterised by a variety of morphological changes resulting from inappropriate
ion accumulations in the endplate region due to excessive cholinergic agonism by
ACh when AChE is inhibited (Laskowski et al., 1977). The onset of myopathy is
characterised by a rapid influx of Ca2+ jons through endplate channels (Evans,
1974; Mideli et al., 1977; Takeuchi, 1963) and common morphological changes
include; swelling of T-tubules, sarcoplasmic reticulum and other subjunctional
organelles (Townsend, 1988; Laskowski et al., 1975), enlargement of vacuoles and
degeneration of post-junctional folds (Meshul et al., 1985) and progressive
swelling of chromatin in the subjunctional muscle nuclei (Meshul et al., 1985). The
visualised endplate deformation may be accompanied by a combination of these
morphological changes depending on the severity of the myopathy induced by
ECO. Das (1989) found that 3 hours after 300 nmol kg~! ECO there was significant
staining of fibres with Procion Yellow which marks loss of sarcolemmal integrity
(Bradley and Fulthorpe, 1978) suggesting that muscle membranes had become
leaky and contraction clumps were evident suggesting that the dose was potentially
necrotising. In addition, these contraction clumps were localised in junctional
regions and were not apparent in peripheral parts of the muscle (Das, 1989)
indicating that the onset of damage originated close to the endplate and was
therefore likely to be due to events at the endplate which were possibly instigated by
Ca2+ influx. From the observations made by Das (1989), doses of ECO of and

above 300 nmol kg'1 are defined as necrotising.
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Endplate deformation was found to be an indicator of hypercontrations
which are excessive and unphysiological contractions of myofibrils reflected by
abnormally short sarcomeres (Das, 1989) induced by OPs. Due to the response
observed at low doses of ECO, endplate deformation was therefore found to be a

sensitive indicator of anti-ChE intoxication and a marker for mild myopathy.

4.2.2 Recovery of mouse skeletal muscle after a single acute dose of
ECO.

4.2.2.1 Experimental design

Mice were given a single subcutaneous injection of 500 nmol kg‘1 ECO
with 700 nmol kg"1 atropine sulphate. At various time points after dosing (see

below), a group of mice was killed and their diaphragms removed for analysis.

Group 1 : 3 hours after injection.
Group 2: 1 day after injection.
Group 3 : 5 days after injection.
Group 4 : 7 days after injection.

4.2.2.2 Molecular forms of AChE.

Table 4.6 shows the activities of the various enzyme fractions 3 hours, 1
day, 5 days and 7 days after a 500 nmol kg~! dose of ECO. Table 4.7 shows the
percentage reductions in AChE activity. Three hours after a 500 nmol kg1 dose of
ECO, almost all the fractions of AChE measured were found to have reduced
activities which remained so when measured after 1 day. Hence, ECO was found to
locate its target enzymes rapidly and there was no change in the effects for at least
24 hours. The extent of reduction in enzyme activity, however, varied between
enzyme type and location.

Figure 4.7 shows the responses of junctional (J) AChE. J (G), J (A) and ]
(NE) forms were reduced by 51.7+23.9%, 46.9£19.0% and 77.9+14.2%
respectively 3 hours after ECO. One day later, the activities were still reduced (J
(G) by 45.8416.9%, J (A) by 52.6+14.2% and J (NE) by 65.7+16.3%). Five
days after the initial dose, J (G) and J (A) AChE had completely recovered but J
(NE) AChE was still reduced by 45.8+34.1%. Seven days after the initial dose, all
the forms were at their normal level except J (A) AChE which was 23.3+31.3%

lower than the untreated level.
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Enzyme Untreated 3 hrs 1 day 5 days 7 days

N 10 8 7 8 9
J(G) + 3.46+ 1.67* 1.73%4 3.30 3.34
+0.68 +0.83 +0.31 +0.61 +0.55
J(A) T 1.32+ 0.70* 0.63 *+ 1.05 0.97*
+0.25 +0.25 +0.19 +0.37 +0.34
J(NE) + 0.80+ 0.18%* 0.27*+ 0.51% 0.61%*
+0.20 +0.11 +0.13 +0.20 +0.27
NJ (G) T 1.96+ 1.04* 1.23*4 1.95 1.94
+0.40 +0.41 +0.31 +0.26 +0.39
NJ(A) T 0.77+ 0.40* 0.39%+ 0.65+ 0.42*
+0.26 +0.21 +0.17 +0.21 +0.13
NJ(NE) ¥ 0.29 0.14 0.16 0.25 0.10
+0.15 +0.14 +0.06 +0.12 +0.17
EPS (G) ¥ 1.57+ 0.63* 0.50*+ 1.36 1.52
+0.61 +0.50 +0.21 +0.70 +0.34
EPS (A) ¥ 0.66+ 0.31* 0.24* 0.40 0.54
+0.26 +0.17 +0.20 +0.26 +0.30
EPS(NE) ¥ 0.50+ 0.05* 0.12%* 0.26* 0.48
+0.20 -+0.04 +0.12 +0.14 +0.23

Table 4.6: Diaphragm AChE after 500 nmol kg-1 ECO (3 hrs-7
days). Globular (G), asymmetric (A) and non-extractable (NE) enzyme activities
in junctional (J), non-junctional (NJ) and endplate-specific (EPS) regions are in
nmol min-1 mg-1. Values are means=s.d. T denotes sets with different groups (K-
S ANOVA, P<0.05), * denotes groups which differ from the untreated group (K-S
multi-comparison test, P<0.05) and + denotes different adjacent groups (K-S multi

comparison test, P<0.05).
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Region 3 hrs 1 day 5 days 7 days

1 (G) 51.7 45.8 4.6 3.5
+23.9 +16.9 +17.7 +14.9
J(A) 46.9 52.6 20.3 27.6
+19.0 +14.2 +27.7 +22.6
J(NE) 77.9 65.7 45.8 23.3
+14.2 +16.3 +34.1 +31.3
NJ (G) 47.1 37.2 0.8 1.0
+21.0 +16.0 +13.5 +18.8
NJ (A) 48.77 49.3 153 44.6
+26.9 +22.3 +26.8 +16.0
NJ (NE) 50.4 46.3 12.5 66.6
+47.8 +20.9 +42.2 +53.5
EPS (G) 59.7 68.4 13.4 10.7
+32.2 +13.6 +44.4 +28.0
EPS (A) 53.2 64.3 394 17.5
+25.6 +29.9 +40.1 +42.2
EPS (NE) 90.3 76.3 48.8 4.5
+8.7 +23.1 +27.8 +42.8

Table 4.7: Percentage reduction of diaphragm AChE after 500 nmol
kg'1 ECO (3 hrs-7 days). Percentage reduction in globular (G), asymmetric
(A), non extractable (NE) AChE enzyme activity in junctional (J), non-junctional
(NJ) and endplate-specific (EPS) regions. Values are mean percentage

reductions=s.d.

-119-












Figure 4.8 shows the responses of non-junctional (NJ) AChE. NJ (G)
followed the same response pattern as J (G). It was reduced by 47.1+21.0% and
37.2416.0% 3 hours and 1 day after dosing respectively and had made a complete
recovery by the 5th day. NJ (A) also followed a similar response pattern to J (A).
Three hours after the dose it was reduced by 48.7+26.9% which was maintained
during the next day. On the 5th day after dosing, the activity was not different to the
untreated level but on the 7th day it had also reduced to 44.6+16.0% lower than the
untreated level. NJ (NE) displayed no response to ECO throughout the entire
investigation period.

Figure 4.9 shows the responses of endplate-specific (EPS) AChE. EPS (G)
was reduced by 59.7+32.2% and 68.4+13.6% three hours and | day after dosing
respectively. Five days after the dose it was at a normal level. EPS (A) was reduced
by 53.2425.6% and 64.3+29.9% three hours and 1 day after the dose respectively
and was normal 5 days after the dose. EPS (NE) which represented functional A12
associated with the endplate as determined by enzyme assay was reduced by
90.3+8.7% three hours after the dose and 76.3+23.1% one day after the dose. Five
days after ECO, it was still reduced by 48.8+27.8% but on the 7th day was not
different to the untreated level and therefore had returned to its normal level.

The sensitivity of the various enzyme fractions to ECO was found in
Section 4.2.1.3 to be partially dependent on cellular location and turnover rates.
Since ECO is a quaternary compound which cannot readily access the cell (although
at higher doses some 'leakage’' of the drug into the cell may occur) it therefore acts
mainly on extra-cellular AChE. This was best demonstrated by the response of EPS
(NE) which was shown by sucrose density gradient sedimentation to be rich in the
synaptically functional A12 molecular form which is predominantly extra-cellular.
After ECO treatment it was reduced by as much as 90% which would suggest that it
is almost entirely accessible to the drug. Hence, 3 hours after the dose was given,
the reductions observed were probably mainly due to the inactivation of external
enzyme although as discussed in Section 4.2.1.4 some inactivation of internal
AChE may have occured. The dose of ECO, however, inhibited the total diaphragm
AChE only partially and not completely. Notably, the inactivation observed in all
forms persisted for at least 24 hours, during which time there was no recovery. All
molecular forms, with the exception of EPS (NE) completely recovered between the
Ist and 5th days after treatment. Statistically, there was no significant difference
between the activities of all the enzyme forms at this time point and their untreated
level but there was a significant difference between all these activities and the
previous time point implying that recovery may have taken place. An exception to
this rule was displayed by EPS (NE) which was still reduced at 5 days. Since EPS
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(NE) represents the A12 molecular form which has the highest molecular weight
and is therefore at the end of the pathway, and by 5 days all the precursor forms
had apparently reached normal levels, there may have been a delay in translocation
of Al2toits synaptic target. Furthermore at 7 days, all the enzyme levels appeared
to be as normal, including the A12 rich fractions, but the NJ (A) forms were lower
that the untreated values, whereas previously, at 5 days, they were as normal.
Since, these fractions contain predominantly lower molecular weight asymmetric
enzymes i.e. A8 and A4 forms, they are most likely to be precursor pools for the
Al12 enzyme. A depletion of these forms, at 7 days was probably not due to the
inhibitory effects of ECO, which was unlikely to persist in the system for such a
length of time, and may be related to the increase in synaptic A12.

The rate of recovery of EPS (G) between the 1st and 5th days was more
rapid (0.6% hr“l) than the rate of recovery of the other forms (0.3-0.4% hr‘l).
Since EPS (G) represents the combined activity of GI, G2 and G4 forms
associated with the endplate region, this supports the hypothesis that these are
precursors of the higher molecular forms. The rapid return of the G1 precursor is
an established feature of recovery after OP-inactivation and has been observed after
methyl-phosphorothiolate (Goudou and Reiger, 1983), soman (Grubic et al., 1981)
and diisopropylflourophosphate (Reiger et al., 1976).

The precise mechanism by which the molecular forms of AChE recover
after partial irreversible inactivation is unclear. In the literature, the recovery of
AChE activity following OP inhibition is confusing with many conflicting views on
recovery rates: after soman, low molecular AChE precursors recovered within 2
days (Grubic et al., 1981), cytochemical studies revealed that the recovery rate was
much faster and the precursors could be seen within 5-12 hours and studies have
show the appearance of precursors as early as 180 minutes after inactivation (Van
Dongen et al., 1988). In this study, the onset of recovery was not rapid and did not
occur until at least 24 hours after the dose of ECO had been administered.

Several studies have proposed a bi-phasic mechanism for the recovery of
the molecular forms after methyl-phosphorothiolate (Goudou and Reiger, 1981)
and sarin (Koelle et al., 1982). This involved an 'early rapid phase' which lasted
for approximately 15 hours after dosing and corresponded to a period of increased
protein synthesis when 60% of AChE activity recovered, followed by a 'slow
recovery phase' which lasted for 2-3 days during which a further 20% of AChE
activity recovered. It was proposed that the complete recovery of AChE took longer
than 3 days ( Salpeter et al., 1979). Grubic et al., (1981) found that the early phase
corresponded to the synthesis of low molecular weight precursors and the slow

phase corresponded to the slow reappearance of higher molecular weight AChE. It
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is not clear whether the rapid recovery of precursors is due to OP-induced up-
Iegukuknlorbecausethey'havea.nnﬁdturnover(LazaretaL,1984)andtheslow
appearance of the higher forms is because they have a slower turnover rate (Lazaret
al., 1984) or because there is an OP-induced delay in the biogenesis of these
molecules. It is not known to what extent this model can be applied to recovery
after ECO because there are several differences between the studies, although
globular forms recovered rapidly and A 12 recovered at a slower rate. The recovery
model is based on administration of rapidly ageing OPs which inactivated almost all
ACHE such that recovery occurred predominantly by de novo synthesis (Grubic et
al., 1981; Fernandez and Stiles; 1984). This was in contrast to the ECO study.
ECO displays some Spontaneous reactivation with a half-life between 44 and 64
homsandageswﬁhahaHJHéof4]houm(HongenI976)amiwnsadmhﬁﬁemd
aIa&mewhkhoMypmﬁdbﬁMﬁdeaHﬁ&meAChEJthmmowddwmﬂnemm
both de novo synthesis and Spontaneous reactivation may contribute to the recovery
of diaphragm AChE after ECO.

The failure of the system to adhere strictly to the bi-phasic recovery
mechanism may be due to differences in effects on the regulation of AChE
metabolism induced after severe and mild OP-intoxication. Knowledge of the exact
regulation of AChE metabolism is limited; non-endplate AChE activity is regulated
predominately by muscle activity whereas, endplate AChE activity is regulated by a
combination of muscle activity and neurotrophic factors (Younkin and Younkin,
1988). After OP inhibition, the rate of recovery of non-endplate AChE was found
to be more rapid than the rate of endplate recovery (Fernandez and Stiles, 1984) and
may be because there is a delay in the transport of neurotrophic factors to target
sites. Although a clear distinction was not evident in the ECO study between the
recovery rates of endplate and non-endplate AChE, there was a delay in the
recovery of the synaptic form. Grubic et al., (1981) found that after soman, there
was a delay in the appearance of endplate-specific asymmetric AChE due to an
inability of these forms to successfully attach to their subcellular structures. Since
the nerve-derived molecule agrin has been associated with the accumulation of
AChE in the basal lamina (Leith and Fallon, 1993; Wallace, 1989), it is possible
that there may be some delay in its transport to the muscle in the event of prolonged
cholinergic agonism.

After soman intoxication Grubic et al., (1981) observed the increased
synthesis of AChE in the endoplasmic reticulum of the Schwann cell and the
sarcoplasmic reticulum and special tubules located beneath the motor endplates.
This was analogous to the accumulation of AChE during the postnatal development
of rats (Brzin et al., 1980) and suggests that the induction of AChE synthesis at
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these locations may be regulated by similar factors in developing systems and after
anti-ChE intoxication. Likely candidates for this role are the POMC-derived
peptides which are important in the regulation of developing system, (Haynes et al .,
1984) and are released into the circulation in response to stress (Rosier et al.,
1977). Amos et al. (1995) found that POMC-mRNA was up-regulated in the
lumbar spinal cord 3-24 hours after ECO at 500 nmol kg-! and returned to normal
by the Sth day. Although there was no evidence of increased POMC peptide activity
in the diaphragm and it is not known whether ECO induces the synthesis of AChE
in the sarcoplasmic reticulum etc., POMC peptides after OP-intoxication may
regulate the correct proportions of AChE molecular forms (Haynes et al. 1984).

Hence, nerve-derived factors as well as muscle activity may determine the rate of

degree of intoxication.

The recovery of AChE activity in mouse skeleta] muscle after Qp-
intoxication occurs by a complex mechanism which is poorly understood and
influenced by many factors.

4.2.2.3 Endplate dimensions.

Table 4.8 shows the variation in endplate W, L and W/L ratio 3 hours, 1|
day, 5 days and 7 days after a single subcutaneous injection of 500 nmo] kg1
ECO. Figure 4.10a shows the variation in endplate W and L at the various time
points and Figure 4.10b shows the corresponding variation in the W/L ratio. Figure

4.11 shows histograms of endplate W/L ratios at corresponding time points,

0.74. During the following 4 days there was little improvement in the ratio which
persisited around 0.77 but between the 5th and 7th days a recovery was observed
as the ratio reduced from 0.77 to 0.63 and endplate groups tested at these time
points were different to each other. Observations of the histograms showed that
during the 7 day period there was a progressive shift in the distribution such that a
higher percentage of endplates had ratios around the untreated mean. There was no
difference between the untreated W/L ratio population and the population at 7 days
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Time after
ECO

500 nmol
kg-1
Untreated

3 hrs

6 hrs

1 day

5 days

7 days

No. of HD

No. of EP

240

180

60

90

Width of
endplates

(pm) 7

19.3+0.7

25.0+1.5%

25.7+0.8%

23.0+2.5%

-+

22.2+1.1%

22.3+0.4%

Length of
endplates
(pm)

34.8+2.9

29.5+3.7%

31.6+1.3

31.7+1.3

29.5+2.3%

+

36.5+0.9

W/L ratio

0.56+0.04

0.88+0.09%*

0.83+0.01*

0.74+0.06*

0.77+0.07*

+

0.63+0.04

oo

t

Table 4.8: Endplate dimensions after 500 nmol kg-1 ECO (3 hrs-7

days). Change in endplate width, length and width/length (W/L) ratio. HD gives
the no. of hemidiaphragms and EP gives the total no. of endplates. Values are
means+s.d (7 day value is +min/max). +
(ANOVA, P<0.05), * denotes groups which differ from the untreated group

(MANOVA, P<0.05) and

P<0.05).
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suggesting that complete recovery had occured. Both the W and the L decreased
and increased respectively during the 7 day study period suggesting that the
hypercontrations observed soon after dosing progressively diminished.

The recovery of the endplates from the distortion induced by the necrotising
dose of ECO suggested that the myopathy which occurred in the muscle fibres was
temporary and regeneration of the neuromuscular junction commenced within 24
hours and progressed during the subsequent 7 days. It was not known whether the
recovery of endplates was due to the appearance of new endplates or the
regeneration of the original junctions. McMahan et al., (1980) demonstrated that
regeneration of original synaptic sites occurred in post-traumatic skeletal muscle in
frog and factors which directed the re-organisation of the subsynaptic apparatus

where probably associated with the basal lamina of muscle fibres.

4.2.3 Correlation between AChE activity and (MEPPs), time course.

4.2.3.1 Experimental design.

When functional AChE in the synaptic cleft of the neuromuscular junction
which is responsible for the termination of cholinergic transmission is inhibited or
physiologically reduced, the action of ACh at its post-synaptic receptor is prolonged
because there is insufficient enzyme available to hydrolyse it, and as a consequence,
when extra-cellular miniature endplate potentials ((MEPPs)q) are measured, the
time from peak to half amplitude (T509,) of the decay phase is prolonged. Hence,
there is a distinctive relationship between functional enzyme activity and the time
course of (MEPPs)q ; when the former is reduced or inhibited by a definite portion,
the latter is increased by a definite portion, although the precise nature of the
relationship is unclear.

The magnitude of T509 values of (MEPPs)q gives an indirect
representation of functionally active AChE in the cleft at the time it is measured
although the exact activity of this enzyme is not quantifiable by this method. The
activity of AChE in the skeletal muscle of mouse diaphragm can be determined by a
variety of biochemical methods, but the actual extraction and measurement of
functionally active AChE from the synaptic cleft is not a strai ght-forward process.
In this section, an attempt was made to correlate functionally active AChE
represented by the response of T509, of (MEPPs)q with the activity of functionally
active AChE determined by the extraction and assay method.

The sequential extraction technique rendered a range of fractions containing

molecular forms of AChE of which the NE fraction was shown to be the richest in
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the A12 functional molecular form, thought to be active in the synaptic cleft, by
velocity sedimentation on sucrose density gradients (see Section 3.2.2.3) and
selective inhibition using ECO indicated that EPS (NE) most likely represented
AChE activity associated with the synaptic cleft (see Section 4.2.1.4). If EPS (NE)
truly represented the activity of functional synaptic enzyme then it was expected to
correlate well with the time course of (MEPPs)g under the same experimental
conditions; any reduction or inhibition of functional AChE in the cleft would be
reflected by a corresponding increase in the T509, values irrespective of the type of
drug used or the nature of the treatment. However, since the representation of A12
by calculation was not a direct measure of this enzyme but depended on the activity
of other diaphragm enzymes, if these were subject to any metabolic regulatory
effects or changes then the calculated EPS (NE) would no longer give a true
indication of functionally active AChE in the cleft and the relationship would no
longer apply. In the attempt to identify the relationship, it was necessary to use a
suitable study model where fluctuations in the activities of these other diaphragm
enzymes due to metabolic or other changes would not occur resulting in the miss-
representation of synaptic AChE assessed by the assay method. The administration
of the anti-ChE ECO at a range of doses was therefore considered a suitable study

model to investigate the relationship for the following reasons:

(a) ECO is a known irreversible inhibitor of AChE. It forms stable
complexes which are not likely to disassociate during the course of the
study. Reductions in functional AChE activity due to inhibition would be
complemented by a corresponding increase in T 509, of (MEPPs),.

(b) ECO is a quaternary compound which does not readily traverse cell
membranes such that intra-cellular precursor forms would be minimally
affected and extra-cellular AChE i.e. the functional synaptic AChE

will be preferentially inhibited.

(¢) Data was collected 3 hours after dosing and since synaptic AChE has a
slow turnover rate, any effects on the general metabolism of AChE were
kept to a minimum preventing fluctuations in the enzyme activities which

were important in the calculation of synaptic AChE.

It was proposed that in experiments where it was unclear if the functional
AChE activity determined by the assay method truly represented f unctionally active
enzyme in the cleft due to possible metabolic effects, the relationship could be used
to predict functional A12 activity by substituting T509;, values of (MEPPs)g into the

relationship. The use of the relationship would therefore provide an alternative
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method of determining the activity of functional synaptic AChE as well as
distinguishing between functionally and non-functionally important AChE in the
diaphragm (note: functional AChE refers only to that which is functionally active in
the synaptic cleft and non-functional AChE represents enzyme which is not

involved in cholinergic transmission). An attempt was made in this section to:

(a) Correlate the activity of various diaphragm forms of AChE with the time
course of (MEPPs)q and identify which enzyme activity best represented
functional enzyme after irreversible inhibition (Note: from inhibition studies
alone it was not possible to precisely deduce the functional enzyme as all the
molecular forms were expected to respond to the drug in a dose-dependent
manner and therefore correlate well with (MEPPs),. Hence, in addition the
cellular locations of the various enzymes was also taken into account.)

(b) Represent the relationship graphically and investi gate the nature of the
relationship.

(c) Use the relationship to predict functional AChE activity by an alternative
method than the assay method, compare the methods and distin guish

between functionall y important and non-functional enzyme.

Initial studies were conducted where ECO was administered at a ran ge of
doses between 25 and 500 nmol ke L. Three hours after subcutaneous injection of

the drug, the diaphragms were removed. These were assayed for AChE activity by
the sequential extraction method and the T50q, of (MEPPs), were recorded (all
electrophysiological recordings were made by A. Crofts and all T509% values
quoted represent the time to half amplitude of the decay phase of extra-cellular
miniature endplate potentials in milliseconds). In the second set of experiments,
similar measurements were made, but only a single dose of 500 nmol kg-1 ECO
was given and enzyme levels were recorded over a period of 7 days. The purpose
of this second experiment was to investigate the relationship under a different set of
conditions.

At each dose of ECO, assay of AChE activity and recordings of (MEPPs),,
were carried out in parallel. Because the sequential extraction method needed two
hemidiaphragms, (MEPPs)q were also recorded from two hemidiaphragms. To
ensure that the prolongation of (MEPPs)q corresponded with the correct level of
inhibition of functional AChE, two mice were dosed under identical conditions.
One hemidiaphragm from each of these mice was then removed and pooled together
for the extraction and assay of AChE and T50¢9;, of (MEPPs), were recorded from
the two remaining hemidiaphragms. Each combined biochemical and
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electrophysiological assessment thus made constituted an individual experiment and
for each such experiment nine sets of data were obtained consisting of each AChE
extraction fraction activity (i.e. J (G), J (A), J (NE), NJ (G), NJ (A), NJ (NE),
EPS (G), EPS (A) and EPS (NE)) paired with the recorded T509, of (MEPPs),.
From the entire ECO dose study, a total of 35 experiments as described were
performed. The AChE activities were correlated with the T509; of (MEPPs)o using
the following two procedures. Firstly, for each of the nine enzyme fractions, the
AChE activity from each of the 35 experiments was correlated against the
corresponding T509% values. In the second analysis, data was grouped for a
particular dose of ECO in the range 25-500 nmol kg~! and means obtained for
AChE activity and T509 values. The mean AChE values were also correlated
against the mean T50q;, values. The latter was carried out because there was found
to be a large variation in the actual data collected at the various experimental points
and also provided an indication of the accuracy of the overall relationship
determined. The data was then subjected to statistical analysis. Since, the data was
not normally distributed, the Spearman's Rank non-parametric test was used to
determine the correlation co-efficients and their significance.

