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SUMMARY

It has been shown that acute administration of ecothiopate
iodide in_vivo caused an approxirate 80% depression of
acetylcholinesterase activity in the diaphragms of mice.
Inhibition of acetylcholinesterase was accompanied by an influx of
calcium at the junctional region of the diaphragm, which contimued
during subsequent progressive development of a severe myopathy
located in the same region. Myopathy was accompanied by loss of
- creatine kinase from the muscle and was represented, at the light
microscope level, by hypercontraction, Procion Yellow staining and
loss of cross striations within the muscle fibres. It appeared to
reach a point of maximum severity approximately 3-8 hours after
ecothiopate administration and then, by means of some
repalr/regeneration process, regained an apparently normal
morphology within 72 hours of the intoxdcation.

At the ultrastructural level, ecothiopate-induced myopathy
was recognised by loss of Z-lines, swelling and vacuolation of
mitochondria and sarcoplasmic reticulum, dissarray of
nyofilaments, crystal formation, and sometimes, by the complete
ohliteration of sarcomeric structure. The development of myopathy
in vitro was shown to be nerve-medlated and to require a
functional acetylcholine receptor for its development. It was
successfully treated therapeutically in vivo by pyridine-2-
aldoxime methiodide and prophylactically by pyridostigmine
bromide. However, the use of a range of membrane-ion chamnel
blockers, and of leupeptin, an inhibitor of calcium-activated-
neutral-protease, have been unsuccessful in the prevention of
ecothiopate-induced myopathy.

Key words: Ecothiopate iodide. Myopathy. Creatine
Kinase. Acetylcholinesterase. Intracellular calcium.
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The present study is of the development of myopathy induced
in the diaphragms of mice exposed to the organophosphorus
anticholinesterase ecothiopate iodide (BECD).

UHCANOPEOSPHORUDS £

Organophosphorus (OP) campounds are used widely in industry,
agriculture, vetenary medicine, and clinically for treatment of
glaucoma. However, the compounds have been shown to produce
serious toxic effects in man and other animals. OP anti-
cholinesterases act by inhibiting the cholinesterase (ChE)
systems, most notably acetylcholinesterase (AChE), found
throughout the body. As a result of this inhibition the duration
of action of ACh, released from presynaptic nerve terminals, is
prolonged, its effect on the postsynaptic receptors is enhanced,
and this in turn leads to the signs and symptoms of anti-
cholinesterase poisoning.

- The effects of anticholinesterase poisoning may be
categorised as muscarinio, nicotinic and central. However, since
this study is concerned primarily with the OP coampound ECO, which
does not penetrate the blood brain barrier (Koelle ¥ Steiner,
19568; Schauman & Job, 1958), only the muscarinic and nicotinic
effects of poisoning are considered relevant to the present study.
Muscarinic effects of OP poisoning include nausea, vomitting
abdominal cramps, diarrhoea, urination, increased bronchial
constriction, sweating, excessive secretion of tears, bradycardia
and hypotension, all signs which may be relieved by prompt

-19-



administration of atropine (Grob, 1958; Grob & Johns, 1958;
Durhanm & Hayes, 1962). The nicotinic effects, which usually occur
after the muscarinic effects have reached moderate severity
(Durhan & Hayes, 1962), are the consequence of inhibition of AChE
at skeletal muscle neuromuscular junctions, and the corresponding
reduced rate of hydrolysis of ACh. The nicotinic effects include
muscle fasclculations and cramps, increased fatiguability and
nild, generalised muscle weakness which is increased by exertion
(Durham & Hayes, 1962). Accompanying the altered neuramuscular
activity, induced by OP poisoning, skeletal muscle damage has been
shown to develop, inltially at the junctional region of the muscle
concerned (Ariens et al., 1969; Wecker et al., 1978b; Toth et
al., 1083). The myopathy has been shown to develop in fatal
exposures to man (Wecker et al., 1986), axd death may result from
repiratory paralysis (Durham & Hayes, 1962).

The term myopathy can be used to describe any akmormal state
which may reside within a muscle fibre. It may be very mild,
consisting 'of slight abnormality only, or gross, possibly
resulting in total cell necrosis. There are many different types
of myopathy which :;esult from an lnterference of‘ the normal
biochemical and/or physlologlcal parameters that gover.n neuro—
miscular transmission a.nd/or muscle funotion. This particular
study is concerned primarily with the myopathy induced by the
irTeversible irhibition of ACHE by the OP compound ECO. '

" OP-induced myopathy has been most consistently represented
by dilatation of sarcoplasmic reticulum (SR) and mitochondria plus
dissolution of the Z-line (Laskowski et al., 1975, 1977; Leonard



¥ Sa.lpeten' 1979, 1980) and loss of sazooplaémio eﬁéymes such .a.s
1é.otate déhydrogena.se (i.eona.rd ¥ Salpeter, 1980), with a
consequent increase in serum enzyme activity. However, the
mechanism by which OP agents induce myopathy is not yet fully
understood. The aim of the present study is to investigate the

sequence of events lnvolved in the development of OP-induced
myopathy, by using the‘qlmta-na.ry OP compound, BECO.

| Ecothiopate iodide (BOD), also known as Phospholine iodide,
is an irreversible inhibitor of b‘oth acetylcholinesterase (AChE)
‘and butyrylcholinesterase (BuChE) (Silver, 1974) and was first
synthesised by Tammelin in 1957. OO is not 1ipid soluble and

r
Ecothiopate iodide 02]150 ~p=P L w : E

(ECO)
CHO scaz—cﬁa—ﬁcms)a

—

therefore does not penetrate the central nervous system following
injection (Koelle ¥ Steiner, 1956). On entering the general
circulation however, it may reach a concentration which will
affect the peripheral synapses formed by cholinergic neurones and
"1t will then induce the muscarinic and nicotinic cholinergio
symptoms of OP toxicity described above (1.1) (Osserman et al.,
1061). ECO has also been shown to induce myopathy in the
diaphragms of mice (Ferry & Cullen :~ personal commmnication), but
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neither the nature of this myopathy nor its development have been
camprehensively studied to the authors knowledge.

1.3 MYOPATHY AND INTRACELIULAR CALCTUM

Myopathies in general have often been associated with
elevation of intracellular calcium (Wrogeman & Pena, 1976; Oberc
¥ Engel, 1977; Bodensteiner & Engel, 1978; Schamne et al, 1979;
Leonard & Salpeter, 1079; Ross-Canada et al., 1083; Toth et al,
1983) although, wi:lether calciunm is the cause of, or a result of
myopathy is uncertain. There is evidence (Leonard and Salpeter,
1979) to suggest that in anticholinesterase induced myopathies, at

least, free intracellular caloium (1Ca®') may be causative, and
infact Toth et al (1983) demomstrated cytochemically, the uptake

of Ca®t prior to the development of myc;pa.thy at the junctional
region of dlaphragms exposed to the OP cholinesterase inhibitors
diisopropylfluorophosphate (DFP) and methylparathion (Wolfatox).

However, the role of Ca.2+

in the develomment of myopathy is not
clear. One possibility is that a caioium—a.otivated—neutra.l-
protease (CANP) may act by attacking the z-disks (Busch et al.,
1972; Dayton et al., 1975; Reddy et al., 1975, 1983; Reville et
al., 1978; - Inomata, 1983) causing dissassembly of myofilaments
vhose further degradation may then be lysosomal (Cullen et al.,
1978). Alternatively, it has been suggested that muscle

degradation may be the result of the aotivity of catheptio
enzymes, released from lysosomes in the presence of high levels of
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10a®* (Todice et al., 1068; M°Gowan et al., 1976; Libby &
Goldberg, 1978). Whatever the mechanism, it seems certain that
the development of myopathy is dependent on the elevation of the

1Ca?* concentration above normal levels (approximately 107 'M;

Irvine, 1086). Thus the failure of regulation of iCa®' is vitally

important to the myopathic process.

The regulation of the 032+ level in the cytoplasm is a vast
topic and a comprehensive overview is beyond the scope of this

thesis. However, certain aspects of ca®* regulation are

considered to be particularly relevant to the development of
myopathy and are introduced correspondingdly.