To determine the nature of the relationship, a plot was made of the enzyme
activities which best correlated with T509, of (MEPPS), versus the T509 . These
were represented as scatter-grams and the line of best fit was applied Linear,
exponential and logarithmic lines were fitted to the data and the equations of these
lines were also determined. It was proposed that the relationship established would
apply under all experimental conditions and was tested by applying it to a different
set of experiment conditions (i.e. after a single dose of 500 nmol kg-1 ECO). It was
proposed that any deviations from the relationship under different experimental
conditions would be an indication that enzyme activities may be metabolically
affected.

4.2.3.2 Correlation between AChE activity and (MEPPs)y and identification of
functionally important AChE.

Figures 4.12-4.14 show scattergraph plots of the data for diaphragm AChE
activity versus the corresponding T509, of (MEPPs),, obtained during ECO dose

studies. Each scattergraph for each of the nine diaphragm fractions consists of a
plot of the activities versus T509, values during each of the 35 experiments

performed and also for mean values for each particular dose of ECO in the range
25-500 nmol kg1 ( N numbers for each T509% and AChE mean at each dose of
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ECO were : untreated: 10; 25 nmol kg‘1:4; 50 nmol kg‘1:4; 100 nmol kg“1:4; 300
nmol kg~ 1:4 and 500 nmol kg~ L.9)

When correlation co-efficients using the Spearman’s Rank non-parametric
test (see Table 4.9) were obtained between the T50% values and AChE activity and
the significance of the relationship tested, it was found that AChE in some fractions

correlated well whereas others did not. The relationship between assayed AChE
activities and T509, was negative as indicated by the sign of the co-efficient such
that when AChE activities decreased, T509 values increased. The significance of
the correlations was also tested and it was found that as the co-efficients approached
~1.00, the correlations became more significant. When measurements were made 3
hours after ECO a good correlation was obtained between all the J forms, but not
with all the enzymes in the NJ region. Since the J AChE predominately originates
from the endplates which are abundant in this region, this relationship was
expected. However, by looking at the J enzymes only, no distinction could be made
between functional and non-functional enzyme which was the primary objective of
this study. For instance, J (G) displayed a significant correlation, but was not
likely to be involved in the termination of synaptic transmission because the fraction
was rich in precursor, secreted and cell-bound low molecular weight AChE. A
good correlation was also obtained for the J (NE) enzyme fraction which was rich
in A12. However, the NE fraction from the NJ region which contains trace levels
of the A12 molecular form displayed a very poor correlation. A correction was
therefore necessary for the non-functional enzymes present in the J region which
arise from the non-endplate parts of muscle fibres present in this region by
subtracting NJ activity from J activity in the calculation of endplate specific (EPS)
activity.

EPS (G) and EPS (A) displayed only a moderately significant correlation
with (MEPPs)g time course suggesting that they were probably not functionally
important but had some other role in this region, probably as precursors. EPS (NE)
save a good significant correlation and probably represented synaptically functional
AChE.

Despite displaying good correlations with the (MEPPs)q data, many of the
enzymes could be eliminated from being functionally important because they either
originated from non-endplate containing regions (i.e. the NJ enzymes), or where of
low molecular weight such as the G form fractions. The enzymes which were
important to the argument were the J (NE) fraction and the EPS enzymes. Both
were measures of the A12 molecular form and displayed good correlations with
(MEPPs)o. However, the J enzyme fraction contained a non-functional component
which may be subject to variation which would be reflected in the measurement of
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AChE Co-efficient Co-efficient Co-efficient Co-efficient

enzyme for ECO for ECO for ECO for ECO

fraction time studies time studies dose studies dose studies
(all points, (means) (all points, (means)
N=35) N=35)

J(G) -0.58 *** -1.00 -0.77 F*k -0.94

J(A) -0.57 *** -0.80 -0.72 *** -0.71

J(NE) -Q.57 *** -1.00 -0.77 *x* -0.89

NJ (G) -0.64 *** -0.90 -0.71 *** -0.83

NJ (A) -0.30 *** -0.80 -0.37 ** -0.26

NJ (NE) -0.18 -0.40 -0.34 -0.09

EPS (G) -(0.38 *** -0.90 -0.52 ** -0.66

EPS (A) -0.49 * -0.90 -0.54 ** -0.83

EPS (NE) -0.42 ** -1.00 -0.77 F** -1.00

Table 4.9: Correlation co-efficient values for the relationship
between T509% of (MEPPs)o and AChE fraction activity. RHO values

were obtained by the Spearman's Rank test. The relationship is denoted by a

negative sign because as AChE activity decreases, T509% increases. Significance

increases as values approach -1.00. Significant correlations are denoted by an
asterix and *, ** *¥* denote significance ( P<0.05, P<0.02 and P<0.002

respectively).
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represented the relationship and was used in Table 4.11 to determine why the
measured EPS activities in ECO time studies deviated from the correlation.

Figure 4.15 shows the activities of J (NE) and NJ (NE), MDFE (EXP) and
junctional non-functional activity J (NF) which was obtained by subtracting the
MDFE activities from J (NE) activities at corresponding time points. Initial
observations showed that there was little difference between the functional activity
values obtained from the correlation studies (MDFE) and experimentally (EPS
(NE)) except there was a difference between the data sets at the 1 day time point
(see data in Table 4.11). When the data sets were correlated against each other,
there was found to be a good correlation which was improved if the 1 day data
point was removed.

From the assay method, the J (NE) fraction gives the combined activities of
A12 associated with the endplate and A 12 associated with the non-endplate regions
and endplate A12, EPS (NE), was obtained by correcting the J (NE) for the NJ
(NE) component. From the correlation studies MDFE values represent functional
AChHE and when this is subtracted from the J (NE) value obtained from the assay,
the remaining activity, termed junctional non-functional or J (NF), gives an
indication of any AChE in the J fraction which is not involved in the termination of
cholinergic transmission i.e. enzyme in the J strip which is located in parts of
muscle fibres which are peripheral to the endplate and also any AChE in the cleft
which does not participate in transmission termination. Hence the J (NF) and NJ
(NE) both represent non-functional A12 which is either not located in the endplate
or in the endplate but not involved in transmission termination. When J (NF) and
NJ (NE) values were compared there was found to be a good correlation between
these sets of data suggesting that both may represent the same enzyme since
statistically there was no significant difference between them at each of the time
points (Mann-Whitney, P>0.1). The similarity between J (NF) and NJ (NE)
suggested that both activities were due to enzyme not located in the endplate. J (NF)
was not higher that NJ (NE) suggesting that it was unlikely that very much A12 in
the cleft was not involved in transmision termination. However, there was a
deviation in the data sets at the 1 day time point when NJ (NE) was much higher J
(NF). This explained why when NJ activity was subtracted from the J activity to
give a routinely calculated assessment of EPS functional enzyme at the 1 day time
point this deviated from the predicted level obtained by using the correlation
equation. It followed therefore that non-functional high molecular forms of AChE
along the length of the muscle fibre may not be subject to the same form of

regulation and may fluctuate independently of each other.
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Enzyme Linear equation  Exponential Logarithmic
(all points) n=35 equation equation
(all points) n=35 (all points) n=35
EPS (NE):y: -0.747x + 0.816 1.865 X 10-1358x _1.230 log(x) + 0.071

Enzyme Linear equation  Exponential Logarithmic
(means) equation equation
(means) (means)

EPS (NE):y: -0.846x + 0.882 3.508 X 1071734 _1 334 10g(x) + 0.059

Table 4.10: Linear, exponential and logarithmic equations for the
relationship between EPS (NE) and Ts5¢9, of (MEPPs)q. y represents
AChE activity and x represents T509;, of (MEPPs),.

Time Tsow MDFE MDFE MDFE EPS J (NE) J (NF) NJ
(LIN) (LOG) (EXP) (NE) (NE)
Un- 046 048 0.51 0.47 0.50 0.80 0.33 0.29
treated +0.05 +0.02 +0.03 +0.04 +0.20  +0.20 +0.20 +0.15
(10) (100  (10)  (10) (10) (10) (100 (10)
3hrs  1.02  0.06 0.07 0.08%** 0.06*** (.14%%* (.08%* (.10
+0.12  +0.09 +0.06 +0.03 +0.08  +0.12 +0.13  +0.13
%) ) 9) 9) (12) (12) 9 (12)
lday 0.64 034 03] 0.26%%* (Q.12%*  (0.27*%*%* (0.02*%* 0.16
+0.04 +0.03 +0.03 +0.03 +0.12  +0.13 +0.16 +0.06
(6) (6) (6) (6) (7) (7) (6) (7)
5day 062 035 033 0.28*** (0.26%* 0.51** 0.25 0.25
+0.10 +0.07 +0.08 +0.08 +0.14  £0.20 +0.26 +0.12
a7 (7) (7) ®) () (7) ()
7day 049 045 046 042 0.48 0.61 0.16  0.10
+0.10 +0.08 +0.10 +0.12 +0.23 +0.27 +0.22 +0.17
%) ) ©) 9 %) ©) ©) ©)
Table 4.11: Derived functional AChE levels. AChE derived from linear
(LIN), exponential (EXP) and logarithmic (LOG) equations obtained from ECO
dose experiments for ECO time experiments. Also shown are corresponding
(MEPPs)o values, EPS activity and J (NE) enzyme activities, J (NF) activity
obtained by subtracting the EXP value from J and NJ activity. Activities are in
nmol min-! mg-1) * ** and *** denote significance from untreated levels
(P<0.05, P<0.02 and P<0.002).
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The results suggested that in general the EPS (NE) activity gave the best
assessment of functional A12 activity compared with the other activities obtained
from the assay because as discussed previously it was most likely to be associated
with the synaptic cleft. However, in experiments where metabolic changes may
occur, calculated EPS (NE) activity may not give a true indication of the functional
enzyme activity due to changes in non-functional enzyme levels and a better
indication of functional enzyme activity could be obtained from correlation studies.
The relationship between the prolongation of (MEPPs)q and the activity of
functionally important AChE in the synaptic cleft of the neuromuscular junction was

found to be best represented by the following equation:

EPS (NE)= 1.865 x 10-1.358 x T509,(MEPPs), (1)
EPS (NE) = Endplate-specific non-extractable AChE

(A12-rich sequential extraction fraction)
T50% (MEPPs)o =  Time to half amplitude of the decay phase of

extra-cellular miniature endplate potentials.

Figure 4.16 shows a scattergraph of the data used to establish the
relationship between EPS (NE) activity and T509, of (MEPPs)q and shows the line
which best represents the relationship corresponding to the above equation.

By using data obtained only from electrophysiological recordings it was
possible to predict the expected level of functional AChE activity in the synaptic
cleft after a particular drug treatment. Predicted AChE activity could be calculated
by substituting T509% of (MEPPs)o values into equation (1) and was called
(MEPP)o-derived functional enzyme activity (MDFE). Hence, the following

equation was routinely used to predict functional AChE activity:

MDFE = 1.865 x 10-1-358 x T5qq,(MEPPs) | (2)

Predicted activity levels obtained using the equation gave an altemnative
method of assessing the activity of functionally important AChE. These predicted
activities could then be compared with the actual activity of EPS (NE) obtained after
the same drug treatment. It was proposed that differences between activities
obtained by the two methods would give an indication of the responses of other

diaphragm enzymes.
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4.3. Summary.

The assay of whole blood ChE was found to give a rapid assessment of OP
inhibition. The response of AChE molecular forms to ECO was found to be
selective and may depend on several factors including cellular location, turnover
rate and intra-mouse variation. A comparison of the response of blood ChE and
diaphragm AChE revealed that the former did not give a good indication of
peripheral nervous tissue intoxication.

The use of ECO as a selective inhibitor was found to give a good indication
of the internal and external cellular locations of diaphragm AChE. However, the
distribution was not precise because of the nature of ECO which slowly inactivates
external AChE whilst slowly penetrating the cell and the point at which all external
AChE was inactivated without any internal enzyme being effected could not be
determined. Total AChE was found to be equally distributed between endplate and
non-endplate regions of mouse diaphragm. Around 61% of the total AChE was due
to globular forms, 23% to readily-extractable asymmetric forms and 14% to non-
readily extractable asymmetric forms. Endplate and non-endplate regions were
found to have both intra- and extra-cellular pools of globular and readily-extractable
asymmetric AChE. Intra-cellular G forms were probably precursors located in the
RER, the Golgi, molecules in vesicles, secretory granules, the sarcoplasmic
reticulum and lysosomes or inactive pools. Extra-cellular G forms were probably
secreted enzymes, degradations products or cell-bound forms. Intra-cellular A
forms were probably enzymes at various stages of processing whilst the role or
origin of the external readily-extractable A AChE was largely unclear. The EPS
(NE) form was 90% external and probably represented synaptically important A12.
Some NE AChE was associated with non-endplate muscle which was probably not
due to stray endplates and had an unknown function.

ECO-induced endplate-deformation was found to be a rapid and sensitive
indicator of hypercontrations induced by OP-intoxication. The assessment of
endplate dimensions therefore indicated abnormal cellular calcium levels and
morphology and could be used as a marker for mild myopathy.

After a necrotising dose of ECO, all endplate and non-endplate AChE
recovered within 5 days except EPS (NE) which recovered within 7 days. G forms,
which have a rapid turnover rate, recovered more rapidly than A forms which have
a slower turnover rate suggesting these were precursors. The recovery of
diaphragm AChE after partial inhibition by ECO did not follow the bi-phasic model
proposed by previous studies suggesting that AChE responses after mild and severe

inhibition may be different. Recovery of AChE molecular forms therefore occurs by
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a complex mechanism which is poorly understood but may depend on muscle
activity, trophic factors and the regulation of AChE metabolism at various levels.

Abnormal cellular calcium and morphology after OP-intoxication was found
to be temporary and substantial recovery in endplate shape occurred within 7 days
after a necrotising dose of ECO. It was not known whether the recovery was due to
the appearance of new endplates or the regeneration of old ones.

After various ECO doses, EPS (NE) consistently correlated well with the
time to half amplitude of the decay phase of extra-cellular endplate potentials
suggesting that the activity represented synaptically active AChE. The relationship
was best represented by an exponential equation. Under certain experimental
conditions, EPS (NE) gave a poor correlation suggesting that non-functional
components of NI (NE) and T (NF) used to calculate this activity were subject to
regulation resulting in the mis-representation of synaptic AChE. To account for
this, functional AChE was determined by two independent methods: by calculation

of EPS (NE) and by use of the correlation equation.
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5.1 Introductiomn.

Pyridostigmine (PYR) and physostigmine (PHY) are reversible CB
‘nhibitors of AChE and the time elapsed since dosing in vivo is a crucial factor
when investigating the inhibitory effects of these drugs on enzymes using assay
techniques. In the case of both compounds, the carbamoylated enzyme complexes
spontaneously decarbamoylate rapidly, regenerating the intact enzyme molecule. It
was important therefore to investigate whether inhibition by PYR and PHY could
be maintained during the time period required for preparation and assay of AChE
such that during any subsequent experiments, it would be known whether the assay
results would reflect any inhibition which had ocurred at the start of the process.
The study of these effects was to some extent limited by the techniques available
and the objective of work in this section was to investigate the rates of
decarbamoylation during preparation of samples for assay by the methods
discussed in Sections 3.2.1 and 3.2.2.

The conventional extraction process takes 1 hour to prepare but cannot
distinguish between the various forms of AChE. The sequential extraction method
sives a better indication of AChE molecular form and functional enzyme activity but
takes 3-4 hours to prepare. In addition to these methods, velocity sedimentation of
diaphragm homogenates on sucrose density gradients gives a good assessment of
the activity of the molecular forms of AChE but takes longer than 24 hours to
prepare by which time AChE would be completely decarbamoylated. Hence, in this
section, some preliminary tests were conducted to determine the rates of
decarbamoylation of CB-inhibited AChE molecular forms and synaptically
functional AChE during the various methods which were intended to be used for
the study of the long-term effects of CBs on mouse skeletal muscle AChE.

In the second part of this section, a set of experiments was conducted (0
investigate some of the long term offects of CBs on skeletal muscle and determine if
any inhibition could be maintained after in vivo dosing. Mice were subcutaneously
dosed twice daily at 9am and 5pm with 383 nmol kg"l PYR and measurements of
whole blood ChE, diaphragm AChE activity and endplate shapes were recorded

over a three week period.
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5.2 Results and discussion.

5.2.1 Investigation of the decarbamoylation rates of CB-inhibited
ChE.

5.2.1.1 Dose-response curve for PYR and PHY on (AChE)eg].

A dose-response curve was obtained for the inhibitory effects of PYR and
PHY on purified electric eel AChE (AChE(ee]) obtained from Sigma). AChE(eel)
was incubated with either PYR or PHY in the dose range 10-9M to 104M in a
water-bath at 370C for 15 minutes. Samples were then taken and measured for
AChE(ee]) activity by the Ellman method. Table 5.1 shows the percentage
inhibition of AChE(eg]) activity at the various drug concentrations and Figure 5.1
shows the dose-response curves for each drug. It was found that the profiles for
each drug were slightly different and that PHY was a more potent inhibitor of
AChE(ge]) than PYR. The 1509, value for PYR at 370C at pH8.0 was 10-6M and

for PHY was 0.5 x 10-’M.

5.2.1.2 Comparison of the decarbamoylation rates of CB-inhibited AChE at 370C

and on ice.

The process of extracting carbamoylated-AChE complexes by the
sequential extraction method which is routinely used to study the effects of CBs on
mouse skeletal muscle AChE takes around 3-4 hours and involves several
processes where the complexes are diluted. Both PYR and PHY AChE complexes
are known to have relatively short half-lives (Wetherall and French, 1991; Wilson
et al., 1960) so there is a possibility that during the extraction process some
spontaneous decarbamoylation may occur such that the levels of inhibition
calculated from activities measured at the end of the extraction process may not give
a true representation of the levels of inhibition which may have occurred in vivo. In
this section, a set of experiments was conducted to predict if spontaneous
decarbamoylation occurs during the extraction of carbamoylated-AChE compounds
from mouse diaphragms.

The samples extracted during the sequential extraction process were small
and not suitable for use in decarbamoylation studies hence AChE(ee]) was used
(one unit of pure enzyme hydrolysed 1.0 gmoles of substrate per minute at pH&.0
at 379C) to investigate the rate of decarbamoylation of PHY and PYR-inhibited
enzyme at 37°C and on ice. The primary objective of this study was to determine
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Drug concentration % 1 (AChE(eel)) % 1 (AChE(eel))

(M) PYR 370C PHY 37°C
109 4.2 16.5
+2.5 +9.4
4) (6)
10-8 4.4 21.5
+8.3 +10.9
(7) (8
10°7 16.4 71.6
+6.4 +6.2
(7) (7)
10-6 50.6 81.4
+7.6 +8.5
(8) (10)
10-5 77.9 94.9
+5.3 +1.1
(7 (7
10-4 92.3 98.5
+1.8 +0.5

(7) (7)

Table S5.1: Percentage inhibition of purified electric eel AChE
(AChE(¢el)) by PYR and PHY at pHS8.0 at 37°C. Values shown are

means+s.d. N numbers are shown in parentheses.
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whether maintaining carbamoylated enzyme samples on ice, which was routinely
performed during sequential extraction, prevented the rapid process of spontaneous
decarbamoylation which occurs at 37°C.

AChE(eel) was incubated initially for 15 mins at 37°C at pHS&.0 with PYR
and PHY at concentrations which gave a good level of inhibition as determined
from the dose-response curves in Section 5.2.1.1 (1006M PYR and 10-’M PHY
were used). After 15 minutes of incubation the inhibited samples were diluted 1:100
with pH8.0 phosphate buffer. Equal portions of each PYR- and PHY -inhibited
diluted samples were placed on ice and equal portions at 37°C in a water-bath for
the remaining duration of the experiment. At regular time intervals, aliquots were
removed from the samples maintained on ice and at 37°C and assayed for AChE
activity by the Ellman method. Control samples consisted of the equivalent
concentrations of uninhibited AChE(eel) which were also maintained on ice and at
370C.

Table 5.2 shows the percentage inhibition of AChE(eel) at the various time
points after dilution when samples were analysed. It was found that when
AChE(ee]) was maintained at 370C for any length of time, some deterioration of the
enzyme occurred. The rate of deterioration was found to be relatively constant and
was taken into account in the calculation of the percentage inhibition of the samples
which had been maintained at 37°C. In contrast, control samples of AChE(eel)
which were maintained on ice were not found to deteriorate. The half-life (t1/2) of
the rates of decarbamoylation for PYR- and PHY -inhibited AChE(eel) at 37°C and
on ice at pH8.0 were determined by plotting exponential graphs of the percentage
inhibition of AChE(eel) versus time (Figure 5.2). The t]/2 was obtained by
substituting inhibition values into the equation.

From the experiment conducted at 37°C, the following observations were
made. When AChE(ee]) was incubated with PYR at 1006M and PHY at 10-7Mm,
diluted 1:100 and maintained at 37°C for a period of time during which aliquots
were removed for the assessment of AChE activity, in the case of both drugs,
substantial decarbamoylation was found to occur within 45 minutes (see Table 5.2).
Samples treated with either PYR or PHY were statistically significant from
untreated values at each time point until 40 minutes when they were no longer
statistically different. This suggested that when assayed after 40 minutes at 37°C,
in the case of both drugs, the AChE(ee]) was no longer inhibited. When statistical
analysis was applied between consecutive time points, in the case of both drugs, the
activities measured at each time point were found to be significantly higher than the
previous time point (Mann-Whitney, P<0.05) suggesting that the drugs were

dissociating from the enzyme with time. When graphs were plotted of the change in
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Time %1 % 1 % 1 % 1

(mins)  (AChE(eel) (ACHE(eqp)) (AChE(cel)) (ACHE(ce)))
PYR 370C PHY 370C PYR ice PHY ice
(N=8) (N=4) (N=8) (N=8)

0 57.8+6.5 **x 70.2+0.8 * 60.9+1.2 *xx 75.2+44.5 **x*

5 41.2+1.7 **x 55.6+1.8 * -

10 32.6+3.0 *xx* 37.0+2.0 * 53.6+3.0 ** 64.5+0.4 *x

15 29.9+0.5 #*x 26.1+1.5 * 53.2+0.4 ** 64.9+0.3 **

20 21.8+7.7 *% 17.74£2.0 * - -

25 18.0+9.6 ** 11.8+2.5 * - -

30 13.9+£12.3 *x 7.2+1.7 * 42.6+5.7 #** 58.1+0. ] %%

35 13.4+52 *x 5.2+0.9 * - -

40 14.6+3.7 3.7+3.3 - -

45 - 2.9+2.0 41.5+0.8 ** 56.8+0.1 **

60 - - 29.0+6.6 **x* 49.5+4.7 #*%

75 - - 30.9+2.3 ** 50.7+0.6 *x*

90 - - 21.5+5.2 ** 43.0+4.6 ***

120 - - 6.6+1.9 *x 33.2+0.7 *x*

150 - - 27452 ** 25.0+]1.2 **x%

180 - - 44144 *x* 22.4+0.8 **

t1/2 32.1x25.8 9.1%2.1 §7.5+18.3 125.4+25.1

(mins) (+) (++)

Table 5.2. Percentage inhibition of purified (AChE(ee])) by PYR 1¢-

6M and PHY 10-7M at PHS8.0 at 370C or on ice. Values shown are means
* 8.d. k) Rk gpd sk denote that the €nzyme activities were significantly different
from controls ( Mann-Whitney, P<0.05, P<0.02 and P<0.002 respectively). Also
shown are the half-fives (t 1/2) for the rates of decarbamoylation for PYR- and
PHY -inhibited enzyme at 37°C and on jce. + and ++ denote that the t1/2 of samples
on ice were different from the t1/2 of samples at 370C (Marm—Whitney, P<0.05 and

P<0.02).
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inhibition with time for PYR and PHY treated AChE(ee]), and lines were fitted to
the graphs, the relationship between inhibition and time in the case of both drugs
was found to follow an exponential decay curve (the correlation co-efficient for the
relationship for PYR was found to be 0.938, and for PHY 0.996). The t1/2 for the
mwddwmﬁmmﬂmmnmﬂWRmmwMMACM%mDMXWCMpH8OW%fmmd
to be 32.1+25.8 mins (N=8) and the rate for PHY -inhibited AChE(eel) under the
same conditions was found to be 9.1+2.1 mins (N=4).