1.8.1. Calcium regulation in the cell.

Free Ca® has been shown to be a vital intracellular second
nessenger, responsible for the modulation of a vast range of
physiological processes, most notably, secretion and oontractior;.
The role of ca®t as a second messenger necessitates high control
of the Ca®' concentration in the cell:-

Intracellular calcium is maintained at about 107 'M, ocompared
vith a concentration in the extracellular fluid of about 10 °x
(Irvine, 1988) . Hovever, this low £igure of 10~ applies cnly to

the free Ca®' in the cytosol, the total caloium inside the cell

being much higher, and the bulk of this Ca®’ being bound to

-D3-



proteins, membranes or other cellular constituents, or sequestered
inside intracellular organelles, most notably the endoplasmic
reticulum (sarcoplasmic reticulum (SR) in muscle) and mitochondria

(Irvine, 1986). The level of Ca®' in the cytoplasm is therefore
controlled largely by the uptake and release of the cation across
the plasma membrane, the immer mitochondrial membrane (the outer

membrane being fully permeable to ca®*), and the SR. Each of
these membrane systems possesses distinctive transport mechanisms

vhich act in concert to regulate iCa<'.

1.3.1.1 Calcium regulation by the plasma membrane

Influx of Ca®' across the plasma membranes of excitable

~cells, such as muscle, occurs via voltage-gated Ca?*-chammels
(Reuter, 1986), large membrane-spanning glycoproteins in the
nenbrane that allow large numbers of ions to mo'vef down the

concentration gradient into the cell (Stanfield, 1988) in response

to an action potential. The Ca®'~chammels were first demonstrated
in skeletal miscles of crustacea (Fatt ¥ Ginsborg., 1058) and have
been shown to open in response to depolarisation induced by the

opening of voltage-dependent Na' channels (Stanfield, 1988).
Caz+—cha.nnel opening will itself produce an element of self-
_reinforcing depolarisation since the Ga.2+ entering the muscle will

further depolarise, opening more Ca*' chammels, and allowing more



Ca®" entry. Following the peak of the action potential ionic
events return the membrane potential to its resting level and the

influx of Ca®' ends (Stanfield, 1986). The % open Ca2'-channels

can increase significantly under the influence of cAMP, a second

intracellular messenger which activates enzymes that phosphorylate

the (L'a.n.2

+-—cha.nnels; phosphorylation greatly increasiné the
probability that a chammel will open. | | |

In addition to the voltage-operated channels described
above, there exists nonspecific cation channels, located mainly
at the endplate region of skeletal muscle. These endplate
charnels have been shown to open in the presence of ACh (Csillik &

Savay, 1963; Miledi, 1973; Evans, 1974; Miledi et al., 1977)

and allow the exchange of Na*, K*, ard Ca®' ions (Takeuchi, 1963)
into the soleplate region of the muscle concerned. It is possible
that the prolongation of the half-life of ACh, induced by an

anticholinesterase, may enhance the entry of Na' and ce.z+ ions
into the muscle fibre.
The plasma membrane of the cell contalns two transporters

responsible for expelling Ca®* from the cell. The high affinity
system is an ATPase (Brandt et al., 1980; Carafoli & Zurini,
1082; Carafoll et al., 1983; Nicholls, 1986): an enzyme that

splits ATP to derive energy. The energy enables it to move Ca®'
out of the cell against the steep concentration gradient that

prevalls across the plasma membrane. The purp ejects Ca** from
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the cell, importing protons (') probobly in the ratio of 2 H' per
Ca®* (Carafoll et al., 1983).
The plasma membrane ATPase respords to minute increases in

1Ca®*. More drastic swings in concentration activate the other

Ca®* removal system of the plasma mexbrane, the Na'/Ca®" exchanger
(Nicholls, 1986). The exchanger was £irst identified in squid
heart m;scle and neurones and has since been shown to operate in
nmost mammalian tissues although there is conflioting evlidence
concerning its existence in skeletal muscle (Yamemoto & Greeff,

1981; Gilbert et al., 1982). The Na'/Ca®' exchange system has
been extensively researched in both cardiac and smooth musoles'ani

isthoughttoderivesmneoftheene:'g‘yrequiredtodrive@2+out

of the cell from the concentration gradient of Na' across the
plasma membrane (Baker, 1083). However, the system has also been

shown to be electrogenic, importing 3 singly charged Na't for every

doubly charged Ca®' exported (Reeves & Hale, 1084) and thus
allowing the transport process to tap the resultant energy
embodied in the membrane potential. Thus, both chemical and

eleotrical gradients drive the Na'/Ca®' exchanger of the excitable
cell membrane.

1.3.1.2. Calcium regulation by intracellular organelles.

Intracellular processes of reducing sarcoplasmic ca®t
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include the intracellular Ca®'-buffering organelles, most notably
the SR and mitochondria (Oberc & Engel, 1977).
Under physiological conditions the SR is the major intra-

cellular store for Ca<' (Irvine, 1088) and it funotions to govern

the short-term fluctuations in free Ca®*

that cause the
contraction of muscle fibres (Luttgau & Moisescu, 1978). The

persistence of the contraction of fast skeletal muscle in the

absence of Ca®' in the extracellular fluid indicates that the Cas'
trigger for contraction does not came from the extracellular space
but from an intracellular source (Fahlato, 1082). However, the

mechanism of release of this Ca®' is still uncertain. It has been

suggested that an initial "trigger” pool of Ca®' may be mobilised
from the SR in response to inositol (145) friphosPha.te (IP;), a

second messenger and breakdown prodtiot' of phosphatidylinbsitol
bisphosphate which'is split by certain hormones that bind to the
cell surface (Irvine, 1986). It is thought that the IP -induced

release of Ca®" from the SR may occur v:m’a. pore in-e.xcha.nge for

k' (Muallem et al., 1085). Also, Fabiato has shown (1982), in

both heart and skeletal miscle, that a rise in intracellular Ca<'

above the resting physiological level can cause a further (hm'—

induced release of Ca®" (CROC) from the SR, supporting similar
findings of other authors (Férd e Podoiski; 1970; Endo, 19'7?;
Martinosi, 1984). Fablato suggests (1982) that it is the CROC
which is ultimately responsible for muscle contraction.
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The camplexity of the Ca®*-release mechanisns from SR offers

a range of possible sources for an excessive elevation of iCa.2+
which has been observed in many pathological conditions.

The Ca.2+ that triggers muscie contraction is pumped back

into the SR by a Ca.2+-pumpi.ng ATPase which comprises an intrinsic
component of the SR, representing 50-80% of the total protein
enbodied in the membrane (Martinosi, 1984). The activity of the
ATPase depends on membré.ne phospholipids and, un'.L'i.ke the plasma.

menbrane Ca*'-ATPase, 1s relatively insensitive to calmodulin
(Martinosi, 1984). The SR ca®* punp is capable of lowering the

cytoplasnio free Ca®* concentraticn to or below 10784 (Martinosi,
1984), and is thought to be the main regulator of sarcoplasmic

Ca®* under physiologlcal conditions (Irvine, 1986). However, it

will not buffer large amounts of Ca*' and it is the mitochondria
that are crucial in buffering dangerous increases in cytoplasmic

ca®t after the other Ca.2+—regula.1:ory systems become overloaded
(Martinosi, 1084). The free Ca®' within the mitochordrial matrix

of physioclogically normal muscle has been shown to be low (10_5M),
supporting the notion that mitochondria do not play a major role

in Ca.z+ regulation under physiological conditions (Martinosi,

2+

1984). It is thought that the Ca®" which does enter the

mitochondria forms a complex of hydroxyapatite with inorganic

ﬁhosphate lons, thus dllowing large amounts of ca®t to be
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accunulated by mitochondria with no deterioration of its

bloenergetic properties (Nicholls, 1988). The influx of Ca<' into
mitochondria is govex;ned by the inner mitochondrial membrane and
occurs via a uniporter system powered by the mitochondrial
membrane potential of about 150-180mV (matrix negative), ‘with

campensatory extrusion of 2H' from the matrix (Fiskum & Lehninger,

1982). In pathological circumstances, when Ca®' loading becomes
really excessive and especially in the absence of certain

components, most notably magnesium ions and adenine micleotides,

the buffering capacity of the mitochondria becomes finite, Ca*’
leaks into the sarcoplasm and becomes an ionic assassin of the

cell. . The reactions that Ca®™ normally modulates proceed
contimously and uncontrollably and the excess ions activate other
reactions that do not occur in a physiclogically normal cell. In

. liver mitochondria, at least, Ca*' uptake has been shown to take
primacy over oxidative phosphorylation in utilising energy