When the same experiment was carried out but samples were maintained on
ice after dilution, the following observations were made. From the data in Table
5.2. it can be seen that the activities at all the time points measured during the 3
hmnevdumkm;wﬁodﬁnbmhdngswemfmnﬂtobeﬁgMﬁcmnbuﬁﬁémntﬁom
the control activities of AChE(ee]) (P< 0.02) suggesting that when samples were
maintained on ice, inhibition could still be detected after 3 hours. However, the
activity at each time point was found to be significantly higher than at the previous
time point (Mann-Whitney, P<0.05) suggesting that decarbamoylation of both
PYR- and PHY -inhibited AChE(eel) was still occurring even when samples were
maintained on ice. When plots were made of the change of inhibition with time for
PYR- and PHY-inhibited AChE(ee]) on ice, exponential plots fitted (r2 (PYR)
=0.908 and r2 (PHY) = 0.978), and t1/2 values calculated, the t]/2 of the rate of
decarbamoylation of PYR-inhibited AChE(ee]) maintained on ice at pH8.0 was
found to be 57.5+18.3 mins (N=8) and the t1/2 for PHY under the same conditions
was found to be 125.4+25.1 mins (N=8). Hence, maintaining inhibited AChE(ee])
samples on ice during the experiment was found to delay the rate of
decarbamoylation in the case of both drugs but not prevent it.

The results obtained in this section suggested that during the sequential
extraction of AChE from mouse diaphragms, maintaining samples on ice
throughout the process would not prevent spontaneous decarbamoylation of CB-
inhibited AChE and at the time the activity of samples is read, any inhibition
calculated would be a fraction of that which had occurred at the time the diaphragms
had been removed from mice. At this stage in the investigation, however, it was not
known whether the results found in this section using AChE(eel) truly represented
those which would occur for mouse diaphragm AChE. Hence, in the following
section a set of experiments was carried out to investigate if there is any similarity
between the decarbamoylation rates of AChE(ee]) and diaphragm AChE.
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5.2.1.3 Decarbamoylation of PYR-inhibited functional AChE during the recording
of (MEPPs)o and comparison of the rate of decarbamoylation of PYR-inhibited
AChE(eel).

In Section 4.2.3 a relationship was established between the prolongation of
miniature endplate potentials (MEPPs)o) and the activity of functional AChE and
was found to be best represented by an exponential equation. In the previous
section it was discussed that the rate of decarbamoylation during the sequential
extraction of carbamoylated AChE could not be determined easily. However, since
there was a relationship between the prolongation of (MEPPs)q and the activity of
functional AChE present in the synaptic cleft of the mouse neuromuscular junction,
it was possible to predict the activity of functional enzyme using this relationship
and investigate the rate of decarbamoylation of diaphragm AChE by the recording
and analysis of (MEPPs)o.

The decarbamoylation rate of synaptically important AChE was investigated
by recording (MEPPs)g after treatment with PYR under similar conditions used to
determine the decarbamoylation rate of PYR-inhibited AChE(ee]) at 37°C which
had a half-life of around 30 mins (this experiment was conducted by A. Crofts).
T50% values were recorded from PYR-treated (10‘6M) mouse hemidiaphragms
which were pinned out in a water-bath at 37°C at various times after the dose. The
tissues were continuously bathed with fresh physiological saline to wash out any
excess PYR from the system and prevent re-inhibition (T50% data was provided
by A. Crofts).

The T509 values were used to obtain MDFE activities using equation (2)
in Section 4.2.3.4 (see Table 5.3) which predicted the activity of functionally active
ACHE in the synaptic cleft of the neuromuscular junction at the various times that
recordings were made. The percentage inhibition of AChE activity was calculated
for the various time points and the half-life of the rate of decarbamoylation (t]/2)
was determined for 10-6M PYR by the method used in Section 5.2.1.2. The t1/2 of
the rate of decarbamoylation of PYR-inhibited AChE during the recording of
(MEPPs)o was found to be 42.1+20.7 mins and the rate of decarbamoylation of
PYR-inhibited AChE(eel) after 10-6M (also shown in Table 5.3) was found to be
32.1+25.8 mins. There was not found to be any significant difference between the
t1/2 of decarbamoylation at 37°C of PYR-inhibited AChE derived from (MEPP)o
recordings or PYR-inhibited AChE(eel) (Mann-Whitney, P>0.05).

Since both assessments were made at a similar pH and both treatments were
excessively diluted, it followed that the decarbamoylation of functional AChE in the

synaptic region of the neuromuscular junction of mouse diaphragm which was
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Time T509 MDFE %I (MDFE) %I
“(mins) (MEPP)o ~ PYR 10-6M PYR 10-6M (AChE(eel)
"PYR 10-5M (N=8) (N=8) "PYR 10-6M
(N=8) (N=8)

Untreated 0.41+0.14 0.55+0.15 - A

0 - : o 57.8+6.5 *xx
5 . = : 412417 wkx
/o s : : 326430 %4
15 0.93£0.12 *  0.1120.05* 80.3%8.1  29.940.5 ***
20 - - = 21.847.7 **
25 - - - 18.049.6 **
30 0.85+0.19 * 0.15+0.07 *  72.8+13.1 13.9412.3 **
35 S R - 13.4+13.3 **
40 - - - 14.6+14.6
45 0.71+0.14 * =~ 0.23+0.11 *  58.8+20.3

60 0.63+0.17 *  030x0.18 * 52.8+193 -

75 0.60+0.16 0.32+0.13 = 42.64237 :

90 0.5020.14  0.42+0.15 =~ 245267 -

105 045£0.05 = 0.46+0.08  167:13.9

120 0.4720.10 0.50+0.11 1834205 ~ -

150 0.42+0.14 0.53+0.16 ~ 2.8+288 = -

180 0.41+0.18 0.56+0.18  9.9+31.7 -

‘t1/2 (mins) - - 42.1£20.7

32.1x25.8

Table 5.3: T509% of (MEPPs)o, MDFE and percentage inhibition of
MDFE and AChE(ee]) after 10-6M PYR. Also shown are the half-lives

(t1/2) of the rates of decarbamoylation. All values shown are means + s.d. *akok

and *** denote significant differences fr(ffri”filintré?a’te'/aziilfé\?é/iéf:‘(Ma’nn—Whitney,
P<0.05, P<0.02 and P<0.002 respectively). T50% values were provided by A.
Crofts (unpublished). ‘ B ' :
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indirectly assessed by the recording of (MEPPs)q and predicted by correlation
studies, occurred at the same rate as purified AChE(ee]). This suggested that the
decarbamoylation of mouse diaphragm AChE maintained on ice would occur at the
same rate as PYR-inhibited AChE(ee]) maintained on ice as established in Section
5.2.1.2. Hence, it was predicted that during the extraction of AChE from the mouse
diaphragm, decarbamoylation would still occur even if samples are maintained on
ice. Since there was no method available which prevented spontaneous
decarbamoylation, an accurate indication of the true levels of inhibition in all
subsequent experiments were the 4 hour extraction method was used could not be
obtained and it was highly likely that by the time samples were analysed, no

inhibitor-enzyme complexes remained.

5.2.1.4 Dose-response curve for PYR on junctional and non-junctional ChE

obtained by the conventional extraction method.

Table 5.4 and Figure 5.3 show the relationship between the dose of PYR
and the activity of ChE which originated from either the junctional (J) or non-
junctional (NJ) regions of the mouse diaphragm obtained by the conventional
extraction method (see Section 2.4.3.1). Aquilots of tissue homogenates were
incubated with various doses of PYR at 370C prior to being assayed for ChE
activity. The relationship was found to be sigmoidal for both ChE from J and NJ
regions but PYR was found to have a more potent effect on the J enzymes than on
the NJ enzymes. The activity of J ChE was found to be significantly different from
the untreated level after 10-6M PYR (Mann-Whitney test, P<0.05) and the activity
of NJ ChE was found to be significantly different form the untreated level after 10-
M PYR (P<0.05). 1509 for J ChE was found to be around 10-®M and for NJ
ChE around 10-5M.

5.2.1.5 Decarbamoylation of PYR-inhibited Cl;E during extraction by the

conventional method.

Tests in the previous sections predicted that during the preparation of PYR
treated mouse diaphragms for the assay of AChE, spontaneous decarbamoylation of
the carbamoylated-AChE may occur even if samples are maintained on ice during
the preparation period. Since, it was not possible to use the actual samples obtained
by the sequential method to investigate this prediction, a model was set up using
the conventional extraction technique which rendered suitable portions of enzyme

extracts. Mouse diaphragms were incubated with a known concentration of drug
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which gave a known level of inhibition, then prepared for a period of 1 hour and
any change in the level of inhibition after the preparation period was recorded. The
results were assessed to determine whether the inhibition after the preparation
period was a true representation of the initial level of inhibition.

Hemidiaphragms were dissected from mice and pinned out onto dental wax
via the central tendon and ribs. Hemidiaphragms from the same mice were used as
untreated and treated muscle. Untreated tissues were incubated in vifro in a beaker
containing physiological saline placed in a water-bath at 379C which was
continuously gassed with 95% / 5% O7 / CO2 for 1 hour. Experimental tissues
were incubated under identical conditions and incubated with either 10-’M or 10-
M PYR for a period of 1 hour to allow the drug to penetrate into target areas in the
tissue. From the dose-response curves obtained for J and NJ ChE Section 5.2.1.4,
1007M PYR was known to cause 19.7+5.2% (N=3) inhibition of J ChE and
13.3+4.2% (N=3) inhibition of NJ ChE and 10-6M PYR was known to inhibit J
ChE by 53.8+4.7% (N=3) and NJ ChE by 26.3+3.8%. The diaphragms were then
divided into J and NJ regions (see Section 2.4.2) and prepared for assay (see
Section 2.4.3.1). After the 1 hour preparation period, aquilots of J and NJ samples
were assayed at various time intervals for a further period of 2 hours. Control
hemidiaphragms were incubated and prepared for assay in the absence of drug in
parallel with the treated hemidiaphragms.

Table 5.5 shows the percentage inhibition of J and NJ ChE treated with
either 10-/M or 10-6M PYR at various time intervals after the preparation period.
Initial observations revealed that in both treatments, over the 2 hour assessment
period there was little change in the activity of J and NJ ChE. Statistical analysis of
the data showed that there was no significant reduction in activity at any of the time
points suggesting that complete decarbamoylation had occurred during the
preparation period.

It was concluded that during 1 hour of preparation of mouse diaphragms
for assay when samples were continuously maintained on ice, spontaneous
decarbamoylation of carbamoylated ChE had occurred such that the level of
inhibition calculated at the end of the preparation process was not a true
representation of the level of inhibition which had occurred during the incubation of
samples with the CB at the start of preparation and the prediction made by tests
performed in the previous sections was accurate. Hence, during the sequential
extraction process which takes around 3-4 hours to obtain the various forms of
AChE from the mouse diaphragm, complete decarbamoylation would be expected
to occur and no measurable inhibition would be expected at the time the samples are

assayed for AChE activity. Attempts were made to determine the rate of
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Time after % I (J ChE) I
start of *fffPYR 10-7M PYR 10- "M

preparation

1 hr 19.1
+9 2

1 hr 30 mins 23.6
-

2 hrs 20.1
+10.3
2hrsB0mins 200 0 8 / .
. <130 264 001 4160

3 hrs 18.2 . 872 313 -
S B . +100 ;:?,’}g/:g+148

Table 5.5: Percentage inhibition df//:]un,c‘tfidﬁﬁl: (J) and non-junctional
(NJ) ChE at regular time intervals after pre-incubation with 10-7M or
10-6M PYR. Samples were incubated at 37°C in a water-bath for 1\h\r and
' prepared for assay for 1 hr ( all samples were mamtalned on ice during the

preparatxon period). Values shown are means+s .d based on N=3.
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decarbamoylation during the sequential extraction method but proved to be
unsuccessful as the molecular forms of AChE appeared to be sensitive to pre-
incubation with drugs in vitro and were found to deteriorate (no significant
deterioration of ChE samples was noted during the incubation of hemidiaphragms
in vitro prior to preparation for the conventional extraction technique and sizeable
pools of non-specific ChE were successfully extracted from these
hemidiaphragms.).

In the absence of a suitable method for assessing the rate of
decarbamoylation during the sequential extraction process, from the in vitro studies
it is probable the process does occur even if samples are kept on ice and must
therefore be accounted for in the assessment of the final data. Since the process of
sequentially extracting the molecular formsis a lengthy one involving several hours
of preparation and several dilutions of the originally treated tissues which
accelerates decarbamoylation (Wilson et al., 1960), it was assumed that no
carbamoylated-AChE can survive the process and any reductions in activity

observed in the final readings may be due to actual AChE reduction.

5.2.2 The long-term effects of PYR on mouse skeletal muscle during

repetitive dosing.
5.2.2.1 Whole blood ChE.

Figure 5.4 and Table 5.6 show whole blood ChE activity at various time
intervals during a period of three weeks when mice were repetitively dosed with
383 nmol kg~1 PYR twice daily at 9am and 5pm. Blood ChE was assayed rapidly
after removal from mice to avoid spontaneous decarbamoylation and reductions in
activity were assumed to be due to inhibition.

During the first 24 hours of exposure to PYR, whole blood ChE was
reduced by around 10% but was not si gnificantly different from the untreated value.
Between the st and 2nd day of the treatment, there was a reduction in the activity
of blood ChE and the inhibition increased to 20%. In the following 2 days, there
was a further reduction in activity with the inhibition increasing to more than 50%.
This level of inhibition was maintained for a further 12 days and the activities
measured at the relevant time points were found to differ from the untreated
activities but there was not found to be any difference between consecutive time
points suggesting that the level of inhibition had stabilised. It appeared therefore
that after 4 days of consistent dosing, blood ChE gradually reached a stable level of
inhibition. When the ChE activity was measured after 21 days of repetitive PYR
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Time during
_ treatment

Untreated .
» j’5+0 97:

3 hours 12
1 day 18
2 days - g o

066

4 days - i
7 days 6
14 days ’ 4

- 21 days 15

Table 5.6: Whole blood ChE after tw1ce 4
kgl PYR (3 hrs-21 days) ChE actlv/, - 1E ;}AH values
‘:S{ANOVA

shown are means + s.d. | denotes the set has different g ups(K

P<0.05), * denotes groups w1th :dlffef fron ‘the untre /oroup (K-S multi-
comparlson test, P<0.05) and + denotes dlfferent, adjacent Groups (K- S multi-

~ comparison test, P<0. 05).
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Time during pyridostigmine dosing

Figure 5.4: Whole blood ChE after twice daily dosing with 383 nmol
kg1 PYR (3 hrs-21 days). * denotes groups which differ from the untreated

group: P<0.05 (Kruskal-Wallis multi-comparison test).
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dosing

g, it was no longer found to be different from untreated values. This

suggested that during the time period between 14 and 21 days of dosing, some
adjustment may have occurred in the metabolism of the blood ChE in response to
PYR resulting in increased enzyme synthesis.

Hence, during the entire dosing period, blood ChE was persistently
reduced which was probably due to inhibition. The pattern of activity reduction
suggested that there was an initial period of 4 days when activity gradually dropped
followed by a period of at least 12 days when the reduction was stable and the level
of inhibition was equivalent to that after a singe, low, non-necrotising dose of 25
nmol kg1 ECO. After 3 weeks of dosing blood ChE no longer seemed to be
affected by PYR. The assay of whole blood ChE gives the combined activity of
AChE dimers bound to the membranes of erythrocytes (Ott et al., 1982; Rosenberry
and Scoggin, 1984) and plasma BChE and it was unclear whether the changes in
activity were attributable to the former or the latter. The function of blood ChE is
unknown, but studies have suggested that the plasma form may function as a buffer
for functional AChE because it binds to anti-ChE and excludes it from the nervous
system (Wills, 1972; Ecobichon and Comeau, 1972; Jimmerson et al., 1989) and
injection of exogenous AChE has successfully been demonstrated to protect against
OP toxicity (Wolfe et al., 1987; Raveh et al., 1989; Doctor et al., 1991). It is
possible that the response observed after 3 weeks of PYR dosing occurs due to
increases in plasma ChE by up-regulation because the system has created its own

biological scavengers to clear PYR from the circulation.
5.2.2.2 Molecular forms of AChE.

Table 5.7 shows the changes in activities of junctional (J), non-junctional
(NJ) and endplate-specific (EPS): globular (G), asymmetric (A) and non-extractable
(NE) forms of mouse diaphragm AChE after 9am and Spm subcutaneous injections
with 383 nmol kg~! with PYR given daily for 3 weeks. On each of the days when
enzyme level were measured, diaphragms were removed and prepared for assay 3
hours after the morning dose.

During the treatment, there was little overall variation in AChE molecular
form activity. Some reduction in the activity of J (G) enzymes was observed 3
hours, I day and 4 days after dosing (see Figure 5.5a). J (A) and J (NE) enzymes
were only reduced after 14 days of treatment as were the NJ (G) enzymes. The NJ
(A) forms displayed some significant reduction at the 3 hour and 7 and 14 day time

points (see Figure 5.5b). In contrast, The NJ (NE) enzymes appeared to be up-

-166-




Region Untr-

eated
N 10
J(G) 7 3.46+
+0.68
J(A) 7 1.32
+0.25
J(NE) T 0.80
+0.20
NJ(G)T 1.96
+0.40
NJ A+  0.77
+0.26
NI(NE) v 0.29
+0.15
EPS(G) ¥+ 1.57
+0.61
EPS (A) 0.66
+0.26
EPS (NE) 0.50
+0.20
T50% 0.40
(ms) +0.02

hrs

2.83%
+0.27
[.12
+0.29
0.92
+0.29

1.78
+0.22
0.36%*
+0.11
0.17
+0.09

1.08
+0.25
0.76
+0.22
0.76
+0.24

0.42
+0.02

day

2.83%*
+0.31
1.11
+0.27
0.97
+0.31

1.90+
+0.20
0.59
+0.32
0.34
+0.33

0.93*
+0.25
0.48
+0.28
0.63
+0.35

0.43
+0.03

2

it

days

3.15+
+0.26
1.22
+0.20
0.75
+0.21

2.35

+0.48
0.61+
+0.19
0.29+
+0.14

0.84*+
+0.39
0.62
+0.21
0.46
+0.27

0.42
+0.02

days

2.15%+
+0.10
1.05+
+0.10
0.65+
+0.01

231+
+0.04
1.03

+0.09
1.03%*
+0.05

-0.17%
+0.14
0.01
+0.01
-0.39
+0.04

0.42
+0.02

days

4.00

+1.21
1.68+
+0.57
1.24+
+0.57

2.83*
+0.34
1.21%+
+0.35
0.83%+
+0.55

1.18+
+1.33
0.48
+0.80
0.41
+0.95

14
days

3.52
+0.25
0.58*
+0.15
0.45*%+
+0.17

1.45%+
+0.19
0.15*
+0.05
0.05*
+0.05

2.07
+0.29
0.43
+0.13
0.04
+0.14

21
days

3.03
+0.29
0.99
+0.35
0.88
+0.50

1.88
+0.49
0.32
+0.24
0.19
+0.14

1.15
+0.52
0.65
+0.24
0.70
+0.43

0.42
+0.2

Table 5.7: Diaphragm AChE after twice daily dosing with 383 nmol
kg 1l PYR (3 hrs-21 days). The table shows junctional (J), non-junctional

(NJ) and endplate-specific (EPS): globular (G), asymmetric (A) and non-extractable

(NE) molecular form activities in nmol min~1 mg‘l. All values shown are means +
s.d. T denotes sets with different groups (K-S ANOVA, P<0.05), * denotes

groups different from the untreated group and + denotes different adjacent groups

(K-S multi-comparison test, P<0.05).Also shown are the times to half amplitude of

the decay phase (T509%) of extra-cellular miniature endplate potentials (all data

provided by A. Crofts, unpublished) which were assessed at the same time points.
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regulated on the 4th and 7th days of treatment although this effect appeared to be
transient and on the 14th day, its activity was reduced.

Of the EPS enzymes, which represented endplate AChE, EPS (G) was
reduced between the 1st and 4th days of treatment but on the 7th day was normal.
EPS (A) was also reduced on the 1st and 4th days. The EPS (NE) representing the
functionally important form in the synaptic cleft was mostly unaffected throughout
the treatment except on the 4th day when it appeared to be reduced. However, this
corresponded to the time point when a transient up-regulation in the activity of the
NJ (NE) occurred which did not occur in the J (NE) form suggesting that the up-
regulation of the trace levels of the large molecular weight form of AChE occurred
only in parts of the skeletal muscle fibre which were peripheral to endplates. This
implied therefore that the calculation of EPS (NE) activity at this time point was
invalid because the normal criteria for its calculation (i.e. that changes in enzyme
activity occur uniformly throughout the muscle fibres such that endplate-specific
activity can simply be calculated by subtracting NJ activity from J activity) no
longer applied.

No distinctive pattern of responses were therefore observed during the
treatment period. Some minor fluctuations occurred but overall the activities were
subject to a large degree of variation so it was unclear whether the reductions were
due to true biological responses because there was a distinctive lack of consistency
in the data. This was in contrast to the response of blood ChE discussed in Section
5.2.2.1 were a steady level of inhibition was successfully recorded for at least 14
days during treatment.

When T509, values of (MEPPs)g) were measured from diaphragms at the
same time points 3 hours after the 9am dose, no significant prolongation of
(MEPPs)q was found to occur (see data in Table 5.7 which was recorded and
provided by A. Crofts, unpublished). Since the prolongation of (MEPPs)o is
related to the activity of synaptic AChE, analysis of (MEPPs)q suggested that 3
hours after 383 nmol kg“1 PYR, no carbamoylated AChE persists in the tissue
because decarbamoylation and metabolism of PYR has occurred within the 3 hour
period between administration of the drug and removal of diaphragms for analysis.
The lack of prolongation of (MEPPs)q 3 hours after a dose was administered
irrespective of the regularity of the treatment (no cumulative effects were observed
during the monitoring of (MEPPs)o which were clearly unaffected on all the days
of treatment) suggested that during the assessment of AChE activity by the assay
technique no inhibition would be expected.

When diaphragms were removed 1 hour after 383 nmol kgl PYR
(MEPPs)o were significantly prolonged (Mann-Whitney, P<0.05) and T509, was
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0.68+0.03 ms (this experiment was conducted by A. Crofts). When T50¢, values
were substituted into the correlation equation (See Section 4.3.5) the predicted level
of AChE inhibition 1 hour after dosing was in the region of 50%. This suggested
that 383 nmol kg~1 PYR effectively inhibited diaphragm AChE in vivo which could
be recorded soon after dose administration but 3 hours later, complete recovery of
AChE activity occurred due to the rapid decarbamoylation of inhibitor-enzyme
complexes and metabolism of drug within the system. When drug administration is
repeated the same process occurs: target enzyme 1s re-inhibited, and rapidly
recovers within 3 hours. The effectiveness of dosing was supported by the results
obtained from the studies on whole blood ChE which showed that if blood was
analysed soon after removal, good levels of inhibition could be measured. The
process of repetitive drug dosing can be continued for at [east 3 weeks without a
significant accumulation of effects being observed due to the build up of PYR in the
system or a delay in the clearance of the drug out of the system.

In Sections 5.2.1.2 and 5.2.1.4 the rate of decarbamoylation of
carbamoylated AChE during enzyme extraction processes was discussed and it was
suggested that it was unlikely that at the end of sample preparation any inhibition
which had occurred in the tissue would still be detected. If during the repetitive
dosing experiment, the inhibited enzyme rapidly recovers during the 3 hour period
between dosing and tissue removal and the total time elapsed between drug
administration and measurement of AChE activity is approximately 7-8 hours it 1s
unlikely that the reductions observed in AChE activity are due to inhibition.