(Lehninger et al., 1967). In such cases, the lack of ATP
production will mean that less energy is avallable to the cell for

theexpu.'lsionofemess(}am. The result would again be a massive

increase in the lonised 1Ca®" concentration and the resultant
initiation of cellular destruction. In less cataclysmioc
situations the mitochondria buy time for the cell by absorhing the

emessCaa+ then, a.ftertheCa2+ storm has abated they release the

Caz"' at a rate that does not disturb the cell metabolism. Ca.2+_
release takes place through a transporter that, like the exchanger
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of the plasna membrane, catalyses the exchange of Na'© and Ca®
(Nichols, 1986). In contrast to the plasma membrane exchangder,

nowever, which creates a charge imbalance by bringing in 3 Na®

2

ions for every Ca“' it exports fram the cell, the mitochondrial

exchanger 1s electically neutral: 1t transports Na© amd Ca®' ions
in the ratio of 2:1 (Fiskum ¥ Lehninger, 1082). Infact Crompton
et al., (1976) suggdested that the release reaction of Ca®' from
mitochondria was mediated by a.lNa.+/Ca.2+ exchange can;ier which
operated in parallel with a Na'/u" antiporter. The Na' that had
T &dhanga 450 CoP” wEld matirh 6 e

extramitochondrial space in exchange for H' producing, ultimately,

Ca?*/H*exchange (Carafoli © Zurini, 1982). It seems that the
exchanger system may vary according to the tissue from which the
mitochondria originates (Nicholls, 1088) and Fiskum & Lehninger

(1982) suggested that in nonexcitable tissue Ca®™ efflux is
thought to be mediated by & Ca®'/2i" antiport carrier. However,

the establishment of a direct Ca®'/H' exchange antiport system is
not clear (Carafoli ¥ Zurini, 1982).

1.3.1.3. Ca' regulation by soluble proteins.

Apart from the membrane systems described above, ca®t

regulation within the cell is also governed by soluble proteins
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in the cytoplasm and within the organelles themselves. These

proteins medlate the intracellular effects of calcium by

controlling the level of free Ca®' in the cell, but the amount of

2

ca** a soluble protein can bind is limited by the number of

protein molecules. Two examples of soluble Ca®'-binding proteins
vital to skeletal muscle physiology are troponin and calmodulin.

A rise in :LCa.a"' triggers the contraction of the muscle, an event
mediated by troponin (Huxley, 1971; Ebashi et al., 1975; Endo,
1977; Herzberg et al., 1986). It also results in a longer term

metabolic change mediated by calmodulin: ca®t-aotivated
calmodulin mobilises a protein kinase that phosphorylates a second
enzyme. Thus activated, the second enzyme ca.ta.lfses the breakdown

of glycogen to glucose which is then metabolised to provide energy

for muscle contraction. A third example of sarcoplasmic ca®*-
binding proteins are the parvalbuming whose actual function is
unclear although they may play a protective role in prolonged

contraction by slowly reducing the intracellular caR*

concentration (England, 1088).

In the present study attempts were made to discover
something of the nature of the myopathy induced by ECO in the
diaphragms of mice. Particular attention was paid to the
following questions:-

a) Does acute administration of ECO iniuce myopathy at the
junctional region of the diaphragms of mice? If so, what 1s the
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nature of this myopathy (using light and electron microscopy), and
is it accampanied by loss of sa:mpl:;smio enzymes and/or elevation

of 1Ca.2+? How can myopathy be quantified?

b) How is the development of BOO-induced myopathy related to
inhibition of acetylcholinesterase?

¢) Is BOO-induced myopathy mediated by Ca®’ ie. can it be

pmevmtedbyreduei.rng(?a.2+ entry into the sarcoplasn?

d) Is ECO-induced myopathy nerve mediated and does it

require the integral involvement of the acetylcholine receptor
(AChR)?

e) How can EOO-imiuced myopoathy be prevented or treated in
the in vivo situvation?
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2.1 ANTMALS,

Male white mice weighing between 40 and 50g were supplied by
Bantin and Kingman Ltd. The mice were all exbreeders and, at
about 6 months of age, were no longer undergoing any

developmental physiological changes (Banker et al, 1982).

ECO was used as Phospholine iodide (supplied as eyedrops by

Ayerst Laboratories). A stock solution of 10”4-ECO was made by
adding 3.62m1 of the diluent (containing 0.5% chlorbutanol,
mannitol, boric acld and sodium phosphate) to 12.5mg of

phospholine (containing 40mg potassium acetate ie. a negligible
increase in the potassium concentration, of both the in wvivo
injection solution and the incubation mediunm in_vitro). The
resulting 10”“M-ECO solution was diluted 100-fold with distilled
vater to give a final 10 2M stock ECO solution. This stock
solution was stored at 6°C between experiments thus ensuring
minimal degradation.

The injection solution consisted of the 10 “M-EOO stock

solution plus 1.43x10 “M-atropine sulphate (in 0.9% sodium
chloride) and is henceforth rcferred to as ECO plus atropine.
Atropine was included in the B0 injection solution in order to
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minimise the muscarinic effects of BECO (Greb, 1956; Grob & Johns,
1058).

Mice were injected subcutaneously, between the shoulder
blades, with 0.1lml of ECO plus atropine per 20g body welght,

giving a final dose of ECO of BOOn‘.ﬁKg'l. However, mice used as

controls were injected with 0.1ml of atropine saline (1.43x10-M
"atropine sulrhate in 0.9% sodium chloride solution) per 20g body

Following injection of ECO, mice were killed by cervical
dislocation and were exanguinated. The rib cage was exposed and
whole diaphragms were removed and rinsed at room temperature in
physiological saline similar to that described by Idiley (1956) but

with an increased dextrose content of 26mM (recommended by

Krnjevio and Miledi, 1970). The modified Iileys saline (A2) is
referred to as normal Lileys saline throughout this study.

Hemidiaphragm preparations were then stained with Procion (2.8)
and for cholinesterase (ChE) (2.6) in order to assess the extent

of myopathy induced by BOO, using the Procion technique (2.7).

The technique was used to investigate the initiation and
early develoment of ECO-induced myopathy. ' o
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Phrenic nerve-dlaphragm preparations were dlssected
according to the technique of Bulbring (1946), in Ca-reduced
saline (A2), axd were bisected into left and right hemidiaphragms
by cutting through the central tendon. The preparations were
rinsed at room temperature in Ca-reduced saline and were then
stimulated with single pulses, in organ baths containing normal

Lileys saline at 57°C. In this wvay, tissue viabllity was
confirmed axd the resting tension of the preparation was adjusted
such that -ma.xima.l contractions were ellclited for each nerve
impulse. Having estshlished the optimum resting tension for each
preparation, the stimulation pattern was fixed at 6 pulses at S(Hz
every b seconds, and 500nM ECO was added to one bath; the
preparation within this bath represented the ECO-treated control
and was stimilated thus for 3 hours, the saline (containing 500nM
ECO) being rencwod approximately half way through the incubation
pericd. In the contralateral orgen hath 500nM ECO was added 10
minutes after a modification appropriate to the experiment
concerned had been made eg. replacement of normal Idleys saline by
Ca-reduced sgaline, cessation of nerve stimulation etc. In this
wvay, it was hoped that the muscle would have adjusted to its
modified conditions prior to exposure to BECO. The “experimental”
preparation was incubated thus for 3 hours, the relevant saline
being renewed approximately half way through the inocubation
— : . : . :
At the end of the incubation period allpreparations were
washed for 15 minutes in Ca-reduced saline in order to minimise
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muscle contraction which might otherwlse camplicate further tissue
processing for histology.

Finally, all preparations were stained with Procion (2.8)
and for ChE (2.6) in order to assess the extent of myopathy

induced by BCO, using the Procion technique (2.7).

2.5, THE IN VIVO/IN VITRO TRECHNIQUE. -

This technique wes devised to maintain as much consistency
as possible wlth the in vivo experiments, by minimising the
variation induced by different mm of administration of ECO.
Hence & more vlable comparison could be made with the results of
in vivo experiments. Consistency was maintained in:-

a) the magnitude of the dose of ECO administered.

b) the route of administration of BCO.

o) the time course of acetylcholinestersse (AChE)

inhihition.