Hence, within 3 hours of a PYR dose which initially caused at least 50%
inhibition of functionally active AChE, complete recovery of inhibited AChE occurs
either by spontaneous decarbamoylation or the metabolism of inhibitor-enzyme
complexes. Effects on the activity of diaphragm AChE were not observed to
accumulate during the treatment but there was a possible transient up-regulation of
non-endplate A and NE forms between 4 and 7 days and some reduction in EPS

AChE during the first 4 days of treatment.
5.2.2.3 Endplate dimensions.

Table 5.8 shows the changes in mouse diaphragm endplate width (W),
length (L) and width/length ratio (W/L) ratio during 3 weeks of twice daily
administration of 383 nmol kg-! PYR. Three hours after the start of treatment, the
W/L ratio had ncreased by 47% (Figure 5.6b). Analysis of endplate W and L
showed that 3 hours after dosing, W had increased and L had reduced (Figure 5.6a)
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Time Width Length Width/length No. of HD
(pm) 7 (gm) 7 ratio ¥ No. of EP

Untreated 19.3+0.7 34.842.9 0.56+0.04 8
+ + + 240

3 hours 23.8+1.3% 29.0+1.0* 0.84+0.03* 4
120

I day 23.8+0.5%* 29.0+1.0%* 0.84+0.02* 4
120

2 days 22.1+1.4% 30.0£2.1* 0.75+0.08* 4
120

3 days 20.1+1.3 27.4+0.6% 0.75+0.02* 4
+ + 120

4 days 21.4+0.4% 28.8+2.2% 0.76+0.05* 4
+ 120

7 days 22.3+2.0%* 27.1£3.2% 0.85+0.16* 4
+ 120

14 days 22.1+0.9%* 29.5+2.7* 0.79+0.11* 4
+ 120

21 days 21.7+1.8% 26.3+2.3% 0.87+0.15* 4
120

Table 5.8: Endplate dimensions after twice daily dosing with 383
nmol kg-1 PYR (3 hrs-21 days). Shown are variations endplate width, length
and width/Iength ratio. HD gives the no. of hemidiaphragms and EP gives the total
no. of endplates. Values are means+s.d. T denotes sets with different groups
(ANOVA, P<0.05), * denotes groups which differ from the untreated group
(MANOVA, P<0.05) and + denotes different adjacent groups (MANOVA, P<0.05)
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indicating that endplates had become rounder due to hypercontractions in
underlying muscle fibres. This extent of endplate deformation was maintained for a
further 21 hours but between the Ist and 2nd days of treatment a slight
improvement in the ratio was observed which decreased from 0.84 to 0.75. This
extent of deformation was maintained for the remainder of the treatment. Hence
endplates were initially deformed to a larger extent for a period of 24 hours but then
slightly recovered and were consistently deformed to a lesser extent for the
remainder of the treatment. The reason for this effect is unclear but may arise
because the tissue has become more tolerant to the drug.

Figure 5.7 shows histograms of the percentage distribution of W/L ratios
for each population of endplates analysed at each time point. The histograms show
that at each time point a shift in the population distribution had occurred such that
fewer endplates had W/L ratios around the mean of 0.5 and a greater number had
higher ratios. This suggested that during the treatment, although many endplates
were still normal, a greater number were deformed.

After repeated PYR administration the onset of endplate deformation is
rapid, occurs within 3 hours of the first dose and is maintained throughout the
treatment. The deformation of endplates for the initial 24 hours of treatment was
similar to that after 100 nmol kg~1 ECO whereas the responses observed during the
remainder of the treatment were similar to that after a much lower dose of ECO of
25 nmol kg'1 which was consistent with the observations made in blood ChE: the
maximum inhibition of blood 4 days into the treatment was equivalent to that after a
25 nmol kg1 dose of ECO. Hence, repetitive low dosing with non-necrotising
doses of PYR induced abnormal cellular calcium levels and muscle fibre
morphology which was initiated within 3 hours of the first dose and maintained
throughout the treatment and endplate deformation was found to be a sensitive

marker for CB-induced as well as OP-induced myopathies.

5.3 Summary

During preliminary tests of the properties of CBs, PHY (150%:- 0.5x10-6M)
was found to be a more potent inhibitor of AChE(ee]) than PYR (I50%: 10“6M). At
379C, PYR- and PHY -inhibited AChE(ee]) was found to rapidly decarbamoylate
with at]/2 of 32.1+25.8 mins and 9.1+2.1 mins respectively.

The lack of stability of carbamoylated AChE was a potential problem in the
investigation of the inhibitory effects of CBs on mouse diaphragm AChE. It was

demonstrated that maintaining samples on ice delayed, but not prevented the rate of
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decarbamoylation of PYR and PHY-inhibited AChE which occurred with a t{/2 of
57.5+18.3 mins and 125.4+25.1 mins respectively.

Because decarbamoylation rates of mouse diaphragm AChE molecular
forms could not be studied directly, the decarbamoylation rate of MDFE was
determined from electrophysiological studies. The rate of MDFE decarbamoylation
after 10-6M PYR was 42.12+20.7 mins which was not significantly different from
the rate of decarbamoylation of AChE(ee]). Hence, diaphragm AChE and
AChE(ee]) have similar decarbamoylation properties and it was proposed that
diaphragm AChE would decarbamoylate at the same rate on ice as AChE(ee]).

After a minimal preparation period of 1 hour, substantial decarbamoylation
of diaphragm ChE extracted conventionally was found to occur. It was predicted
therefore, that the sequential extraction method which takes 3-4 hours to prepare
would not successfully indicate the extent of inhibition of diaphragm AChE caused
by CBs and assayed AChE activity would reflect uninhibited AChE.

Repetitive PYR dosing reduced whole blood ChE by 10-20% 3 hours to 2
days into the treatment and by 50% from 4 days to 14 days. After 21 days of
dosing, there was less inhibition suggesting that blood ChE may have been up-
regulated possibly to act as a biological scavenger for anti-ChEs. Effects on
diaphragm AChE were minimal during the treatment: non-endplate A and NE forms
were transiently up-regulated between 4 and 14 days and EPS AChE was
transiently reduced between 1 and 4 days. Three hours after the 9 am PYR dose on
each assessment day (MEPPs)o were not prolonged and hence, AChE was not
inhibited suggesting that complete decarbamoylation of AChE had already occurred
in vivo. However, 1 hour after the dose, (MEPPs)q were prolonged and AChE was
inhibited by around 50%. The changes observed in AChE molecular forms 3 hours
after the 9 am dose were probably therefore due to up- or down-regulation and not
due to inhibition because decarbamoylation had occurred in vivo and invitro.

Repetitive low doses of 383 nmol kg1 PYR induced abnormal cellular
calcium levels and muscle fibre morphology which had a rapid onset and persisted
throughout the treatment. Endplate deformation during the first 24 hours of
treatment was more severe than during the remainder of the treatment. During the
initial period, the extent of deformation was similar to that after a 100 nmol kg
dose of ECO and for the remaining time corresponded to the deformation after a 25
nmol kg~1 dose. Endplate deformation was therefore a highly sensitive marker for
both CB and OP-induced myopathy.
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CHAPTER 6

LONG-TERM EFFECTS OF LOW DOSES OF_ PYRIDOST IGMINE
ON MOUSE SKELETAL MUSCLE
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6.1 Introduction.

Carbamate (CB) anti-ChEs are commonly used in the therapy of myasthenia
gravis and potentially in the treatment of Alzheimer's disease. They also have a
function as prophylactics against OP poisoning because they are reversible AChE
inhibitors. A CB compound administered at a dose which inhibits around 30%
AChHE can be successfully protective because it rapidly disassociates from the
enzyme and provides some level of cholinergic transmission.

There is at this stage, only a limited insight into the long-term, low-dose
effects of CBs on cellular function because only subtle toxic effects may be
produced which are undetectable by many conventional methods. An investigation
was carried out to study possible long-term effects of PYR on skeletal muscle
AChHE activity, functional synaptic AChE, blood ChE and endplate shape when
administered by an osmotic pump. A parallel investigation of electrophysiological
effects on the endplate was carried out by A. Crofts. Experimental protocols were

designed with the following objectives in mind:

(a) To investigate the effects 1 day, 2 days, 4 days, 7 days and 14 days
after the implantation of an osmotic pump which continually
administered PYR at the rate of 11.4 nmol hr-! during a 2 week period.
(b) To investigate whether there was any recovery 2 days, 7 days and 14
days after a pump which had administered drug for 7 days was removed
and the treatment was terminated.

(c) To investigate whether PYR administered at 11.4 nmol hr-l fora
period of 4 days by the osmotic pump successfully protected against the
inhibitory effects of a 500 nmol kg~! dose of ECO which was
administered after 4 days of pre-treatment and an assessment made 5 days

later.

6.2 Results and discussion.

6.2.1 Long-term effects of PYR administered for 14 days on mouse

skeletal muscle.
6.2.1.1 Whole blood ChE.

Table 6.1 and Figure 6.1 show whole blood ChE during 2 weeks of

treatment with PYR administered by an osmotic pump at the rate of 11.4 nmol hrl.
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Time: after

implant of

pump

Untreated
1 day
2 days

4"<\:\Iiays .

7 days "

14 days

N number

15 ane
. 097 .

5 gm0
. ajéio.so .

.0 51*’ .

4 2o
042 |

13

Table 6.1: Whole blood ChE after 11. 4";nmol hr I pyr (1-14 days)

ChE activities are in ymol Imn'lml 1 ‘and the

fown are means + s.d. f

denotes the set has different oroups (K S ANOVA P<() 05) = denotes groups
which differ from the untreated group (K S mult1 companson test P<0 05) and +

denotes diferent adjacent oroups (K S mu1t1 comparlson test P<O 05);;1,
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Figure 6.1: Whole blood ChE after 11.4 nmol hr-1 PYR (1-14 days).

% denotes groups which differ from the untreated group: P<0.05 (Kruskal-Wallis

multi-comparison test).
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Blood ChE was assessed soon after samples were taken from mice and kept on ice
for the short time before assay hence very little spontaneous decarbamoylation of
PYR-inhibited ChE was expected and reductions in ChE activity were probably due
toinhibition. All treated ChE activities were found to be different from the untreated
level at all the time points investigated. The inhibition after day of treatment was
found to be around 30%. There were no differences between the treated groups at
each time point suggesting that there was no progressive increase in the inhibition
of blood ChE during the treatment. Hence blood ChE inhibition was between 30-
50% during the 2 week dosing period.

The range of PYR inhibition was below that after 25 nmol ke-l ECO
suggesting that PYR was constantly administered at low doses. The responses of
blood ChE gave a useful indication of in vivo inhibition by PYR at various time

points during treatment.
6.2.1.2 Molecular forms of AChE.

Table 6.2 shows the activities of diaphragm AChE in junctional (J) and non-
junctional (NJ) regions and endplate-specific (EPS) activity calculated by the
standard method (see Section 2.4.5) measured at various time intervals during 14
days of continual infusion of mice with 11.4 nmol hr-l PYR. Osmotic pumps filled
with only 0.9% saline were initally implanted in mice and molecular form activities
were measured after 24 hours to investigate whether pump implantation affected
AChE levels. There were not found to be any significant differences between the
activities of any of the molecular forms which had been given saline and molecular
form activites in untreated mice (Mann-Whitney, P>0.1 in all cases) hence the
activities were pooled together (see Appendix A.6 for the relevant data).

NJ (G) and NJ (A) (Figure 6.2b) activities were measured at normal levels
throughout PYR treatment. Had any actual inhibition occurred prior to extraction of
the enzymes from the mice is unclear as it is possible that this may have occurred
but that during the process of preparing the enzymes for assay the drug may have
become dissociated due to spontaneous decarbamoylation (tests carried out in
Chapter 5 suggested that this is possible even if samples are maintained on ice). The
minor A12 element (NJ (NE)) normally present in the NJ parts of untreated tissue
was found to be in excess of the untreated level by around 200% on the 2nd day of
treatment suggesting that at this time point it may been transiently up-regulated by a
considerable amount. During the remainder of the treatment, the NJ (NE) enzyme

level was not found to be different from the untreated level.
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Enzyme Un- 1 day 2 days 4 days 7 days 14 days

treated
N 13 5 4 5 9 4
J1(G)+  3.48 2.86 2.59%  231%  248%  3.08
+0.80 +0.46 +0.79 +0.49 +0.48 +0.48
J(AYF  1.29 1.24 146+ 091%  0.79* 1.09
1031  +035 023  +023  0.18  £0.20
J(NE)+  0.79 0.58 0.84 0.64 0.59%  0.69
£0.20  +0.14  +030  +027 021  +0.2I
NI (G) 1.9 1.95 1.78 1.46 1 81 232
+049 =066  +084  +037 032 0.4l
NI (A) 073 1.17 1.13 0.58 0.60 0.64
+030  +1.01 056  +030 032  0.17
NJ (NE)¥ 0.29 0.47 0.84* 047 0.29 0.22

+0.16 +0.35 +0.43 +0.24 +0.25 +0.11
EPS (G)T 1.63+ 0.91* 0.81%* 0.85* 0.68%* 0.77
+0.62 +0.48 +0.24 +0.47 +0.48 +0.64
EPS (A)T 0.62+ 0.07* 0.33 0.36* 0.19* 0.45
+0.26 +0.85 +0.38 +0.13 +0.28 +0.27
EPS(NE) 0.50+ 0.11%* 0.03* 0.11% 0.30* 0.47
T +0.18 +0.48 +0.40 +0.07 +0.17 +0.26
MDFE+ 0.47+ 0.28%* 0.25% 0.20%* 0.22* 0.13*
+0.04 +0.07 +0.03 +0.01 +0.11 +0.00

(NS) (NS) (NS) (NS) (NS) (NS)
J (NF) 0.33 0.30 0.59 0.44 0.25+ 0.59

+0.20 +0.16 +0.25 +0.27 +0.28 +0.19

(NS) (NS) (NS) (NS) (NS) (NS)

Table 6.2: Diaphragm AChE after 11.4 nmol hr- 1 pYR (1-14 days).
The table shows junctional (J) and non-junctional (NJ) globular (G), asymmetric
(A), and non-extractable (NE) and endplate specific (EPS) activities in nmol min-1
mg'l. Also shown are the (MEPP)o-derived functional enzyme activities (MDFE)
and the activity of non-functional enzyme in the junctional region (J (NF)). Values
are means+s.d. T denotes sets with different groups (K-S ANOVA, P<0.05), *
denotes groups which differ from the untreated group and + denotes different
adjacent groups (K-S multi-comparison test, P<0.05). (NS) denotes that there was
no significant difference between MDFE and EPS (NE) and J (NF) and NJ (NE).
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In the J region of the diaphragm, which consisted of both endplate and non-
endplate enzyme components (Figure 6.2a), no J AChE molecular forms were
different from their untreated levels on the Ist and 2nd days of treatment.
However, J (G) AChE was reduced by 33% on the 4th day and 28% on the 7th
day, J (A) was reduced by 31% on the 4th day and 31% on the 7th day and J (NE)
was reduced by 20% on the 4th day and 26% on the 7th day. On the 14th day of
treatment the J (NE) enzymes were at their normal levels. The J (G), the J (A) and
the J (NE) enzymes are measures of G, A and NE activity from two sources : a
proportion of each is associated with parts of muscle fibres in the J dissected strip
which are not specialised as endplates and a proportion of each is associated with
endplates. Analysis of the NJ enzyme responses which represented the responses
of non-endplate AChE failed to show the same effects. No forms of AChE in this
region were reduced at the corresponding time points. It followed, therefore that the
effects observed in the J region were due to the endplate components of each of the
enzymes.

In the endplate region, EPS (G) AChE (Figure 6.3a) was reduced between
44 and 57% from the Ist to the 7th day sof treatment. EPS (A) reduced by 45-88%
between the Ist and 7th days. EPS (NE) was reduced by 40-78% betwen the 1st
and 7th days of treatment. On the 14th day of treatment all EPS activities were at
their untreated levels.

During 14 days of continual PYR treatment endplate AChE was selectively
reduced whereas non-endplate forms were generally unaffected but displayed
transient changes. The reasons for these selective endplate reductions is unclear.
The reductions may be due to inhibition but decarbamoylation studies in Chapter 5
suggest that this is unlikely because no inhibitor-enzyme complexes would survive
the extraction process. In addition the return to normal of the activities by the 14th
day of treatment suggests that the inhibitory effects, if any were actually detected
did not accumulate. Whether the inhibition does accumulate during the first week
and during the second week compensatory measures are initiated to mask the effect
by up-regulating the enzymes is unclear. If the reductions are not due to inhibition
then alternative explanations are necessary. Localisation studies in Chapter 4
suggested that G and A forms were located in both endplate and non-endplate
regions and portions in each region existed as intra- and extra-cellular pools. About
60% of each form was associated with NJ regions and 40% was EPS. Portions of
NJ (G) and NJ (A) were internal and external and around half of EPS (G) and EPS
(A) were internal and external. Hence, it was unlikely that PYR would selectively
target and inhibit only endplate enzyme when NJ AChE is equally accessible to the
drug. Also, in the event that both NJ and EPS had been inhibited but at the time the
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activities were measured the drug had dissociated from the enzymes it would be
unlikely that PYR would only dissociate from the NJ AChE but not from EPS
ACHE form due to selective binding characteristics because the EPS AChE is not
known to be distinct from the NJ AChE. Further evidence against the selective
inhibition theory was provided by the decarbamoylation studies in Chapter 5 which
proposed that no inhibition would be detected during such studies. In addition, EPS
(NE) was reduced between the 1st and 7th days of treatment but NJ (NE) was
senerally unaffected but transiently up-regulated on the 2nd day suggesting that the
response of these enzymes to PYR was distinct.

The response of EPS AChE to PYR is therefore distinct from the response
of non-endplate AChE possibly because AChE associated with endplates and non-
endplates are biologically distinct and subject to different modes of regulation. The
differential regulation of endplate and non-endplate AChE activity has been
previously demonstrated by Younkin and Y ounkin (1988) who suggested that non-
endplate activity was regulated by nerve-mediated muscle activity whereas endplate
AChE was regulated by both nerve-mediated muscle activity and neurotrophic
factors. Since PYR appears to predominantly affect endplate AChE, these effects
may become manifest through the actions of neurotrophic factors although the
possible involvement of muscle activity in these responses cannot completely be
ruled out. The differential responses may be due to the actions of different
components of muscle activity which may have been effected by PYR. As many of
the structural and physiological changes after anti-ChEs originate at the
neuromuscular junction (Ariens et al., 1969; Fenichel et al., 1972; Fenichel et al.,
1974; Hudson et al., 1978; Kawabuchi et al., 1976; Laskowski et al., 1975;
Salpeter et al., 1979), nerve-mediated muscle activity associated with these
changes may mediate the effects in endplate AChE and explain the absence of a
corresponding response in muscle fibres parts which are peripheral to the endplate.
Also, the importance of the transient up-regulation of non-endplate AChE cannot be
over-looked. Previous studies have shown that increased muscle activity is
associated with increased AChE synthesis (Barnard et al., 1984) and the PYR-
induced effects on muscle fibres which originate at the endplate also become
manifest in other parts of muscle fibres (Ferry and Cullen, 1991). If consequences
of these PYR-induced effects on muscle fibres become manifest as transient
increases in muscle activity, then signals may be sent to up-regulate non-endplate
AChE.

EPS (G) was demonstrated in Chapter 3 to be 40% internal precursory and
processed forms (Rotundo, 1984; Lazar et al., 1984; Brockman et al., 1986) and

60% external secreted (Wilson et al., 1984) and integral sarcolemma membrane
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proteins (Younkin et al., 1982). EPS (A) were 50% internal precursory and
processed forms (Rotundo, 1984a; Inestrosa, 1984) and 50% external of unknown
function and EPS (NE) was 90% functional A12 located in the synaptic cleft. A
common feature of endplate AChE reduction was that the effect applied to all the
forms, was in the region of 50-60% and occurred at some point between the 2nd
and 7th day of treatment. Studies of the metabolism of AChE suggest that G1 is a
precursor for higher molecular weight forms (Koenig and Vigny, 1978) and the
reduction of endplate AChE may occur at the transcriptional level due to the PYR-
induced down-regulation of the AChE gene associated with endplate nuclei. The
origin of factors which mediate between PYR action and endplate AChE reduction
is unclear. Possible mediators may include muscle activity itself (Younkin and
Younkin, 1988; Newman et al., 1984) or trophic regulators; POMC peptides which
are known to be released into the circulation after muscle damage and toxic stress
(Rosterat al., 1977), glucocorticoids (Brank and Grubic, 1993) which are known
transcriptional controllers (Muller and Renkawitz, 1991), ACh itself (Drachman et
al., 1982) or a host of other substances including: diffusible substances produced
by the spinal cord, brain and sciatic nerve, transferrin and neural peptides (reviewed
by Oh et al., 1988).

6.2.1.3 Functionally-active AChE.

In Section 4.2.3, a relationship between the time to half amplitude of the
decay phase of extra-cellular miniature endplate potentials (T509, of (MEPPs)q)
and functionally active AChE in the synaptic cleft was established and represented
as an exponential equation. It was found that this relationship could be used to
predict the activity of functional AChE in the synapse by substituting T509, values
determined electrophysiologically into the equation. This provided an alternative
assessment of functional AChE which could be compared with the functional AChE
activity determined by the assay method. In addition, the relationship could also be
used to make a distinction between AChE in the mouse diaphragm which was
functionally and non-functionally important. Table 6.2 shows (MEPP)q-derived
functional enzyme (MDFE) activities which represent the predicted functional AChE
activities determined electrophysiologically. Values representing the non-functional
activity in the junctional region (J (NF)) are shown in Table 6.2 below the MDFE
activities. These parameters are also shown graphically in Fig. 6.3b.

The MDFE activities were significantly reduced by about 40% between the
Ist and 7th days of treatment. On the 14th day, the MDFE activity was reduced by

72% but this activity did not differ from the activities at any other time point during
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the treatment. This suggested that the reduction in the activity of MDFE due to
exposure of the system to PYR was constant from one time point to the next and
there was no evidence that effects accumulate.

Despite the superficial differences, there were not found to be any
significant differences between MDFE and EPS (NE) AChE at any of the time
points suggesting that both represented the same AChE activity. The superficial
differences were attributed to EPS (NE) activities which were found to have a high
co-efficient of variation. It followed that EPS (NE) gave an indication that
functional enzyme was affected by PYR treatment but the assessment of MDFE
activity which was in part related to the consequences of functional enzyme
reduction i.e. prolonged action of ACh on its receptor, provided a more sensitive
indication of the response of functional AChE activity. The response of MDFE to
PYR suggested that the reduction in synaptic AChE may last longer than predicted
by EPS (NE).

The prolongation of the time course of (MEPPs)o observed during the
treatment resulting from the delayed action of the ACh on its receptor suggested
also that there was insufficient AChE available in the cleft to hydrolyse the
neurotransmitter. At the time recordings of (MEPPS)o were made it was unlikely
that any AChE-inhibitor complexes were still intact. Evidence for this was provided
by experiments conducted by A. Crofts to investigate whether the prolongation of
(MEPPs), was due to the inhibition or reduction of functional AChE. The
recording of (MEPPs)o was routinely conducted at 370C at which the rate of
decarbamoylation of PYR is rapid and occurs with a half-life of around 30 mins
(see Chapter 5). When (MEPPs)o were recorded at two different times 1.e. soon
after extraction of tissues from mice, and after a delay of 1 hour, there was not
found to be any significant difference between the T50% values (Mann-Whitney,
P>0.1) at the different time points. These results contradicted the expected results
had functional AChE been inhibited when some prolongation of (MEPPs)o would
have been expected at the earlier time point. Because PYR-inhibited AChE is
known to rapidly decarbamoylate no inhibition would be expected at the later time
point as almost complete decarbamoylation would have been expected by this time.
This was not found to occur. The extent of (MEPPs)q prolongation at both times of
assessment was found to be the same. This suggested that the prolongation of the
time course of (MEPPs)o was due to a reduction in synaptic AChE during 14 days
of PYR treatment as predicted by MDFE values and was not due to inhibition.