However the importance of performing internal controls was
still recognised and enacted for all in vivo/in vitro experiments.
2.5.1. The procedure,

All mice were injected subcutaneously with ECO plus . atropine
for a given period, usually 30 minutes, before being killed.
Phrenic nerve hemidiaphragm preparations were dissected (Bulbring,
1048) in Ca-reduced saline (A2) and were then stimulated with
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single pulses, in organ baths containing normal Lileys saline at

37°C. Tissue viability was thus confirmed and the resting tension
of each preparation adjusted such that maximum contractions were
elicited. Once the optimum resting tension had been established,
the stimulation pattern was fixed at 6 impulses at 60 Hz every
seconds, and modifications pertinent to the experiment concerned
were made eg. normal Lileys sa.lihe was replaced by Ca-reduced
saline (chapter 8) or nerve stimulation was stopped (chapter 9)
eta.

In most experiments one hemldiaphragm acted as an ECO-
treated control, stimulated in normal Lileys saline (A2)
throughout the incubation perlod which ended 3 hours after the
time of the injection and was therefore of 2 hours 30 minutes
duration.

The respective salines were renewed approximately half way
through the incubation period and at the end of the incubation all
preparations were washed in Ca-reduced saline to minimise muscle
contraction that might otherwise complicate further tissue

processing for histology.
Finally, all preparations were stained with Procion and for

ChE (2.6) in order to assess the extent of myopathy induced by
B0, using the Procion technique (2.7).

N.B. In both the in vivo/in vitro and the in vitro
technques an exposure period to ECO of 3 hours was purposely
chosen since it is known to yleld a severe myopathy uncomplicated
by regeneration or phagocytosis (6.3.2.7 & 6.3.2.8) and is there-
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fore more accurately assessed using the Procion technique (2.7).

In both techniques all salines were maintained at 37°c throughout
the incubation pericd.

Fresh hemidiaphragms were pinned, via the costal margin of

the ribs and the central tendon, onto sheets of dental wax, with
slight stretching, keeping the fibres straight. They were then
incubated at room temperature for 60 mimutes in a 0.1% solution of
Proclon Yellow M{4R (ICI) in normel Idleys saline. ' The staining
solution shall be referred to simply as Proclon throughout this
study. The stalned hemidiaphragms were then washed for a total of
30 minuteé with three changes of normal ILileys saline and were
then fixed for approximately 60 minutes in 4% formaldehyde in
0.1M-acetate buffer at pH 4.0.

2.6.1.1. Cholinesterase staining:- the localisation of endplates.

Procion-stained, fixed hemidiaphragms were trimmed from the
ribs and were then incubated, at room temperature, in a solution
shown by Karnovsy and Roots (1964) to stain ChE (A3). Staining
took approximately 60-90 mimutes for untreated preparations, the
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endplates finally appearing as patches of brown stain. The
preparations were then washed in distilled water, trimmed and
mounted in glycerol jelly onto microscope slides. They were
viewed by incident ultraviolet light using a Zelss fluorescence
microscope.

Photographs were token of the preparations using an Olympus
PM-6 camera and elther colour reversal film, corrected for
tungsten 11llumination for slides, or colour negative film with a
blue filter for prints.

A morphometric point counting technique was used to quantify
the extent of Procion staining in hemidiaphregm preparations:- an

eyeplece graticule (0.6206%) of 121 points (the intersections of
an 11x11 grid) was placed at regular ficlds of view over each
hemldiaphragm preparation. Fields wére selected using a ’sta.ge
micrometer to advance lmm across the tissue such that the space
between consecutive ficlds measured 0.Z8&m (figure 2.1). For each
field a count was made of the mumber of points overlying Proclon-
stained regions of the preparation. This number, x, was expressed
asapaomtageofﬂmtotalmmberofpomtsonthégrid.

- A total of approximately 12000 points were counted for each
preparation (sbout 100 fields). The value for the overall %
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Figure 2.1 The positioning of the eyepiece graticule over hemi-
diaphragm preparations in order for an estimate to be made of the

% Procion staining at the junctional and nonjunctional regions.
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Proclon staining of a particular preparation was the arithmetic
mean of the % Procion staining of all the fields counted.

A comparison was made between the % Procion staining in the
Junctional and nonjunctional regions by estimating separately the
% Procion points for each region, any field containing one or more
endplates being assigned to the junctional region. Results were
expressed as the % Procion points at the Junctiona;l and non-
Junctional regions respectively.