J (NF) activities obtained by the subtraction of MDFE from J (NE) which
represented the component of J (NE) activity which was not involved in

transmission termination,was not affected during PYR treatment. In the criteria
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used to calculate EPS (NE) activity it was assumed that ACHhE activity found in
parts of muscle fibres which were not specialised as endplates was uniformly
distributed along the length of muscle fibres and the subtraction of NJ activity from
J activity would give an measure of the AChE activity associated with the endplate
alone. To verify this criterion a comparison was made between the J (NF) activity
which represented enzyme in the J region not associated with transmission
termination and NJ (NE) activity which represented the non-functional high
molecular weight form of AChE found in the NJ regions. Statistically there was not
found to be any significant difference between J (NF) and NJ (NE) at any of the
time points during the treatment which suggested that J (NE) activity was a
combination of endplate and non-endplate A12 and validated the criteria used to
calculate EPS (NE).

The responses of MDFE synaptic AChE and EPS (NE) to PYR treatment
suggested that the effects of PYR on the enzyme occur as early as the first day of
treatment. Since the synaptic form has a slow turnover (Lazar et al., 1984; Newman
et al., 1984) it is possible that this initial rapid reduction may be due to accelerated
degradation. The rapid loss of synaptic AChE also occurs after denervatioti
(Newman et al., 1984) and Younkin and Younkin (1988) proposed that the
synaptic enzyme was not only regulated by the rate of synthesis but also by the rate
of degradation. The loss of Al2 may therefore be due to increased initial
degradation possibly by factors which are released in the early stages after anti-
ChEs such as CaZ+-activated neutral proteases and the reduction in endplate AChE
observed during the remainder of the treatment may be due to down-regulation

induced by an unknown mechanism.
6.2.1.4 Endplate dimensions.

Table 6.3 shows the width (W), length (L) and width/length (W/L) ratio of
endplates on days 1,2, 4,7 and 14 during continual administration of PYR at the
rate of 11.4 nmol hr-1. At each time point, the values civen are means of averages
of 30 endplates per hemidiaphragm (inter-hemidiaphragm variation was taken into
account in the statistical evaluation of endplate data using a mixed-design
MANOVA model). Figure 6.4a shows the changes in W and L and Figure 6.4b
shows the changes in the W/L ratio. Figure 6.5 shows a set of histograms of the
percentage of each population at each of the time points which have W/L ratios in
the given ranges.

After 1 day of continual dosing with PYR the mean W/L ratio of endplates
significantly increased by around 50%. This extent of deformation was maintained
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days). Percentage of endplates per population at given width/length ratios for (a)

untreated, (b) 1 day, (c) 2 days, (d) 4 days, (e) 7 days and (f) 14 days.

-191-




for the entire 14 day dosing period. No progressive effects were observed as there
were no differences between the ratios at each of the time points during the
treatment. At each of the time points, endplate W were increased and L reduced,
suggesting that endplates had become rounder due to hypercontrations. The
histograms show that there was a shift in the endplate populations at each of the
time points such that a higher percentage had larger ratios and a smaller percentage
had ratios around the untreated mean.

Continual PYR infusion was found to rapidly induce abnormal calcium
influx into endplates and alter muscle fibre morphology which was evident by the
rapid deformation of endplates which occurred within 1 day of treatment. The effect
persisted for the duration of the treatment and was similar to that observed after a
100 nmol kg1 dose of ECO; when the populations at each time point were tested
against the population treated with ECO, no significant differences were found
between them (MANOVA, P>0.05).

6.2.2 Recovery of mouse skeletal muscle after 7 days of PYR.
6.2.2.1 Whole blood ChE.

Table 6.4 and Figure 6.6 show the recovery of whole blood ChE during a
period of 14 days after mice had continually been infused with PYR at the rate of
11.4 nmol hr!l for a period of 7 days. Two days after osmotic pump removal,
whole blood ChE was still reduced by around 40%. Seven days later, the activity
was not different from the untreated level. The value at this time point was different
from the previous time point suggesting that a change in ChE activity had occurred.
Between 7 and 14 days after removal of the pump a reduction occurred in the ChE
activity such that it was 37% lower than the untreated level.

In Section 6.2.1.1, blood ChE was shown to be inhibited during 7 days of
continual PYR treatment in the order of 30-50%. The response of blood ChE to the
removal of the inhibitor from the system when the treatment was terminated was
unexpected. It was unlikely that PYR persisted in the blood once the treatment had
been terminated because it would be rapidly metabolised. It was unlikely also that
carbamoylated ChE would still exist 2 days or 14 days after the treatment was
terminated because these would rapidly decarbamoylate in the system. The
reductions observed at these time points could not, therefore, be due to inhibition
but may be due to down-regulation of blood ChE. The reason for the transient

recovery in activity 7 days after treatment termination was unclear.
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The observations made of the recovery of blood ChE following 7 days of
continual PYR administration may dispute the suggestion made in Section 6.2.1.1
that the reductions seen during the actual dosing period were due to inhibition of
ChE. As discussed in the section, the assay of blood was rapid and spontaneous
decarbamoylation was not thought to effect the overall results. However, it is
possible that some down-regulation of blood ChE may also occur (this was
observed for diaphragm AChE) during the dosing period. It was unclear, therefore
whether the reductions which occurred during the dosing period where due to

inhibition, down-regulation or a combination of both.
6.2.2.2 Molecular forms of AChE.

Table 6.5 shows the recovery of J, NJ and EPS: G, A and NE forms of
AChE during 14 days after the removal of osmotic pump which had continually
infused mice with PYR for 7 days at the rate of 11.4 nmol hr-1. Also shown are the
MDFE activities (predicted synaptic AChE) and the J (NF) activity (non-functional
component of J (NE) activity).

Figure 6.7a shows the responses of J region AChE. Two days after the
removal of the 7 day pump, J (G) was still reduced by 21% but 5 days later it had
exceeded the untreated level by 14%. Seven days later J (G) was normal. Two days
after the removal of the pump, the activity of J (A) was lower than the untreated
level by 37%. Five days later, it exceeded the untreated activity by 52%. Seven
days later it exceeded the untreated activity by 25%. J (NE) however, had made a
complete recovery 2 days after pump removal. Five days later, it exceeded the
normal level by 71.3%. This was maintained for a further 7 days.

Figure 6.7b shows the responses of NJ region AChE. NJ (G) was normal 2
days after pump removal. Five days later it exceeded the untreated level by 57%
which was maintained for a further 7 days. NJ (A) which was unaffected on the 7th
day of treatment, was reduced 2 days after pump removal by 65%. Between the
2nd and 7th days after removal NJ (A) increased above the normal level by 83%.
Seven days later, NJ (A) still exceeded the normal level by 58%. NJ (NE) was
normal 2 days after pump removal. Five days later it exceeded the normal level by
314% and 7 days later NJ (NE) returned to normal.

Figure 6.8a shows the response of EPS AChE. EPS (G) was still reduced
by 56% two days after pump removal. Five days later it had completely recovered.
EPS (A) which was reduced by 71% after 7 days of PYR completely recovered 2
days after pump removal. EPS (NE) which was reduced by 40% after 7 days of
PYR, completely recovered 2 days after pump removal.
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Enzyme Untreated 7 days 9 days 14 days 21 days

(2 day (7 day (14 day
recovery) recovery) recovery)
N number 13 9 10 6 4
J(G) T 3.48+ 2.48%* 2.73*%+ 3.93 3.91
+0.80 +0.48 +0.64 +0.52 +0.71
JA) T 1.29+ 0.79* 0.83*+ 2.01* 1.65%
+0.31 +0.18 +0.30 +0.35 +0.14
J(NE) ¥ 0.79+ 0.59* 0.73+ 1.37% 1.29%
+0.20 +0.21 +0.36 +0.42 +0.25
NJ (G) T 1.90 1.81 1.91+ 3.08* 3.16*
+0.49 +0.32 +0.43 +0.60 +0.13
NJ (A) T 0.73 0.60 0.27+ 1.41%* 1.22%
+0.30 +0.32 +0.25 +0.20 +0.14
NJ(NE) ¥ 0.29 0.29 0.34+ 1.20*%+ 0.39
+0.16 +0.25 +0.36 +0.18 +0.30
EPS (G) 7 1.63+ 0.68* 0.71%* 1.15 0.75
+0.62 +0.48 +0.63 +0.92 +0.64
EPS(A) T 0.62+ 0.19* 0.55 0.60 0.43
+0.25 +0.28 +0.37 +0.37 +0.20
EPS (NE) ¥ 0.50+ 0.30* 0.39 0.16+ 0.91
+0.18 +0.17 +0.44 +0.40 +0.46
MDEFE 0.47+ 0.22%+ 0.45 0.45 0.44
+0.04 +0.11 +0.03 +0.03 +0.00
(NS) (NS) (NS) (NS) (NS)
J(NF) + 0.33 0.25 0.41+ 0.92% 091*
+0.20 +0.28 +0.32 +0.42 +0.28
(NS) (NS) (NS) (NS) (NS)

Table 6.5: Diaphragm AChE 2-14 days after termination of continual
PYR infusion for 7 days at 11.4 nmol hr- 1. The table shows J, NJ and
EPS: G, A and NE AChE activities in nmol min-! mg‘l. Also shown are the
(MEPP)o-derived functional enzyme (MDFE) and junctional non-functional AChE
(J(NF)). Values shown are means=s.d. T denotes sets with different groups (K-S
ANOVA, P<0.05), * denotes groups which differ from the untreated group and +

denotes different adjacent groups (K-S multi-comparison test, P<0.05).
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Figure 6.8b shows the response of MDFE and J (NF). The MDFE activity
had completely recovered 2 days after pump removal. The J (NF) activity was at its
normal level 2 days after pump removal. Five days later it was in excess of the
untreated level by 160% and a further 7 days later it was still 143% higher than
normal.

When PYR was administered continually for a period of 7 days after which
time the treatment was terminated, during a 14 day recovery period the response of
NJ AChE was distinct from that of EPS AChE. All non-endplate AChE was up-
regulated 7 to 14 days after pump removal, whereas all endplate AChE completely
recovered within 7 days of pump removal. There was no significant difference
between MDFE and EPS (NE) during recovery. The independent methods of
assessing synaptic AChE both suggested that the enzyme recovered 2 days after
pump removal. There was no significant difference between J (NF) and NJ (NE).
The independent methods of assessing non-endplate NE suggested the enzyme was
up-regulated 7 days after pump removal.

When PYR treatment, which selectively reduced endplate AChE, was
terminated, this resulted in the up-regulation of non-endplate AChE and complete
recovery of endplate AChE. The distinctive responses of endplate and non-endplate
AChE to treatment termination may be due to differential regulation (Y ounkin and
Younkin, 1988). The up-regulation of non-endplate AChE was believed to be a
genuine biological response rather than a combination of decarbamoylated AChE
and newly synthesised AChE because non-endplate AChE had not been measured
at an inhibited level during the dosing period. The effects were therefore likely to be
due to increased synthesis which had occurred after treatment termination. Also,
because no inhibition could be detected by the methods employed, the recovery of
endplate AChE, previously reduced by the treatment, was not due to reactivation of
inhibited AChE and may also be due to increased synthesis. Increased synthesis
may therefore apply to both endplate and non-endplate AChE. Studies have shown
that increased muscle activity increases AChE synthesis (Barnard et al., 1984)
possibly by up-regulating AChE genes (Sveistrup et al., 1995). There was,
however, no direct evidence to suggest that muscle activity had increased after
treatment termination as (MEPPs)q were normal (A. Crofts, unpublished) aithough
the effects on AChE activity may be due to a component of muscle activity which.

was not investigated in this study.




6.2.2.3 Endplate dimensions.

Table 6.6 shows the recovery of endplate widths (W), lengths (L) and
width/length (W/L) ratios during 14 days after removal of pumps which had
continually administered PYR for 7 days at the rate of 11.4 nmol hr-l. Figure 6.9a
shows the response of W and L and Figure 6.9b shows the variation in the W/L
ratios. Figure 6.10 shows histograms of the percentage of each population with
ratios within the shown ranges at the various recovery time points.

When the W/L ratios were assessed 2 days, 7 days and 14 days into the
recovery period, they were still larger than the untreated ratio by 27-37%. There
was not found to be any differences between the ratio measured on the 7th day of
treatment and any of the time points during the recovery period. Hence, despite the
observed trend that there was some improvement in the ratio during the recovery
period, statistical analysis (MANOVA) indicated that the groups were not different
and therefore indicated that no substantial recovery was observed in this study. It is
possible that the endplates do recover at a slow rate during the recovery period,
there was some improvement in the W at the 14 day recovery time point, although
this could not be substantiated by this study and would require further
investigation.

Hence, when PYR was administered continually for 7 days and the
treatment was terminated for a period of 14 days, at the end of the recovery period
the W/L ratios were still higher than in untreated tissues suggesting that during the
14 day recovery period, hypercontrations in muscle fibres were still occurring in the
absence of PYR and endplates were still deformed although some recovery may
occur at a slow rate. Since PYR treatment had been terminated, it was unlikely that
any drug persisted in the system and synaptic AChE recovered rapidly suggesting
that the action of ACh on its post-synaptic receptors may no longer be prolonged
and the hypercontractions may not be due enzyme inhibition. The extent of endplate
deformation induced by continual PYR infusion was equivalent to that after a single
necrotising dose of 500 nmol kg-! ECO. Both treatments increased the W/L ratio
by around 50%. Endplate shape after ECO recovered rapidly: 7 days after the dose,
W/L ratios were normal, whereas endplate shape after PYR recovered slowly: 14
days after the last day of treatment the W/L ratio was still increased by 27%. Hence,
continual long-term, low dosing with PYR has a longer lasting effect on endplate
morphology than a single necrotising dose of OP suggesting that the mechanism by
which muscle fibres recover after anti-ChEs does not operate as effectively after

long-term exposure and the associated myopathy is more persistent. The complete
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Time

Untreated

7 days

9 days

(2 day
recovery)
14 days
(7 day
recovery)
21 days
(14 day

recovery)

Width
(pm) 7

19.3+0.7

23.2+1.4%

27.5+2.1%

+

24.1+£0.3%

+

21.5+4.0%

Length

ola

(pm) ¥

34.8+2.9

28.4+2.6*

+

36.9+4.2

34.0+1.3

31.3+5.8*

W/L ratio ¥

0.56+0.04

+

0.83+0.06*

0.76+0.05*

0.72+0.03*

0.71+0.18*

No. of HD
No. of EP

240

120

150

90

90

Table 6.6: Endplate dimensions 2-14 days after termination of

continual PYR infusion for 7 days at 11.4
endplate width, length and width/
hemidiaphr
denotes sets with different groups (ANOVA, P<0.05
differ from the untreated group (MANOVA, P<0.05) a

adjacent groups (MANOVA, P<0.05).
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PYR, (c) 2 day recovery, (d) 7 day recovery and (e) 14 day recovery.
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recovery of muscle fibres after 7 days of PYR takes longer than the time allowed

for this study.
6.2.3 Pre-treatment with PYR as protection against OP toxicity.
6.2.3.1 Molecular forms of AChE.

PYR was administered continually for a period of 4 days, the treatment was
discontinued by removing pumps and immediately giving a single subcutaneous
injection of ECO was administered at 500 nmol kg~1. PYR was administered for a
pre-treatment period during which there were no observed increases in the latency
of action potentials i.e. increased jitter (A. Crofts, unpublished; Kelly et al., 1990).
This was to ensure that the pre-treatment was administered at a low and generally
sign-free dose. Five days after the ECO injection, the various AChE fractions were
measured and a comparison was made with AChE levels when only an ECO
injection was given in the absence of any pre-treatment with PYR (see Table 6.7
and Figure 6.11). The aim of this experiment was to see if pre-treatment with PYR
protected against the effects of ECO 5 days after it was administered.

Five days after ECO alone, J (G) activity was normal but after PYR pre-
treatment, it was reduced by 35%. J (A) activity was normal 5 days after ECO
alone and after PYR pre-treatment. J (NE) activity was reduced by 36% 5 days after
ECO alone and after PYR pre-treatment. No NJ forms were affected 5 days after
ECO alone or after PYR treatment. EPS (G) and EPS (A) activities which were
normal 5 day after ECO alone, were reduced by 80% and 60% respectively after
PYR pre-treatment. EPS (NE) which represented synaptic AChE was reduced by
48% after ECO alone and 70% after PYR pre-treatment.

MDFEE activity, which gave an indication of functional synaptic AChE by an
alternative method to assay, was reduced by 40% five days after ECO alone. Pre-
treatment with PYR did not prevent this and the functional enzyme which was still
reduced by 34%. There was not found to be any significant difference between the
activities of MDFE and EPS (NE) after ECO treatment alone or after ECO and PYR
pre-treatment. J (NF) activity which represented the non-functional component of
the J (NE) fraction was not different from the untreated level 5 days after ECO
alone or after PYR pre-treatment. There was not found to be any significant
difference between the J (NF) and NJ (NE) activities which suggested that neither
ECO alone nor ECO and PYR treatment affected the activity non-endplate A12.

Pre-treatment with PYR before ECO intoxication, did not effect the

response of non-endplate AChE 5 days after ECO. However, whereas only
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Enzyme

N
J(G) T

J(A)

J(NE)

NJ (G)

NJ (A)

NJ (NE)

EPS (G) T

EPS (A) T

EPS (NE)

MDFE

J (NF)

Untreated

13
3.48
+0.80
1.29
+0.31
0.79+
+0.20
1.90
+0.49
0.73
+0.30
0.29
+0.16
1.63
+0.62
0.62
+0.25
0.50+
+0.18
0.47+
+0.04
(NS)
0.33
+0.20
(NS)

+0.61
1.05
+0.37
0.51*
+0.20
1.95
+0.26
0.65
+0.21
0.25
+0.12
1.36+
+0.70
0.40+
+0.26
0.26*
+0.14
0.28*
+0.08
(NS)
0.25
+0.26
(NS)

Pyridostigmine

(4 days) + ECQO

(500nmol kg- 1)
5 days
4
2.25%
+0.25
1.20
+0.05
0.54*
+0.11
1.95
+0.16
0.99
+0.09
0.39
+0.07
031%*
+0.16
0.21%*
+0.11
0.15%
+0.07
031*
+0.02
(NS)
0.29
+0.05\
(NS)

Table 6.7: AChE in untreated diaphragms, 5 days after 500 nmeol kg~

1 ECO and 5 days after 500 nmol ka1 ECO with 4 days of pre-

~

) of

treatment with PYR 11.4 nmol hr- 1. J, NJ and EPS: G, A and NE AChE
and MDFE and J (NF) activities in nmol min-! mg-1. All values shown are means
+ s.d. T denotes sets with different groups (K-S ANOVA, P<0.05), * denotes

groups which differ from the untreated group (K-S multi-comparison test, P<0.05)

and + denotes different adjacent groups (K-S multi-comparison test, P<0.05).












Time

Untreated

5 days ECO

(500nmol kg-1)

4 days

PYRIDO + 5

days ECO

(500nmol kg-1)

Table 6.8: Endplate dimensions 5 days after 500 nmol kg-1 ECO and
5 days after 500 nmol kg-1 ECO with 4 days of pre-treatment with
PYR 11.4 nmol hr- L. The table shows endplate width, length and width/length
(W/L) ratio. HD gives the no. of hemidiaphragms and EP gives the total no. of
endplates. Values are means=s.d. { denotes sets with different groups (ANOVA,
P<0.05), * denotes groups which differ from the untreated group (MANOVA,

Width
(pm) 7

19.3+£0.7
22.2+]1.1%
i %

21.7£2.8

Length
(pm) ¥

34.8+2.9

29.5+2.3*

30.2+0.7%*

W/L

Ratio ¥

0.56+0.04

+

0.77+0.07*

0.74+0.10*

No. of HD
No. of EP

240

120

P<0.05) ans + denotes different adjacent groups (MANOVA, P<0.05).

-209-

7%






(a) 60+ Untreated
E’; 40
P
=
=
=
Ly
=20
r.-;:.
0~ 1 I 1 1 I 1 1 1
P T T T T TR B O
Width/length ratio
= 40 Ecothiopate 5days
= (500nmol kg -1)
=
=
I=l
e 20
0
0 =77 =TT T 1
T T T - T T S N B BN R
j o < < j < < < < < — — —_— —_— — —
2) 60 - . .
(c) 6 Width/lengthratio
40 Ecothiopate 5 days
g (500nmol kg -1
5 after 4 day pre-treatment with
=2 pyridostigmine ( 11.4 nmol hr - 1)
B 20
2
0 - T

0.2

|

I
1.2
1.3 7
L4

5
.67

0.1

Width/lengthratio

Figure 6.13: Histograms of untreated endplates, 5 days after 500
nmol kg1 ECO and 5 days after 500 nmol kg-1 ECO with 4 days of
pre-treatment with PYR 11.4 nmol hr- 1, Percentage of endplates per
population at given width/length ratios for (a) untreated, (b) 5 days after ECO 500
nmol kg~! and (¢) 5 days after ECO with 4 days of PYR pre-treatment.
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Alternatively, different components of muscle activity may be responsible for the
selective responses and the reduction in endplate AChE may arise from PYR-
induced structural and physiological changes at the neuromuscular junction. The
transient up-regulation of non-endplate AChE may due to PYR-induced effects
which have spread to non-endplate parts of muscle fibres. The response of the
enzyme suggests that a component of muscle activity acting in the non-endplate
region may have transiently increased.

Studies of (MEPP)o prolongation supported the theory that the reduction n
AChE activity was not due to inhibition but due to genuine reductions. MDFE
activities were found to better represent the response of synaptic AChE than EPS
(NE) and suggested that PYR-induced effects may be more persistent. The initial
rapid loss of synaptic AChE may not be due to down-regulation because this
enzyme has a slower turnover rate than its precursors, but may be due to increased
degradation mediated by proteases released soon after anti-ChE treatment. Since
both the synaptic AChE and its precursor forms were also reduced during the
remainder of the treatment, this suggested that endplate AChE genes may be down-
regulated. The mechanism by which this occurs is unknown but may involve
muscle activity, ACh itself, POMC peptides, glucocorticoids and a host of other
factors which have been associated with AChE regulation. (MEPPs)o-derived data
validated the criteria for calculating EPS (NE) activity and indicated that J (NE)
activity consisted of endplate and non-endplate components. Endplates were
deformed within 1 day of PYR treatment and persisted for the duration of the
treatment. The extent of deformation corresponded to that after 100 nmol kg1
ECO.

After 7 days of PYR, blood ChE was still reduced 2 days after treatment
was ceased, normal 5 days later and reduced a further 7 days later suggesting that it
may be down-regulated. During the 14 day recovery period, all non-endplate AChE
was visibly up-regulated whereas EPS (G) completely recovered within 7 days and
EPS (A), EPS (NE) and MDFE recovered within 2 days. Non-endplate and
endplate AChE displayed selective responses to treatment termination which may be
due to differential regulation and PYR-induced endplate AChE reduction was only
evident during treatment and not evident when the treatment was terminated. The
up-regulation of non-endplate AChE was thought to be a genuine response and the
recovery of endplate AChE was not thought to occur by reactivation of previously
inhibited AChE. Both non-endplate and endplate AChE displayed increased
synthesis after treatment termination which may be mediated by a component of
muscle activity. Endplate dimensions did not substantially recover during a 14 day

period after the treatment but some slight recover may occur and complete recovery
-212-
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is likely to take longer than the time allowed in the study. Hypercontractions
persisted even when cholinergic transmission was apparently normal. The
myopathy induced by long-term, low doses of PYR was found to be more
persistent than that after a single necrotising dose of ECO which was recovered
within 7 days. Hence, long term myopathy was a consequence of long-term PYR
exposure which was in contrast to the short-term myopathy induced by incidental
exposure to a large dose of OP.

Pre-treatment with PYR for 4 days before a exposure to a large dose of
ECO did not affect the response of non-endplate AChE 5 days after ECO.
However, the pre-treatment heightened the response of endplate AChE to ECO.
After ECO alone, only EPS (NE) was reduced. After PYR and ECO all EPS AChE
was reduced. PYR did not therefore protect against but enhanced the effect of the
OP. It was unclear whether the AChE reductions where due to PYR-induced or
(PYR+ECO)-induced down-regulation or due to inhibitory effects of ECO
facilitated by alterations to the sarcolemma induced by PYR. PYR therefore was not
useful as a pre-treatment because it induced a long-lasting myopathy and had a
complex action on endplate AChE. PYR pre-treatment neither protected nor

enhanced ECO-induced myopathy.



CHAPTER 7

LONG-TERM EFFECTS ()F LOW DOSES OF PHYSOSTIGMINE ON
MOUSE SKELETAL MUSCLE :
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7.1 Introduction.

In this section, a similar set of experiments were carried out to those using
PYR, using the natural alkaloid CB compound physostigmine (PHY). PHY is
routinely used to treat a variety of conditions including: the reduction of intraocular
pressure in glaucoma, to treat muscle weakness in myasthenia gravis, to counteract
atropine coma and scopolamine delirium and as an antidote against hallucinogenic
agents. Unlike PYR which is a quaternary compound, PHY is a tertiary compound
which can penetrate the blood-brain and exert effects on the central nervous system.
The exact experimental protocol was followed as for PYR and the effects of the
drugs compared. PHY was administered by an osmotic pump and an assessment
was made of blood ChE, diaphragm AChE, synaptic AChE, endplate deformation
and electrophysiological responses (conducted by A. Crofts) with the following

objectives in mind:

(a) To assess the effects on days 1, 2.4, 7 and 14 after the implantation

of an osmotic pump which continually administered PHY at the rate of

14 nmole hr-! during a 2 week period.

(b) To investigate whether there was any recovery 2, 6 and 14 days after a
pump which has administered PHY for 7 days was removed and treatment
terminated.

(¢) Te investigate whether PHY administered at 14 nmol hr-! for 2 days by
the osmotic pump successfully protected against the inhibitory effects of a
500 nmol kg1 dose of ECO administered at the end of the pre-treatment

period and assessed 5 days later.

7.2 Results and discussion.

7.2.1 Long-term effects of PHY administered for 14 days on mouse

skeletal muscle.
7.2.1.1 Whole blood ChE.

show whole blood ChE during 2 weeks of PHY

ing the first 7 days of treatment,

blood ChE was constantly and not progressively inhibited between 60-70%. The

extent of inhibition was similar to that after a 50 nmol kg! dose of ECO, but

greater than that after PYR infusion at 11.4 nmol hr 1. On the 14th day there was a
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Time during N

” treatment = (umol min” ‘ml

Untreated \ iO 3.03

097
-
1 day 6 094* .

2 days 6 1.16%
: +0.53

4days 6

7 days 9

14 days \4 -

Table 7.1: Whole blood ChE after 14 nmo gkg; ‘ : ;f;;dacys).
Values shown are meansz+s. d Act1v1ty’values are m ],zm mi ml éh‘otes the
set has different groups (K-S ANO <0.05), * which differ

from the untreated group (K-S multi- companson test, P<O 05) and + denotes

different adj acent groups (K-S multi-comparison test, P<0. 05)
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Figure 7.1: Whole blood ChE after 14 nmol hr-1 PHY (1-14 days). *
denotes groups which differ from the untreated group: P<0.05 (Kruskal-Wallis

multi-comparison test).
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increase in ChE activity such that it was only 30% inhibited. This effect was also
observed after 21 days of repetitive dosing with PYR but not after continual
infusion with PYR. Similar effects were observed when PHY was adminjstered by
osmotic pump at a level which caused around 30% inhibition of blood erythrocyte
AChE in guinea pigs as reported by J. Wetherell (1994) who observed that after 13
days of continual drug administration, there was a reduction in the level of
inhibition.

Because samples were rapidly removed from mice and assayed quickly, it
was assumed that very little if any spontaneous decarbamoylation occurred and the
reductions in ChE activity were due to inhibition. Since the method employed to
study blood ChE responses to anti-ChE treatment in these experiments is a rapid
one, designed only to give an indication of the level of inhibition at various time
points during drug treatment, it does not distinguish between the effects on plasma
ChE, which is predominantly BChE, and on erythrocyte AChE. It was therefore
not possible in this study to determine whether the reduction in inhibition observed
after 14 days of PHY was due to up-regulation of plasma ChE or erythrocyte
AChE. However, J. Wetherall (1994) reported that the reduction in the inhibition of
guinea pig AChE after 13 days of PHY was exclusively observed in erythrocyte
AChE and was not observed in plasma ChE. This would suggest that continual

administration of PHY results in the up-regulation of erythrocyte AChE.
7.2.1.2 Molecular forms of AChE.

Table 7.2 shows the activities of diaphragm AChE in J and NJ regions (also
see Figure 7.2) and EPS AChE activity (also see Figure 7.3a) at various time
intervals during 14 days of continual infusion of mice with 14 nmol hr-! PHY.
Also shown are MDFE and J (NF) activities (also see Figure 7.3b). The untreated
values include the activities obtained from mice which were implanted with pumps
containing 0.9% saline only (see Section 6.2.1.2 ans Appendix A.6).

J(G) was reduced by around 40% during the first 7 days of treatment, but
normal on the 14th day. J (G) and J (A) molecular forms of AChE were measured
at their normal levels throughout the treatment. NJ (G) was reduced by around
20% on the 4th day of treatment and returned to normal. NJ (A) was measured at
the untreated level throughout the treatment and no changes were measured in the
activity of NJ (NE). EPS (G) was found to be reduced by around 60% for the first
7 days of treatment and normal on the 14th day. EPS (A) was reduced by around
50% after 1 and 4 days of treatment and EPS (NE) was only reduced on the 4th day
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Region

N

J(G) 7

J(A)

J(NE)

NJ (G) 7

NJ (A)

NJ (NE)

EPS (G) T

EPS (A) T

EPS (NE) 1

MDFE ¥

J (NF)

Un-
treated
13

3.48+
+0.80
1.29
+0.31
0.79
+0.20
1.90
+0.49
0.73
+0.30
0.29
+0.16
1.63+
+0.62
0.62 +
+0.25
0.50
+0.18
0.47+
+0.04
(NS)
0.33
+0.20
(NS)

1 day

2.17%
+0.12
1.18
+0.09
0.75
+0.13
1.54
+0.22
0.84
+0.03
0.35
+0.04
0.63*
+0.19
0.34*
+0.09
0.40
+0.14
0.26*
+0.04
(NS)
0.44
+0.14
(NS)

2 days

2.24*
+0.22
1.08
+0.30
0.70
+0.25
1.81
+0.35
0.85
+0.03
0.38
+0.22
0.44*
+0.16
0.40
+0.18
0.32
+0.11
0.20%*
+0.05
(NS)
0.48
+0.33
(NS)

4 days

2.03%*
+0.34
0.94

+0.10
0.48

+0.18
1.32 %
+0.31
0.80

+0.16
0.27

+0.08
0.71%
+0.29
0.26*
+0.08
0.21%*
+0.19
0.16*
+0.02
(NS)

0.32

+0.21
(NS)

7 days

2.31%+
+0.52
1.06
+0.38
0.64
+0.33
1.88
+0.29
0.79
+0.15
0.26
+0.07
0.43*
+0.42
0.27
+0.30
0.38
+0.31
0.10%*
+0.01
(NS)
0.72
+0.37
(NS)

14 days

3.60
+0.88
1.55
+0.46
1.07
+0.51
2.38
+0.57
1.16
+0.38
0.42
+0.38
1.22
+0.44
0.39
+0.40
0.60
+0.60
0.12*
+0.08
(NS)
0.94*
+0.46
(NS)

Table 7.2: Diaphragm AChE after 14 nmol hr-1 PHY (1-14 days). G,
A and NE AChE activities in nmol min~! mg-1 in J, NJ and EPS regions. Also
shown are the (MEPP)g derived functional enzyme activities (MDFE) and non-

functional enzyme activity in the junctional region (J (NF)). T denotes sets with
different groups (K-S ANOVA, P<0.05), * denotes groups which differ from the
untreated group and + denotes different adjacent groups (K-S multi-comparison
test, P<0.05) and (NS) denotes no significance between MDFE and EPS (NE) or
between J (NF) and NJ (NE).










of treatment by around 50%. At all the other time points EPS (A) and EPS (NE)
were measured at normal levels.

The MDFE activity which represented synaptic AChE was reduced by
around 50-80% during the entire 14 day treatment period. There was not found to
be any significant difference between MDFE and EPS (NE) which represented
functional enzyme associated with the cleft derived by two independent methods,
suggesting that they both represented the same enzyme. As previously discussed in
Chapter 6, the EPS (NE) representation of synaptic AChE was found to have a
large variation and MDFE better represented the response of this enzyme.

When the MDFE activities were used to calculate J (NF) it was found that
the non-functional activity associated with J dissected strips showed no responses
during most of the treatment but on the 14th day appeared to be elevated. However,
when a comparison was made between the non-functional activities in the NJ and J
regions (i.e. NJ (NE) and J (NF) activities) there were not found to be any
significant differences between them on any of the time points during the treatment.

Since PHY -inhibited compounds decarbamoylate rapidly with a half-life of
around 10 mins, it was unlikely that any of the effects observed were due to
inhibition. As observed for PYR, the responses of endplate and non-endplate AChE
were distinct supporting the theory that they may be regulated by different
mechanisms (Younkin and Younkin, 1988). In general, the effects of PHY on non-
endplate AChE were minimal. There was some reduction in NJ (G) between 1 and
4 days but this was not significant and transient up-regulation of NJ (A) on the 14th
day. These transient effects may be due to transient increases in muscle activity
induced by PHY. The effects of PHY on endplate AChE were similar to those of
PYR as all forms were reduced to some extent during the treatment. Hence, like,
PYR, PHY may also selectively reduce the synthesis of or down-regulate the
expression of endplate AChE genes via neurotrophic mediators or components of
muscle activity. The effect of PHY on synaptic AChE was more pronounced than
that of PYR, possibly due to the tertiary nature of the compound which enables it to
penetrate cells. In addition, PHY was given at a slightly higher dose than PYR and
inhibited blood ChE to a greater extent than PYR. The greater potency of PHY was
therefore not unexpected. After PHY, there was also a rapid initial loss of synaptic
AChE which implied that the enzyme may initially be degraded rather than down-

regulated.
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7.2.1.3 Endplate dimensions.

Table 7.3 and Figure 7.4 show the variation in the width (W), length (L)
and width/length (W/L) ratio of endplates on various days during two weeks of
continual infusion with PHY. Histograms corresponding to endplate W/L ratio
distributions are shown in Figure 7.5.

One day into the treatment, the W/L ratio had increased by 61%. This was
complemented by a corresponding increase in the W and a decrease in the L
suggesting that the endplates had become more rounded due to hypercontrations in
underlying muscle fibres. Between the 1st and 2nd day of treatment there was a
slightimprovement in the ratio although statistically these ratios did not differ from
each other. This level of deformation persisted throughout the duration of the
treatment. The histograms show that during the treatment there was a shift in the
populations such that there was a larger percentage of endplates with a larger ratio
and a smaller percentage with ratios around the untreated mean.

The extent of endplate deformation after PHY was similar to that after a 300
nmol l{g“i dose of ECQ (statistically there were no differences between the PHY
ulation: MANQOVA  P>0.05) and slightly more severe

si R e VALY LN

treated and ECO treated po
than similar treatment with PYR although this was expected due to slight
differences in the doses of each drug. The onset of PHY-induced myopathy was
rapid and persisted for the duration of the treatment suggesting that abnormal
cellular calcium levels and muscle fibre morphology were a characteristic feature of

PHY administration.

7.2.2 Recovery of mouse skeletal muscle after 7 days of PHY.

€

7.2.2.1 Whole blood ChE.

Table 7.4 and Figure 7.6 show whole blood ChE during a 14 day recovery
period after continual infusion of mice with PHY at 14 nmol hr! for 7 days.
During the entire 14 day recovery period blood ChE was reduced by around 50%
and there were no differences between the activities at any of the time points
suggesting that no recovery in the activity had occurred. Since it was unlikely that
PHY persisted in the cell when the treatment was terminated it was unlikely that the

effects were due to inhibition and may be due to down-regulation.




Time Width 1 Length T Width No. of HD
(pm) (pm) /tength T No. of EP
ratio
Untreated 19.3+0.7 34.8+2.9 0.56+0.04 b
+ - + 240
1 day 21.7+0.4% 23.9+1.3% 0.92+0.04* 4
120
2 days 20.4+1.0 25.9+0.9* 0.81+£0.01* 4
+ 120
4 days 21.9+0.7* 26.7+2.5% 0.85+0.07* 4
120
7 days 22.3+1.1%* 28.4+1.3%* 0.81+0.05* 4
+ 120
14 days 21.5+41.9% 24.9+1.8* 0.88+0.07* 3
90

Table 7.3: Endplate dimensions after 14 nmol hr-1 PHY (1-14 days).
The table shows endplate width, length and width/length ratios. HD gives the no.
of hemidiaphragms and EP gives the total no. of endplates. Values are means+s.d.
of averages of 30 EP per HD. { denotes sets with different groups (ANOVA,
P<0.05), * denotes groups which differ from the untreated group (MANOVA,
P<0.05) and + denotes different adjacent groups (MANOVA, P<0.05).
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Figure 7.6: Whole blood ChE 2-14 days after termination of
continual PHY infusion for 7 days at 14 nmol hr- 1, * denotes groups
which differ from the untreated group: P<0.05 (Kruskal-Wallis multi-comparison

test).
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7.2.2.2 Molecular forms of AChE.

Table 7.5 shows the responses of J, NJ and EPS: G, A and NE AChE (also
see Figures 7.7 and 7.8a) during a 14 day recovery period after 7 days of continual
PHY infusion at 14 nmoi hr-i. Aiso shown are MIDFE and J (NF) activities (se
Figure 7.8b).

P

J (G) was still reduced by about 15% seven days after pump removal but
normal 7 days later. J (A) exceeded the normal level by 40% after 2 days of
recovery, returned to normal on the 7th day and exceeded the normal level by
around 40% on the 14th day. J (NE) was reduced by 50% after 2 days of recovery
but exceeded the normal level by 80% on the 14th day. NJ (G) was normal on the
7th day of treatment and after 2 days of recovery but exceeded the normal level by
30% and 70% after 7 and 14 days of recovery respectively. NJ (A) exceeded the
normal level by 50% after 2 days of recovery, was normal after 7 days and
exceeded normal by 70% after 14 days. NJ (NE) was normal after 7 days of
treatment and after 2 days of recovery, but exceeded the normal level by 160% after
14 days of recovery. EPS (G) was reduced by 50% and 70% after 2 and 7 days of
recovery respectively but had recovered by the 14th day. EPS (A) was normal on
the 7th day of dosing and remained unchanged during the recovery period. EPS
(NE) was reduced by 70% after 2 days of recovery, but completely recovered after
7 days of recovery.

MDFE activity which was 80% lower then normal on the 7th day of drug
treatment was still reduced by 50% after 2 days of recovery but completely
recovered by the 7th day. When the MDFE was compared with the EPS (NE)
activity there was not found to be any significant difference between the activities
on any of the time points and because EPS (NE) was largely variable, MDFE better
represented the response of synaptic AChE. J (NF), representing changes in non-
functional enzymes in the J region was normal during days 2 and 7 of the recovery
period but on the 14th day exceeded the normal level by 245%. When the NJ (NE)
and J (NF) activities were compared both were found to follow similar trends. Both
were normal one week after the pumps were removed and two weeks after the
pumps were removed, both exceeded their normal levels by a considerable amount.
There was not found to be any significant differences between NJ (NE) and J (NF)
on any of the recovery time points except 14 days after the pumps were removed.
At this time point, the non-functional form of A12 located in close vicinity to the

endplates was found to increase by a significantly greater extent than the non-
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Region Untreated 7 days 9 days 14 days 21 days
(2 days (7 days (14 days

after after after
pump pump pump
removal ) removal) removal)
N 13 6 6 5 4
J(G)T 348 2.3 1% 2.78 2.95+ 4.25
+0.80 +0.52 +1.17 +0.34 +1.07
J(A) T 1.29 1.06+ 1.82%+ 1.02+ 1.71%
+0.31 +0.38 +0.37 +0.33 +0.42
JINE)T 0.79 0.64 + 0.40 * 0.47%+ 1.44%*
+0.20 +0.33 +0.29 +0.40 +0.38
NJ(G) T 1.90 1.88 2.06+ 2.59%+ 341%
+0.49 +0.29 +0.32 +0.24 +0.37
NJ(A)T 073 0.79 1.20% 0.66+ 1.33%
+0.30 +0.15 +0.27 +0.37 +0.11
NJ (NE)7 0.29 0.26 0.26 0.21+ 0.75*
+0.16 +0.07 +0.19 +0.25 +0.08
EPS (G)T 1.63 0.43%* 0.79 0.36%* 0.72
+0.62 +0.42 £1.38 042 +0.76
EPS (A) 0.62 0.27 0.63 0.36 0.38
+0.25 +0.30 +0.51 +0.23 +0.34
EPS (NE) 0.50 0.38 0.14 * 0.26+ 0.69
T +0.18 +0.31 +0.24 +0.15 +0.38
MDFE{ 0.47 0.10*+ 0.23*+ 0.45 0.45
+0.04 +0.01 +0.01 +0.02 +0.01
(NS) (NS) (NS) (NS) (NS)
JINF) T 0.33 0.72 0.31 0.27+ 1.14%
+0.20 +0.37 +0.40 +0.34 +0.31
(NS) (NS) (NS) (NS) (NS)

Table 7.5: Diaphragm AChE 2-14 days after termination of comtinual
PHY infusion for 7 days at 14 nmol hr- 1, Activity of J, NJ and EPS: G, A
and NE AChE in nmol min-! mg-1. Also shown are MDFE and J (NF).Values
shown are means+s.d. T denotes sets with different groups (K-S ANOVA,
P<0.05), * denotes groups which differ from the untreated group and + denotes

different adjacent groups (K-S multi-comparison test, P<0.05).









functional forms of A12 which were associated exclusively with non-endplates
parts of muscle fibres.

The recovery of endplate and non-endplate AChE after PHY was found to
be selective. This was also found after PYR and supported the theory that endplate
and non-endplate AChE were biologically distinct and may be regulated by different
mechanisms. As for PYR, after PHY all non-endplate AChE was up-regulated to
some extent between the 7th and 14ths day of recovery. After PYR, all endplate
forms recovered within the 14 day period and this also applied after PHY.
However, after PYR, EPS (G) recovered within 7 days and EPS (A), EPS (NE)
and MDFE recovered within 2 days, but after PHY, EPS (G) recovered within 14
days, EPS (A) recovered during the treatment and EPS (NE) and MDFE recovered
within 7 days. Hence the PHY-induced reduction in endplate AChE discussed in
Section 7.2.1.2 may be more persistent than that induced by PYR given at a slightly
lower dose and may be effective in the absence of PHY. The up-regulation of non-
endplate AChE and the recovery of endplate AChE may occur due to increased

synthesis mediated by increased muscle activity.
7.2.2.3 Endplate dimensions.

Table 7.6 and Figure 7.9 show the recovery of endplate widths (W),
lengths (L) and width/length (W/L) ratio during a 14 day period after continual
PHY infusion at 14 nmol hr ! for 7 days. The corresponding histograms of W/L
ratio distributions are shown in Figure 7.10.

On the 2nd, 7th and 14th days of the recovery period, the W/L ratios still
differed from the untreated ratio. There was a slight increase in the ratio between the
7th day of treatment and the 2nd day of recovery with the ratio increasing from 0.79
to 0.91 suggesting that after PHY treatment had terminated, hypercontractions
became more severe. Since it is unlikely that the drug can persist in the system after
treatment termination, the reason for this effect is unclear and the significance of the
effect may be questionable as the population size at this time point is smaller than
others tested. There was a definate improvement in the ratios during the recovery
period and on the 14th day the ratio was only 45% in excess of the normal ratio
suggesting that some recovery had occurred.

During the 14 day recovery period after 7 days of PHY, endplates were still
deformed, although some recovery had occurred. Complete recovery of muscle
fibre morphology took longer than time allowed for this study. On termination of
the treatment, PHY -induced myopathy was transiently enhanced and at the end of

the recovery period the extent of deformation was equivalent to that after 100 nmol
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Time

Untreated

7 days

9 days

(2 days after

pump
removal)

14 days

(7 days after

pump
removal)

21 days

(14 days after

pump
removal)

Table 7.6: Endplate dimensions 2-14 days after termination of
continual PHY infusion for 7 days at 14 nmeol hr- 1, The table shows
endplate width, length and width/length ratio. HD gives the no. of hemidiaphragms
and EP gives the total no. of endplates. Values are means+s.d of averages of 30 EP
per HD (9 day valuexmin/max). T denotes sets with different groups (ANOVA,
P<0.05), * denotes groups which differ from the untreated group (MANOVA,

Width T
(pm)

19.3+0.7

+

22.3+1.1*

22.2+0.6*

21.6+0.8*

22.3+1.5%

Length ¥
(pm)

43.8+2.9

28.4+1.3*

24.8+0.1*

28.1£2.7*

+

33.2+4.6

Width
/length T

ratio

0.56+0.04

_|,_

0.81+0.05*

+

0.91+£0.01*

+

0.80+0.09*

_|,_

0.70+0.08*

No. of HD
No. of EP

240

120

60

120

120

P<0.05) and + denotes different adjacent groups (MANOVA, P<0.05).









kg-! ECO. PHY-induced myopathy was found to be more persistent than the
myopathy after an acute dose of ECO of 500 nmol kg‘l, but as persistent as after 7

days of PYR given at a lower dose of 11.4 nmol kg‘l.

7.2.3 Pre-treatment with PHY against OP toxicity.

7.2.3.1 Molecular forms of AChE.

PHY was administered continually for a period of 2 days, the treatment was
discontinued and a single subcutaneous injection of ECO was administered at 500
nmol ke-!. PHY was given for a pre-treatment period during which there were no
observed increases in the variability of the latency of action potentials i.e. increased
jitter (A. Crofts, unpublished; Kelly et al., 1990). The 2 day PHY pre-treatment
period corresponded to the 4 day PYR 'jitter-free’ pre-treatment period. Five days
after the ECO injection, the various AChE fractions were measured and a
comparison was made with AChE levels when only ECO was given (see Table 7.7
and Figure 7.11).

Five days after ECO alone, J (G) and J (A) were normal but J (NE) was
reduced by 36%. After PHY pre-treatment, J (G) was up-regulated by 36% and J
(A) and J (NE) were normal. Five days after ECO alone, NJ AChE was normal,
but after the pre-treatment all the forms were up-regulated between 100 and 150%.
After ECO alone and ECO and PHY pre-treatment, EPS (G) and EPS (A) were
normal but EPS (NE) which was reduced by around 50% after ECO alone was
normal after ECO and PHY pre-treatment. MDFE activity which was reduced by
80% after ECO alone was only slightly reduced after the pre-treatment and J (NF)
indicated also that non-endplate A12 was up-regulated after the pre-treatment.

Five days after ECO alone, only synaptic AChE was still reduced and all
non-endplate and other endplate AChE were normal. If PYR was given as pre-
treatment for 4 days, non-endplate AChE was still normal, but endplate AChE was
reduced. In contrast when PHY was given as pre-treatment for 2 days, all non-
endplate AChE was up-regulated whereas all endplate AChE forms including the
synaptic form were normal. PYR and PHY pre-treatments affect the recovery of
diéphragm AChE after ECO differently. PYR was not found to protect synaptic
AChE against the ECO-induced reduction whereas PHY completely protected the
synaptic enzyme from the ECO-induced effect 5 days after the dose.

The protection effects of PHY against OP toxicity have been demonstrated
in other studies. When PHY was administered at a dose which inhibited blood ChE

around 60-70% prior to challenge with OP compounds it successfully protected
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Enzyme

N
J(G) +

JA)T

J(NE) 7

NJ(G) 7

NJ (A) ¥

NJ (NE) 7+

EPS (G)

EPS (A)

EPS (NE) +

MDFE

J(NF) 1

Table 7.7. AChE in untreated diaphragm, 5 days after 500 nmol kg-1
ECO and 5 days after 500 nmol kg-! ECO with 2 days of pre-
treatment with PHY 14 nmol hr 1, The table shows J, NJ and EPS: G, A
and NE AChE in nmol min-! mg‘1 and MDFE and J (NF). Values are means+ s.d.
T denotes sets with different groups (K-S ANOVA, P<0.05), * denotes groups
which differ from the untreated group and + denotes different adjacent groups (K-S

muti-comparison test). NS denotes no difference between MDFE and EPS (NE) or

Untreated

13
3.48
+0.80
1.29
+0.31
0.79
+0.20
1.90
+0.49
0.73
+0.30
0.29
+0.16
1.63
+0.62
0.62
+0.25
0.50+
+0.18
0.47+
+0.04
(NS)
0.33
+0.20
(NS)

J (NF) and NJ (NE).

ECO
500 nmol kg1
(5 days)

8
3.30+
+0.61
1.05+
+0.37
0.51*+
+0.20
1.95+
+0.26
0.65+
+0.21
0.25+
+0.12
1.36
+0.70
0.40
+0.26
0.26*
+0.14
0.08%*+
+0.03
(NS)
0.08+
+0.13
(NS)

8-

PHY (2 days)
+ ECO
500 nmol kg-1
(5 days)
4

4.70*
+1.08
1.73
+0.41
1.18
+0.43
3.95%
+0.31
1.33*
+0.13
0.63 *
+0.10
0.75
+1.08
0.41
+0.50
0.55
+0.48
0.39%
+0.01
(NS)
1.02*
+0.18
(NS)






against the toxicity in the guinea-pig (Leadbeater et al., 1995; Lennox et al., 1992)
and in the rhesus monkey (von Bredow et al., 1991). However, in this study and
those mentioned previously, the concentration of PHY used in the pre-treatment
was sufficient not only to inhibit blood ChE by 60-70% but also brain AChE to the
same extent. If the pre-treatment of OP toxicity with CBs is to be successful
therapeutically, then the effects on the central nervous system must be minimal. J.
Wetherell (1994) reported that pre-treatment of guinea-pigs with PHY which caused
around 30% inhibition of blood ChE successfully protected against soman toxicity

and was not found to significantly inhibit AChE in the brain.

7.2.3.2 Endplate dimensions.

Table 7.8 and Figures 7.12 and 7.13 show the effects of pre-treatment with
PHY on endplate deformation measured 5 days after the administration of an acute
dose of ECO. The results show that 5 days after ECO alone, the W/L ratios of
endplates were still 35% greater than the ratios of untreated mice. When PHY was
given in advance, there was a slight reduction in the ratio from 0.77 to 0.71 and
ECO-treated and PHY pre-treated ECO-treated populations were significantly
different from each other (MANOVA, P>0.05) suggesting that some degree of
protection may have occured.

Pre-treatment with PHY did not substantially protect the diaphragm from the
anti-ChE induced myopathy caused by ECO but may protect it slightly. Endplates
were still rounded suggesting hypercontrations still occurred. Since PHY
administration alone induced rapid myopathy which persisted long after treatment
was terminated, it was not expected that PHY would totally protect against ECO-
induced myopathy. Hence, PHY neither sucessfully protected against, nor
enhanced ECO-induced myopathy. The effect of PHY and PYR pre-treatment on
ECO-induced myopathy were found to be similar, although PHY given at a Jarger

dose than PYR may be slightly more effective.
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Treatment

Untreated

ECO 5 days
500nmol kg"1

PHYS 2 days
+ ECO 5 days
500nmol kg1

Table 7.8: Endplate dimensions,
5 days after 500 nmeoel kg~
PHY 14 nmol hr- 1, The table shows endplate wi
ratios. HD gives the no. of hemidiaphragms and EP
Values are means+s.d. of averages of 30 EP per HD. ¥
groups (ANOVA, P<0.05
group (MANOVA, P<0.05) and + denotes di

P<0.05).

Width T
(pm)

19.3+0.7

22.2+1.1%

22.2+0.8*

Length T
(pm)

34.8+2.9

29.5+2.3%*

32.6+£2.7

241-

Width/length No. of HD
No. of EP

ratio T

0.56+0.04 8
+ 240

0.77+0.07* 5
+ 150

0.71+0.06* 4
120

5 days after 500 nmol kg“1 ECO and
1 ECO with 2 days of pre

-treatment with
dth, length and width / length
gives the total no. of endplates.

denotes sets with different

), * denotes groups which differ from the untreated
fferent adjacent groups (MANOVA,









7.3 Summary.

After 14 days of continual PHY infusion, whole blood ChE was constantly,
not progressively reduced by 60-70% during the first 7 days of treatment but on the
14th day of treatment was only reduced by 30% suggesting that it may be up-
regulated. This effect was also seen in guinea pigs after PHY (Wetherall, 1994) and
21 days after repetitive PYR dosing but not continual PYR infusion. The response
of diaphragm AChE after PHY was similar to that after PYR given at a lower dose.
Endplate and non-endplate AChE displayed selective responses and supported the
theory that they may be regulated by different mechanisms. PHY affected non-
endplate AChE minimally but there was some reduction of NJ (G) and up-
regulation of NJ (A) during the treatment which may be induced by transient
changes in muscle activity. All endplate AChE was reduced to some extent between
I and 7 days. MDFE was again found to better represent the response of synaptic
AChE which was reduced during the entire treatment period. PHY was found to
have a constant effect on synaptic AChE which did not appear to be progressive.
Hence, PHY, like PYR also induces the reduction of endplate AChE which may be
initially due to increased degradation, down-regulation of endplate AChE genes
which may be mediated by neurotrophic factors or by other mechanisms which may
be mediated by a component of muscle activity or PHY -induced structural and
physiological changes focused at the neuromuscular junction. Endplate deformation
after PHY was similar to that after a 300 nmol kg~! dose of ECO and therefore
slightly more severe than after similar treatment with a lower dose of PYR which
produced similar effects to those after a 100 nmol kg~! dose of ECO. The onset of
PHY-induced myopathy was rapid and persisted for the duration of the 14 day
treatment.

During a 14 day recovery period after 7 days of PHY, whole blood ChE did
not recover and remained reduced by 50% during the entire period. Since the
reduction was not likely to be due to inhibition, it may be due to down-regulation.
During the recovery period, all non-endplate AChE forms were up-regulated to
some extent whereas all the endplate AChE completely recovered within this time.
The selective responses of endplate and non-endplate AChE to drug termination
was similar to those observed during PYR recovery. However after PHY, endplate
ACHhE took longer to recover suggesting that PHY -induced reduction in endplate
AChE may be more persistant even when the drug has been cleared from the
system. The up-regulation of non-endplate AChE and recovery of endplate AChE
may occur due to increased components of muscle activity or other mechanisms.
Endplates did not recover during the recovery period and PHY -induced myopathy
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was found to persist longer than that after 0 ng dose of ECO. The rate of
recovery of PHY-induced myopathy was slow but there was generally some |
Improvement . \ . \

The effect of 2 days of PHY pre-treatment on diaphragm AChE 5 days after
an ECO dose differed greatly from the effects after 4 days of lower dose PYR pre-
treatment. PHY up-regulated all non-endplate AChE; PYR did not affect them and
PHY protected synaptic AChE without affecting other endplate AChE; PYR
reduced all endplate AChE. PHY was therefore found to be useful as a pre-
treatment against OP toxicity provided it could be given at a dose that did not inhibit
brain AChE. PHY pre-treatment neither substantially protected against nor
enhanced ECO-induced myopathy. The effect was similar to tﬁat observed for PYR

given at a lower dose.
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8.1. The extraction of mouse diaphragm AChE and the representation
of syvnaptic AChE.

In studying the effects of anti-ChE on mouse skeletal muscle it is important
not only to accurately extract AChE but also to accurately represent functionally
important AChE associated with the synaptic cleft. The simple method of assaying
muscle homogenates, used frequently in previous studies to routinely assess the
effects of anti-ChEs, gives a measure of ChE which is a combination of intra- and
extra-cellular AChE as well as BChE and does not distinguish between functional
and non-functional enzyme. In previous studies of the responses of ChE obtained
by this method and the responses of endplate potentials after OP intoxication many
discrepancies were found (Bamforth, 1989).

The A12 molecular form of AChE, by the terminology of Massoulie
(Massoulie, 1980; Massoulie and Bon, 1982) is involved in the termination of
cholinergic transmission at the neuromuscular junction (Hall, 1973). Since the
synaptic molecule is part of a family of six different molecular forms of AChE, a
suitable method was needed to study the enzyme in isolation which was also
suitable for investigating the actions of reversible and irreversible inhibitors. The
adapted sequential extraction technique of Younkin et al., (1982) was found in this
study to be a rapid and reproducible method for selectively extracting mouse
diaphragm AChE and rendered three fractions: G (S14+S2), A (S3+S4) and NE
(H5) for junctional and non-junctional muscle strips dissected from diaphragms
which corresponded to globular, readily-extractable asymmetric and non-extractable
asymmetric AChE fractions respectively. In the absence of a suitable, rapid method
for determining endplate AChE directly, it was calculated by subtracting NJ activity
from J activity. The sequential extraction method enabled the rapid investigation of
responses of endplate and non-endplate low and high molecular weight forms of
AChHE after a range of treatments.

Velocity sedimentation studies and selective inhibition using ECO on the
various forms of AChE, identified the EPS (NE) activity as representing the
synaptic A12 functionally active enzyme which agreed with previous work
(Younkin et al., 1982). When AChE extracted by the sequential method was used
to investigate the relationship between AChE and endplate potentials studied by
Bamforth et al., (1989) after OP treatment, it confirmed that the method used by
Bamforth did not represent functionally important AChE but only the responses of
low molecular weight precursors. Of the sequential extraction fraction activities,
EPS (NE) correlated highly with the prolongation of extra-cellular miniature

endplate potentials characterised by Fatt and Katz (1950, 1952) 3 hours after a
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range of ECO doses and confirmed that this enzyme activity represented synaptic
AChE. A relationship was established under known inhibitory conditions between
functional AChE activity determined by assay and the consequences of its action
determined electrophysiologically and was represented in the form of a reproducible
exponential equation. Because, EPS (NE) was determined by a calculation which
depended on the activity of other diaphragm enzymes, in ECO recovery and long-
term PYR and PHY studies, its activity was largely variable and assumed to give
only an indication of the response of synaptic AChE after these treatments, rather
than an accurate representation of its biological response. Substitution of (MEPP)o
data into the exponential equation enabled the determination of synaptic AChE
activity by an alternative method which was considered to give a better

representation of its response in these experiments.

8.2. The distribution of mouse diaphragsm AChE.

Many studies have demonstrated that the different molecular forms of AChE
have different but overlapping cellular locations (Rotundo and Famborough,
1980a,b; Brockman et al., 1982; Younkin et al., 1982). In the mouse diaphragm
neither the globular, nor the readily-extractable asymmetric AChE molecular forms
were exclusively associated with endplates or non-endplate regions but were found
in both. The high molecular weight A12 collagen-tailed form was largely associated
with endplates but a small amount was located in peripheral parts of muscle fibres.
This distribution was generally similar to that in the rat diaphragm determined by
Younkin et al., (1982) who also discovered by bungarotoxin binding studies that
the A12 found in the non-endplate region was not due to stray endplates and
therefore genuinely expressed in this region.

A profile of the distribution of internal and external AChE in mouse
diaphragm was obtained by selectively inhibiting external AChE with ECO. The use
of ECO as a selective inhibitor was demonstrated by Younkin et al., (1982), but the
distribution obtained was not found to be precise because ECO had a slow cell-
penetrating property and was regarded as an indication of AChE location. In the
mouse diaphragm, both endplate and non-endplate regions were found to contain
intra- and extra-cellular pools of globular and asymmetric AChE in varying
proportions. In the endplate region the A12 form was predominately external which
supported its role in the termination of cholinergic transmission, and some Al12, of
unknown function was also expressed externally in the non-endplate region. The
internal and external distributions were similar to those observed in the rat
diaphragm (Younkin et al., 1982) and were in agreement with the studies of
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Rotundo and Famborough, 1980a,b, Brockman et al., 1982, Donoso and
Fernandez, 1985. The location of molecular forms proposed by this study was also
in agreement with current knowledge of the synthesis, assembly and processing of
AChE. Intra-cellular G AChE corresponds to G1 precursors translated in the RER
from AChE mRNA transcribed from AChE genes in endplate and non-endplate
nuclei (Rotundo, 1984; Li et al., 1991), G2 and G4 molecules assembled from G1
catalytic subunits by disulphide bonding, molecules at various stages of processing
in the Golgi (Bon et al., 1976), molecules in vesicles at various stages of transit
through the cell (Porter-Jordan et al., 1986) and in lysosomes associated with
degradation (Wake, 1976; Sawyer et al., 1976). In addition, some G AChE is
associated with the sarcoplasmic reticulum (Tennyson et al., 1973) and a sizeable
proportion of the enzyme is located internally as an inactive pool (Kerem et al.,
1993; Lazar et al., 1984). Extra-cellular G AChE is known to be either secreted
(Wilson et al., 1973) or exist as integral membrane proteins (Rotundo, 1984a;
Inestrosa and Perelman, 1989). Internal A AChE is enzyme at various stages of
processing (Rotundo 1984a; Inestrosa, 1984) whereas external A and NE AChE

may be either secreted or associated with the extra-cellular matrix.

8.3. CB-induced mvopathy.

The measurement of endplate deformation was found to be a rapid and
sensitive marker for anti-ChE myopathy (Ancilewski et al., 1994) and provided a
quantification of hypercontrations caused by the prolonged action of ACh (Das,
1989; Burd and Ferry, 1987). Anti-ChE induced myopathy is initiated by abnormal
cellular CaZ2+ ion levels (Howl and Publicover, 1987; Rudge and Duncan, 1984;
Duncan et al., 1979; Duncan, 1987; Leonard and Salpeter, 1979, Bright et al.,
1991, Burd et al., 1989) and is characterised by ultrastructural damage at the
neuromuscular junction (Ariens et al., 1969; Fenichel et al., 1972; Fenichel et al.,
1974; Laskowski et al., 1975; Kawabuchi et al., 1976; Hudson et al., 1978;
Salpeter et al., 1979). Anti-ChE induced hypercontractions initially occur at the
synapse but in severe cases, may rapidly progress and affect non-endplate parts of
muscle fibres leading to myopathy which affects the whole of the fibre possibly due
to inhomogenous contractile states (Ferry and Cullen, 1991). The severity of
myopathy and the extent of associated ultrastructural and morphological changes
was established after ECO intoxication to be dose-dependent; below 300 nmol kg‘1
ECO muscle fibre myopathy was defined as mild consisting of slight abnormalities
and changes in endplate shape whereas above this dose, the myopathy was

characterised by gross cellular changes, loss of sarcolemmal integrity and creatine
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kinase release and necrosis (Das, 1989; Townsend, 1988). The development of
severe myopathy after OP is associated with a critical level of AChE inhibition in
the range 85-90% (Das, 1989; Wecker et al., 1978a,b; Gupta et al., 1985,
1987a,b).

This study demonstrated that the onset and progress of anti-ChE-induced
myopathy and fibre hypercontraction f requently demonstrated after OP intoxication
also applied to low dose treatment with PYR and PHY. This was previously
demonstrated after neostigmine treatment at therapeutic doses which was found to
adversely affect neuromuscular ultrastructure and physiology (Tiedt et al., 1978)
and induce a myopathy which was initiated by the anti-ChE action of the drug and
the prolonged action of unhydrolysed ACh on the post-synaptic membrane
(Hudson et al., 1978).

Repetitive low doses of 383 nmol ke-! PYR and continual low dose
infusion with 14 nmol hr-! PHY and 11.4 nmol hr! PYR commonly induced a
myopathy which corresponded to that after between 100 and 300 nmol kg‘1 of
ECO and was therefore on the threshold between mild and severe myopathy
although no necrosis was seen. In all cases the onset of the CB-induced myopathy,
irrespective of treatment was rapid, occurring within a day of treatment, was
maintained at a consistent level for the duration of treatment and after 7 days of
continual infusion, persisted for more that 14 days after the treatment was
terminated. After a 'necrotising' dose of 500 nmol kg-l ECO, the myopathy was
completely reversed within 7 days, however, after continual, low dose CB
treatment, the rate of recovery was very much slower. The delay in recovery after
CB-induced myopathy may be due to subtle effects of these compounds on
components of the extra-cellular matrix which direct the regeneration of the
neuromuscular junction after damage (McMahan et al., 1980) although this is
unlikely as no actual necrosis was observed. Alternatively, hypercontractions may
persist after treatment termination due to other CB-induced physiological changes.
Current knowledge of the long-term, low dose effects of CBs is limited and largely
anclear. This study has demonstrated that long-term low doses of CBs induce a
mild myopathy which is persistent and since CBs have important therapeutic roles
and have been demonstrated to protect against OP toxicity, this associated

myopathy may cause additional problems (Tiedt et al., 1978; Hudson et al., 1978).

8.4. Effects of long-term CB treatment on AChE.

There is currently very limited knowledge available on the long-term, low

dose effects of CBs on skeletal muscle molecular forms of AChE or the
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mechanisms by which these effects become manifest. In this study, it was evident
that CB treatment influences the metabolism and regulation of AChE not only
during drug administration but also in the period after the drug treatment ended.
The responses of AChE molecular forms have generally been studied after OP
intoxication and the mechanisms by which enzyme activity recovers after anti-ChE
treatment 1s poorly understood as data provided by the literature is confusing.

Preliminary investigations indicated that the methods employed in the study
did not give a measure of the inhibitory effects of CBs, or indicate to what extent
inhibition had occurred in vivo. The data, therefore presented a profile of the
metabolic responses of AChE molecular forms to the treatments. A common feature
of AChE response to CBs was the selective responses of endplate and non-endplate
AChE during treatment and recovery suggesting that they may exist in biologically
distinct compartments which are subject to differential regulation. Several studies
have demonstrated that endplate and non-endplate regions of muscle fibres
represent highly differentiated domains with respect to structure and molecular
accumulation (Froehner, 1991; Cartaud and Changeux, 1993; Hall and Sanes,
1993). The organisation of non-endplate muscle fibre parts is regulated by muscle
activity whereas the integrity of neuromuscular junction is maintained by both
muscle activity and nerve-derived trophic factors (Jasmin et al., 1995). The activity
of endplate and non-endplate AChE is also subject to this differential regulation;
non-endplate AChE is regulated by muscle activity whereas endplate activity is
regulated by both muscle activity and neurotrophic factors (Younkin and Y ounkin,
1988). However, the mechanism by which this regulation is implemented or the
precise level at which it acts in the metabolism of AChE is unknown and Ca2+ ion
loading into the endplate may additionally contribute to the complexity of the
events. After OP-intoxication, non-endplate and endplate AChE also displayed
selective responses and were found to recover at different rates (Van Dongen et al.,
1988; Grubic et al., 1981; Fernandez and Stiles, 1984) supporting the theory that
the enzyme may be differentially regulated.

PYR and PHY both reduced the activity of all endplate AChE during 14
days of continual infusion but a corresponding effect was not observed in non-
endplate AChE which tended to be only transiently increased or decreased. During
14 days of recovery after 7 days of PYR or PHY treatment at their respective doses,
all affected endplate AChE completely recovered within the 14 day period, whereas
non-endplate AChE was up-regulated, in some cases by a considerable amount.
Studies of endplate potentials indicated that synaptic AChE during both treatments
was reduced rapidly and remained so until the treatment was terminated. The effects

induced by PHY were in general more pronounced than those induced by PYR
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which was expected due to the differences in the doses given although the
myopathies induced by each compound were largely the same. The prolongation of
(MEPPs) at each of the time points after each drug treatment was not found to be
significantly different when a comparison was made, but the onset of jitter occured
earlier after PHY treatment (A. Crofts, unpublished) suggesting that the differences
in effects were probably not largely due to the slight difference in doses used of
each drug, but may be due to drug potency. This was best demonstrated by the
response of blood ChE: PHY caused around 60-70% inhibition whereas PYR
caused only 30-50% inhibition. The distinction may arise from the structures of the
compounds: PYR is a quaternary compound which does not readily access the cell,
whereas PHY is tertiary and can traverse cell membranes.

Since the preliminary CB studies indicated that due to the rapid
decarbamoylation rates of PYR and PHY-inhibited AChE, which could not be
prevented during assay preparation, it was unlikely that the reductions in endplate
AChE were due to inhibition and were probably due to genuine reductions. Studies
of (MEPPs)g also indicated that the prolonged decay phase observed during the
treatments was not due to inhibition but enzyme depletion (A. Crofts, unpublished).
In addition, it is unlikely that the effects on AChE induced by the CBs resulted
indirectly from pre- or post-synaptic membrane or receptor effects of these drugs
because the concentrations used were low (Alderdice, 1982) and no pre-synaptic
effects were observed during the treatments (A. Crofts, unpublished). It was
evident therefore that the changes in AChE metabolism were additional to any
inhibition which had occurred during the treatments and were probably indirectly
due to the anti-ChE action of these CBs and physiological changes induced by
them. The synaptic AChE form appeared to be affected before there was evidence
of any significant reduction in the precursory forms. The rapid disappearance of
endplate AChE also occurs after denervation (Newman et al., 1984). Because the
reduction in synaptic AChE after CBs and denervation occurs so rapidly and the
enzyme is known to have a slow turnover, (Lazar et al, 1984; Newman et al.,
1984), it is unlikely that the initial reduction is due to the down-regulation of
endplate AChE genes and may be due to accelerated degradation. Younkin and
Y ounkin (1988) proposed that endplate AChE may be regulated not only by the rate
of synthesis but also by the rate of degradation and both rates may depend on
muscle activity, trophic factors or both. After denervation rapid AChE decline may
be due to proteolysis induced by nerve degeneration whereas, after CBs, synaptic
AChE degradation may be due to proteolysis by factors which are released and
mediate early events in anti-ChE induced myopathy such as CaZ+-activated neutral

proteases (Kar and Pearson, 1976). It is possible that the reductions in synaptic
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AChE and precursory forms observed during the remainder of the treatment may be
due to down-regulation of endplate AChE genes because all the molecular forms are
affected. Since, the non-endplate enzymes are not largely effected by PYR or PHY,
the endplate reductions may be due to CB-induced effects on trophic factors which
only regulate endplate AChE.

The mechanisms by which neurotrophic factors regulate AChE expression
and activity after CB treatment is unknown. A wide variety of factors have been
implicated in the regulation of AChE expression. These include POMC peptides
which are released into circulation following stress and myopathy (Rosier et al.,
1977). These peptides and their derivatives directly regulate AChE expression in the
superior cervical ganglion of cat (Koelle, 1988) and cultured embryonic cells
(Haynes and Smith, 1984, 1985). Plasma-circulating glucocorticoids, which are
known transcriptional controllers (Muller and Renkavitz, 1991) have also been
shown to regulate AChE synthesis (Brank and Grubic, 1993) and may do so
according to environmental demands. In addition, a host of other substances
including: diffusible substances produced by the spinal cord, brain extracts, soluble
extracts of peripheral nerves, sciatic nerve extracts, transferrin in the serum and
neural peptides (reviewed by Oh et al., 1988) may be involved. ACh can also be
categorised as a neurotrophic factor (Drachman et al., 1982) and have a potential
influence on muscle AChE. It is possible that pre-synaptic responses to prolonged
post-synaptic receptor agonism induced by anti-ChEs may affect the muscle AChE
activity and there is believed to be a relationship between neurally regulated ACh
release and AChE synthesis (Karalliedde and Henry, 1993). Studies have shown
that the prolonged action of ACh on its receptor leads to receptor desensitisation and
despite the initial high levels of ACh in the cleft, the synthesis and release of ACh
from the nerve terminal decreases (Karalliedde and Henry, 1993). ACh down-
regulation may arise from negative feedback control of its synthesis (Bowman et
al., 1984) after anti-ChE-induced prolonged action or because the nerve is deprived
of choline which it required for ACh re-synthesis (Karalliedde and Henry, 1993). It
is possible that the down-regulation of ACh may also induce the down-regulation of
ACh receptors and since the receptors and AChE are synthesised in the muscle and
co-transported to the sarcolemma (Rotundo and Fambrough, 1980b), the reduction
in endplate AChE may be a side-effect of reduced receptor production or targeting.
In addition, if anti-ChE indirectly affect ACh or ACh receptor metabolism, then it is
possible that associated factors which also function in AChE metabolism may be
responsible for the observed changes. For instance, agrin, which functions in the
selective accumulation of ACh receptors at their membrane target sites, also has a
role in directing the extra-cellular location of AChE (Leith and Fallon, 1993:
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Wallace, 1989). Whether the selective endplate AChE reductions are due to
neurotrophic factors or are a by-product of CB-induced changes in the metabolism
of other synaptic components cannot however be clarified by this study and
requires further investigation.

Muscle activity cannot, however, be completely ruled out as a possible
mediator between CB action and changes in AChE metabolism. Many studies have
demonstrated that muscle activity, which collectively describes the occurrence and
frequency of muscle contractions and all the associated electrical and ionic events, is
important in regulating the expression and activity of muscle proteins and enzymes.
The pattern of impulses passing from the nerve to the muscle has been
demonstrated to regulate the transcription of myosin proteins (Weeds et al., 1974;
Buckingham et al., 1984) and nerve-dependent muscle activity has also been linked
to the regulation of both endplate and non-endplate AChE by controlling its
synthesis although trophic factors additionally regulate endplate AChE (Y ounkin
and Younkin, 1988). In addition, innervation has also been shown to control the
amounts of AChE oligomers synthesised (Lomo et al., 1983). Muscle activity
however defines a broad range of cellular processes and it is not known which
component or collection of components is directly responsible for maintaining the
synthesis, diversity and activity of AChE. Several studies have shown that both the
amount and pattern of transmission across the neuromuscular junction can directly
effect AChE activity (Reiger et al., 1980a; Rubin, 1985; Guth and Zalewski, 1963:
Lubinska, 1966; Hall, 1973; Collins and Younkin, 1982; Bacou et al, 1978; Silman
et al, 1979; Fernandez et al, 1980) but the mechanism by which muscle activity
regulates AChE has not yet been eludicated. In addition, the effects of anti-ChE on
the normal regulation of diaphragm AChE by muscle activity is unclear. Increased
muscle hyperactivity has been associated with anti-ChE action due to the prolonged
action of ACh on its receptors but the responses observed in this study of AChE
activity after anti-ChE which occur in parallel to the inhibition caused by the CB
agents are not consistent with the documented responses to increased muscle
activity. Studies have shown that increased muscle activity increases AChE
synthesis (Barnard et al, 1984) possibly by up-regulating AChE genes (Sveistrup et
al., 1995) which contrasted with the observed reduction in all endplate AChE
activity following anti-ChEs in this study. It would appear therefore that whilst the
CBs had little effect on the synthesis or activity of non-endplate AChE, other than
possibly inhibiting it in vivo during the treatment, on the contrary endplate AChE
was increasing degraded, down-regulated or its synthesis depressed in addition to
being inhibited in vivo. This is in conflict with the expected response of endplate
AChE when ACh in the cleft is in excess which should be up-regulated to destroy
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the excess ACh and the loss of synaptic AChE may contribute to the affects posed
by the CBs, rather than counteract them. However, the significance of the transient
changes during treatment in non-endplate AChE cannot be over-looked and may
arise from changes in components of muscle activity which may have arisen in the
non-endplate parts of muscle fibres. During severe myopathy which leads to
necrosis, contractions clumps have been located in fibres around the endplate
regions (Ferry and Cullen, 1991; Das, 1989). It is unlikely, however, that the low
doses of CBs used would cause any dramatic morphological changes in non-
endplate fibres; diaphragms were checked using the Procion Yellow stain for
damaged membranes (Flanagan et al., 1974) after CB treatment and all fibres tested
were found to be intact. The transient changes in non-endplate AChE may therefore
be due to subtle alterations in components of muscle activity which could not be
detected by the methods used. Also, since it not known which component or
collection of inter-acting components of muscle activity are responsible for
regulating AChE activity, it is possible that whilst overall, the CBs apparently
increased muscle activity, some components of muscle activity which regulate
AChE activity may be affected such that a conflicting signal is sent to down-regulate
the expression of the enzyme at the endplate. It is possible that receptor
desensitisation which occurs when the ACh receptor is continuously exposed to
ACh for more that several milliseconds (Katz and Thesleff, 1957; Magleby and
Pallotta, 1981) may act as such a signal. In addition, there was some evidence of
spontaneous twitching occuring late in the drug infusion periods (A. Crofts,
unpublished) suggesting that the endplate region may become more excitable but it
is unknown what relevence, if any, these changes have to the effects observed in
enzyme levels. Alternatively, since many of the cellular responses induced by anti-
ChE are localised at the endplate where the onset of myopathy occurs, it is possible
that the disruption of neuromuscular structure and integrity may also disrupt the
intra-cellular organisation of organelles important in the metabolism of AChE (the
small drug doses used may dilate the sarcoplasmic reticulum and affect nuclei)
resulting in the inability of the region to successfully express, process or target the
enzyme. It was concluded therefore, that during continuous CB treatment, the
metabolism of both endplate and non-endplate AChE may be affected by unknown
mechanisms which may be mediated by normal or abnormal muscle activity,
neurotrophic factors or CB-induced structural and physiological changes at the
neuromuscular junction or peripheral parts of muscle fibres.

When PYR and PHY treatment given continually at a low dose for 7 days
was terminated, endplate AChE levels gradually returned to normal, but non-
endplate AChE activities, previously unaffected were in excess of normal levels.
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These increases were not thought to reflect a combination of decarbamoylated and
newly synthesised AChE which only manifested on treatment termination because
these enzyme were measured at normal levels during dosing and not at inhibited
levels. Up-regulation of mouse diaphragm AChE was also observed during
recovery after long-term repetitive PYR dosing (Lintern et al., 1996). Non-endplate
AChE is primarily regulated by muscle activity (Newman et al., 1984; Y ounkin and
Younkin, 1988) and evidence of the up-regulation of this enzyme suggests that the
non-endplate region has received a signal that muscle activity has increased. There
was no evidence of up-regulation in the endplate region but because no inhibition
was assessed in this study, the recovery of endplate AChE, previously reduced
throughout the treatment was not due to reactivation of inhibited enzyme and must
therefore be due to increased synthesis. It is possible therefore that synthesis of
AChE in both regions was increased, but this effect in the endplate region was
observed as a recovery rather than as up-regulation because it was previously
reduced.

The signal which initiates this increase in synthesis is unclear, but may be
due to the increased influence of a regulatory component of muscle activity. There
was no evidence to suggest that cholinergic transmission after treatment termination
had increased as (MEPPs)o were recorded as normal (A. Crofts, unpublished).
However, observations of muscle fibre morphology showed that hypercontractions
persisted long after the CB drugs had been cleared from the circulation.
Hypercontractions after anti-ChEs are associated with increases in cellular Ca2+ ion
concentrations. Studies of developing synapses have shown that transient increases
inintra-cellular Ca2+ enhance the expression of AChE by stabilising AChE mRNA
transcripts (Luo et al., 1994). There may therefore be an important link between
hypercontractions and cellular Ca2+ levels and the increased synthesis of AChE
after CB treatment. The relationship between muscle activity and AChHE synthesis
and activity after CBs could not be elucidated from this study and requires further
investigation. From the electrophysiological studies which were conducted in
parallel to the assessment of ACHE activity during CB treatment, there was no
evidence to suggest that during the dosing or recovery period, muscle activity in
general had been dramatically affected (A. Crofts, unpublished) and does not
provide an adequate explanation for the up- and down-regulation of diaphragm
ACHE. However, after low doses of both PYR and PHY, an increase was observed
in the latency of action potentials (i.e. increased jitter characterised by Kelly et al,
1990) which began during the treatments and persisted until after the treatments
were terminated (A. Crofts, unpublished). Since the cause and origin of jitter is
unclear but manifested as a subtle change after anti-ChE treatment, a connection
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between effects on AChE regulation and this phenomenon cannot be strictly ruled
out.

The mechanism by which AChE activity recovers after anti-ChE is unclear
and complex. However, several analogies could be made between the recovery of
AChHE after OP treatment and the responses observed in this study after CBs.
Several studies have suggested that after reversible inhibition, AChE activity
recovers by a bi-phasic mechanism (Goudou and Reiger, 1983; Koelle et al., 1982)
which comprises of a rapid initial phase of precursor synthesis followed by a slow
period when asymmetric forms are restored. An early event after OP-induced AChE
inactivationis the increased synthesis of G1 (Reiger et al., 1976; Grubic et al.,
1981; Goudou and Rieger, 1981). Since after CB treatment termination, the
synthesis of AChE also increased, it is possible that the regulatory signal which
triggers this event is the same after both OP and CB compounds. In addition, after
OPs, a delay was observed in the appearance of asymmetric forms which may be
due to an inability of these newly synthesised forms to attach to their locations
(Grubic et al., 1981), problems with targeting and exocytosis which may be related
to abnormal CaZ2+ levelé or effects of neurotrophic factors such as agrin which
function in accumulating AChE at the basal lamina (Leith and Fallon, 1993;
Wallace, 1989). Hence, OPs like CBs also appear to affect the metabolism of AChE
and these effects may manifest through a common mediator. After the OP soman,
AChE synthesis was found to be induced not only in the RER but also in the
sarcoplasmic reticulum and specialised tubule structures under the endplate region.
A similar pattern of AChE synthesis was observed in the post natal development of
rats and suggested that there were analogies between the regulation of developing
systems and systems affected by anti-ChEs. Since the POMC peptides have an
important role in regulating AChE in post natal vertebrates (Haynes et al., 1984)
these may also have an important role in AChE regulation after OPs and CBs.
Goudou and Reiger (1983) demonstrated that after OPs, the A12 functional form
was synthesised in the non-endplate region which suggests that after endplate
AChE depletion or suppression, the enzyme may be made in regions not effected by
the metabolic restraints and mobilised to regions where it is needed. This may
account for the up-regulation of non-endplate AChE after CB treatment and
suggests that the function of non-endplate AChE, which is largely unclear, may be
to replenish endplate AChE in the event of cellular stress.

In recent literature, is has been documented that after chronic as well as
acute anti-ChE treatment, target systems may develop a 'tolerance’ to these drugs
(Van Dongen and Wolthuis, 1989). It is possible that during the treatment, the

metabolism of AChE adapts or 'learns' to operate under a different set of signals
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dictated by the drug treatment but when the signals are removed, the synthesis of
AChE increases because the physiological restrictions imposed by the treatment
have been removed. The development of tolerance to continual drug administration
may occur at various levels; pre-synaptically, synaptically and post-synaptically
(Van Dongen and Wolthuis, 1989) and it is possible that once these cellular changes
or adaptations have been instigated, they are maintained for a period of time after
the drug treatment has been terminated and may be responsible for the 'abnormal’
levels of mouse diaphragm AChE seen after CB treatment.

The responses of endplate and non-endplate AChE to continuous low doses
of PYR and PHY suggest that as well as inhibiting these enzymes, the CBs may
also effect their regulation and metabolism. The level at which these metabolic
effects manifest is unclear and extremely complex and beyond the scope of this
study. It is evident from the study, that CB compounds can instigate a host of
unexplained responses other than reversibly inhibiting AChE or at higher doses,
having direct actions on the pre- and post- synaptic membranes. It is not known to
what extent these responses can adversely effect skeletal muscle function after long-
term treatment and the issues raised in the study open a host of research

possibilities.

8.5. CB protection against OP-induced AChE inhibition and
myopathy.

The protection against OP-intoxication by CB pre-treatment has previously
been demonstrated using PYR (Berry and Davis, 1970; Gordon et al., 1978; Ellin
and Kaminskis, 1989; French at al., 1979; Dirnhuber at al., 1979) and PHY
(Leadbeater et al., 1985; Lennox et al., 1992; von Bredlow et al., 1991) and
depends primarily on the reversible inhibitory properties of these compounds
(Berry and Davies, 1970). Chronic CB treatment also reduces the number of post-
synaptic ACh receptors and the amount of ACh released after nerve stimulation
(Change et al., 1973) which may also be of therapeutic significance after QP
treatment. However, none of these previous studies have investigated the effects of
long-term low dosing with CBs on the various molecular forms of AChE or the
isolated response of synaptic AChE.

In this study, it was found that 4 days of low dose PYR pre-treatment did
not protect synaptic AChE against a large dose of ECO and reduced the activity of
other endplate molecular forms. The lack of protection offered by PYR conflicted
with data proposed by French et al., (1979), but was confirmed by responses

recorded electrophysiologically from experiments run in parallel (A. Crofts,
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personal communication). PHY, in contrast, protected the synaptically important
enzyme but also induced abnormally high levels of AChE in non-endplate parts of
muscle. The protective property of PHY agreed with data provided in the literature
and data recorded electrophysiologically (A. Crofts, unpublished). The differences
in the levels of protection offered by these compounds to diaphragm AChE is
unclear but it is evident that a combination of low dose CB pre-treatment and large
dose OP induces alterations in skeletal muscle metabolism.

Both PYR and PHY induce a moderate and persistent myopathy which may
manifest during any therapeutic or prophylactic use and the use of PHY as a pre-
treatment slightly improvement but generally pre-treatment with both drugs did not
enhance the myopathy 5 days after a large dose of ECO. However, the study did
not investigate whether the myopathy associated with ECO alone would be made
more persistent if either CB was given in advance and did not eliminate any

possible long-term side affects associated with such pre-treatment.
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A.1.1. Colour \'r\eage\ntf:\ 5.5 dithiobis (2 ﬂitro—'benzéi@);a,ci‘d (DTNB) «

A stock solution of concentraiion 0. OIM Wa’s /p::rebére’d/ which kept for
approx. 1 week at 4°C. Table A.1.1 shows the cemp051t10n of the stock solution.
The assay solution of DTNB was prepared by | dxlutmg the stock solutlon 1:40 with
distilled water. Table A.1.2 shows the composxtlon of the phosphate bu;ffer used in
the preparation of DTNB stock. - . .

DTNB
NaHCO3 : .
0.1M phosphate buffer pH7.0

Table A.1: Composition of 0.01M DTENB‘S’to‘Clééélutiéﬁlff

Amount

0.2M Na2P04.12H20 S 3
0.2M NaH2P04.2H20 195ml
Distilled water ‘ 50.0 ml

Table A.2: Composition of 0.1M phosphate buffer pH7.0.
A.1.2. Substrate: Acetylthiocholine iodide

Acetylthiocholine iodide substrate was prepared to give a final cuvette
concentration of 0.5mM. The substrate was prepared as ;reqlii,fed: as it was too

unstable to be stored. The composition of the stock solution is shoWn below.

Amdulit e

Acetylthiocholineiodide 21.7mg .
Distilled water e om0

Table A.3: Composition of acetylcholine iodide solution. e
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A.1.3. Phosphate buffer, pH8.0.

Phosphate buffer, pH8.0 was used routinely in the extraction of blood ChE

and the composition is shown below.

Amount
0.2M NapHPO4 47.4 ml
0.2M NaH2PO4 2.6 ml
Distilled water 50.0 ml

Table A.4: Composition of 0.1M phosphate buffer pH8.0
A.1.4. Low ionic strength buffer.
Low ionic strength pH7.0 phosphate buffer (LIB) was used routinely in the

extraction of low molecular weight molecular forms of AChE from the mouse

diaphragm. The composition of the buffer is shown below.

Amount
Phosphate buffer, pH7.0 10 mM
Triton X100 1.0%

Table A.S: Composition of low ionic strength phosphate buffer.
A.1.5. High ionic strength buffer.

High ionic strength buffer (HIB) was used routinely to extract high
molecular weight forms of AChE from the mouse diaphragm. It was prepared by

adding 1.0M sodium chloride to LIB in Table A.5.

A.2. Enzvme Kkinetics.

The kinetics of purified electric eel AChE (AChE(ee])) obtained from Sigma
and ChE from junctional and non-junctional homogenates obtained by the
conventional extraction technique was investigated to determine to optimum
concentration of substrate to be used in routine assays. Figure A.1(a) shows the
Lineweaver-Burke double reciprocal plots of the inverse of substrate
(acetylthiocholine iodide) concentration (mM) versus the inverse of AChE(eel)
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activity expressed as the rate of change of absorbance at 412nm at enzyme
concentrations of 0.002 and 0.02 units ml-1. Figure A.1 (b) shows the
Lineweaver-Burke plots of the inverse of substrate concentration versus the inverse
of junctional and non-junctional activity expressed as the rate of change of
absorbance at 412nm. From the plots the x-axis intercept rendered -1/Km and the y-
axis intercept rendered 1/Vmax. The slope of the lines save Km/Vmax.

Km and Vmax values for the enzymes are shown below.

Enzyme Km (mM) Vmax (rate of change
of absorbance min-1

AChE(eel) 0.24 0.018

0.002 units ml-1

AChE(eel) 0.10 0.036

0.02 units m!-!

Junctional ChE 0.19 0.017

Non-junctional ChE 0.23 0.013

Table A.6: Km and Vmax values for AChE(ee]) and diaphragm ChE.

A.3. Verification of biological effects.

To test whether the effects observed during continual infusion experiments
in Chapters 6 and 7 were truly biological it was important to eliminate all possible
experimental factors. Since fluctuations were observed in the levels of AChE an
experiment was set up to check to pumping rate of the Alzet pumps to establish
whether the drugs were being administered at a constant daily dosage. Hence, the
release of a coloured compound with a distinctive absorbance peak, Coomasie
Brilliant Blue was monitored using spectrophotometric analysis (see Chapter 2,
Section 2.2.3.5)

Table A.1 shows the daily emission of Coomasie Blue in pg during a period
of 10 days. The pump was filled with a known concentration and based on the
pump specifications the expected compound emission was calculated to be 198g in
24 hours. It was observed that a steady pumping rate was not achieved until the
second day of pumping and after the recommended pumping life there was still

some emission on days 8-10. However, during the intermediary period of 2-7
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days, the compound was being emitted at a relatively consistent rate which was not
coincidental with enzyme activity fluctuations hence, the effects observed during the
administration of drugs were likely to be biological and not due to erratic pumping.

In addition to testing the constancy of drug delivery, a further precaution
was taken against the influence of pump action on the data by exploring the
authenticity of the progressive effects observed during the drug dosing regimes.
Since, the general trend of the progression appeared to be a reduction in enzyme
activity reaching a minimum at 7 days, an experiment was performed to check that
this effect was not attributable only to the Alzet Model 2001 (1.0x1 hr-l) 7 day
pump. Enzyme levels were measured in mice which received to same daily dose of
pyridostigmine but were implanted with the Alzet Model 2002 (0.5.1 hr-1) 14 day
pump. There was found to be no significant difference (Mann-Whitney non-
parametric test) between enzyme activity after 7 days of drug delivery by either
model and the same biological effects were observed in each case.

From the pump test experiments, it was evident that there was still some
emission from the pump after 7 days, i.e. on days 8 and 9. Hence, in recovery
experiment, the pumps had to be surgically removed form the mice to ensure that an

accurate assessment of recovery was being made.

Time during Alzet Pumping Life pg of Coomasie Blue

0-4 hrs (Priming Period) 1.9

1 day 85.6
2 days 112.1
3 days 124.3
4 days 118.7
5 days 126.2
6 days 123.2
7 days 105.2
8 days 87.7
9 days 79.1
10 days 27.2

Table A.7: Daily emission of Coomassie Blue in pg from osmotic pump over a

ten day period.
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A4 Electro‘g‘hy sio}ogical data;» 1

Table A R howe the means of the time to half amphtude of extracellularly\ .
recorded miniature endplate potentxals (TSO% of (MEPPS)Q) for pyridostig cfrnme\
(PYR) and physostigmine (PHY) Alzet osmotlc pump mfi]sxon expenments The
data was recorded and processed by A. Cr ;

7 out m COHJUI)CUOI]
with the analysis of the effects of PYR and PHY op mouse sk etal musele AChE
activities. The T509, values were used to predlct functional AChE actxvmes in

Chapters 6 and 7 using the relatxonshlp estabhshed 1n7Chapter/4

Time during drug TS()%

infusion dosing

Untreated <hiovis 8 o
. 40.05 - +0.05
lday 0 G062 - ‘
| 0TI
2 days 072
4 days 02
4007
7 days O S
14-days 1.08 5o J
S <0.14 T 002
7 day + 2 day recevery -~ .0.66 LA 6
- - £0.05
7 déy 7 day recovery 0.46 /
+0.04
7 day + 14 day recovery 0.45 1.3

+O 05

Table A.8:T509 values of (MEPPs)o at varlousftlme pomts dunng PYR and

PHY infusion and recovery expenment Values shewn are means +s.d,
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A.5 Inter-slide variation of endplates (ANOVA test).

The normal procedure for sampling endplates from hemidiaphragms after

different treatments involved measuring 30 endplates from each slide at a given

dose. The ANOVA one-way test was applied to groups of 30 endplates from a

range of hemidiaphragms after the same treatment to investigate the occurence of

inter-slide variation. The F-test ( i.e ratio of between slide varience to within

endplate group (n=30) varience results are shown in Table A.9.

Dose Width
F-test

Un-treated
ECO 25
ECO 50
ECO 100
ECO 300
ECO 500
ECO 6HR
ECO 1D
ECO 5D
ECO7D
PYR 1D
PYR 2D
PYR 4D
PYR 7D
PYR 14D
PYR 2DR
PYR 7DR
PYR 14DR
PYR/ECO
RD 3HR
RD 1D
RD2D
RD3D
RD4D
RD 7D
RD 14D
RD 21D
PHY 1D
PHY 2D
PHY 4D
PHY 7D
PHY 14D
PHY 2DR
PHY 7DR
PHY 14DR 4.5
PHY/ECO 1.4

OPRMOLMOUN=WNONO =WWhO®—
N O~ —~ OB RrO—WARLNROW W
w2

== W= = O R NOO N
NORN =X UNA—= TN — B0

Width
p value
<0.25
<0.0001
>0.25
<0.005
<0.1
<0.01
<0.25
<0.005
<0.05
>0.25
<0.1
<0.025
<0.25
<0.005
>0.25
<0.005
>0.25
<0.0001
<0.0001
<0.05
>0.25
<0.005
<0.05
>0.25
<0.005
<0.1
<0.005
>0.25
<0.25
>0.25
<0.05
<0.005
>0.25
<0.25
<0.01
<0.25

Length
F-test
7.4
13.4
1.6
16.8

10.1

mNORANR WAL RN B OO
MooV oOWNIghOANOAW

2

bl
N

Length
p value
<0.0001
<0.0001
<0.25
<0.0001
>0.25
<0.0001
<0.25
>0.25
<0.0001
>0.25
<0.0001
<0.0001
<0.1
<0.0001
<0.025
<0.0001
<0.25
<0.0001
>0.25
>0.25
>0.25
<0.01
>0.25
<0.005
<0.0001
<0.005
<0.005
<0.025
>0.25
<0.005
<0.005
<0.005
>0.25
<0.005
<0.0001
<0.005

W/L
F-test
4.8

—m WA N =B WRNO WO =
[

N SRR RN R R A R N-RE o e P e N
=B @ o ~3 WU

NROUWAEO == INNO O -

O WWN O

3.

W/L

p value
<0.005
<0.05
>0.25
<0.01
>0.25
<0.0001
>0.25
<0.005
<0.0001
<0.1
<0.0001
<0.0001
<0.05
<0.005
<0.005
<0.01
<0.25
<0.0001
<0.0001
>0.25
>0.25
<0.0001
>0.25
<0.05
<0.0001
<0.005
<0.0001
<0.25
>0.25
<0.005
<0.05
<0.01
>0.25
<0.005
<0.005
<0.05

Nog. of
slides

h-&&wwkhbbhb—h&h-&-&-&b\]wmwbmbU\waNO\th&m

Table A.9: F-test and p values obtained by ANOVA analysis of inter-slide

variation. Endplate groups from slides which display a highly significant inter-slide

variation are highlighted in bold.
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- A6 \Molecular form actlwtles» aft

\\\fllled with 0. 9% salme

To investigate whether the 1mplantatlon of osmot:tc pumps affected the
activity of AChE molecular forms, mice were 1rnplanted w1th pumps containing
only 0.9% saline. Table A.10 shows the AChE actlvmes from untreated mice and
mice which had been implanted with sahne-fﬂed pumps Statlstlcally there was not
found to be any significant dlfference between untreated actlvmes and those after
pump implantation (Mann- Wh1tney, P>0. 1 in aH cases) hence 1n PYR and PHY

experiments the data was pooled tooether

AChE Untreated ~ 0.9% Saline-filled

. ‘{/ifpumps

N 10 - s

1(G) 3.46+0.48 . 356+123
1(A) 1.3240.25 1214049

J (NE) 0.80+0.20 . 078:0.18
NJ (G) 196:040° 1712075
NI (A) 0.77+0.26 . 0.68+0.40
NJ (NE) 0.29+0.1 028:022
EPS (G) 1.5740.61 1.86+0.57
EPS (A) 066£026 ~  0.83+0.56
EPS (NE) 0.50:026 ~  0.50+0.06

Table A.10: Molecular forms activities from untreated mice and 24 hours after

implantation of 0.9% saline-filled pumps.
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