Fresh hemidiaphragms were pinned out taut throughthe.irriﬁs
and the central tendon onto sheets of dental wax, and were fixed
thus overnight in a solution of 5% glutaraldehyde (EDH-Aristar
grade) in 0.1 phosphate buffer, pu 7.4. The fixed hemidiaphragms
vere then washed in three changes of O.1M-phosphate buffer, [iY.4,
for a total of 30 mimutes. h -'

A strip of tissue running pn-a.nél to the me fibres was
removed such that muscle filres were kept intact. A second strip
of tissue encompassing the intramuscular branch of the phrenio
nerve was also removed. It was assumed that most of the endplates
within the hemidiaphragm were contained in this strip. Each strip
was then post-fixed in 1% osmium tetroxide in 0.1M phosphate
buffer for 1-2 hours and was then dehydrated through graded
concentrations of alcchol (B60%, 70%, 90% and absolute). At each
stage two changes of alcohol were used and the tissues were
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immersed in each for 15 minutes. Following dehydration the
tissues were rinsed in two 5 mimute changes of propylene oxide and
were then steeped for 30 minutes in a 1:1 mixture of propylene
oxide and araldite (A4). Finally, the tissues were left overnight

in fresh araldite which was polymerised by heating to 60°C for 24
hours (A4). |

- ! . . T Lt

Tissue sections were cut from the araldite blocks using
glass knives cn & Reichert G U4 ultremicrotome. Survey semithin
sections of 1n thickness were cut first and were floated on a drop
of distilled water on a clean glass microscope slide. The slide

vas then placed onto a hotplate-at 600C and the sections were
allowed to dry onto the slide. Sections were stained for
approudnateiﬁ' 10 seoo:ﬂs with a solution of 1% Toluldine Blue:l%
borax in distilled water. The stain was rinsed from the slide
with distilled vater and the secticns were dried on the hotpla.te
before inspection with the light mic.rosoope If these sections
appeared suitable, ultrathin sections were out and prepared for
electron microscopy. Ultrathin sectioias were cut at aj:prmdmtely
60-70 mn thickness and vere mountod on Athene new copper grids.
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2.8.2. Stalning of ultrathin sections.

The ultrathin sections vere stained, on the copper grids, in
two stages:- |

2.8.2.1. Staining with uranyl acetate.

1) A sheet of Parafilm was placed in a petridish.

2) For every grid to be stained, ane drop of 30% uranyl
acetate in methanol (A3) was placed on the parafilm. .

3) Grids were immersed in the stain for 5 mimtes. _.

4) Grids were briefly rinéed in each of 100%, 50% and
5% solutions of methanol.

5) The grids were dried carefully on filter paper.

2.8.2.2. Staining with lead citrate.

1) Asheet'ofparafﬂmwasphoedina.petridish. |
2) For each grid to be stained, one drop of lead
citrate solution (A3) was placed on the parafilm.
3) Grids were immersed in the stain for 5 mimtes.
4) Grids vere briefly rinsed in four changes of
distilled water.
~ * B) "The grids were dried carefully and stored.

The stained sections were inspected on a Jeol 1200 EX
electron microscope using an accelaration voltage of 80kV.
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Photographs were taken on film which was developed in D19

(Kodak developer) for 4 mimites at 20 °C before being washed in

tap water for 20 minutes at 20°C and subsequently dried.

Calcium accumulation at the junctional region of the
diaphragm was assumed to be represented by the difference in the
calcium contents of the junctional and nonjunctional regions

(adjusted for weight), the difference being negligjhle in control
preparations (6.3).

Hemidiaphragms, still attatched to their ribs were washed

for 15 mimites in Ca-reduced saline to reduce extracellular Ca.zf
A 15 mimite wash was considered sufficient to reduce extracellular

Ca2+ since indireot muscle twitch stops within 5-10 minutes of
exposure to Ca-reduced saline (8.2.2.1). The washed hemi-
diaphragms were pinned onto sheets of dental wax via the costal
margin and the central tendon such that their fibres were straight
and not plerced by the pins. They were then dehydrated in three
changes of acetone (ETH AristaR) for a minimm total period of 60



minutes. The ribs, tendons and cut edges were removed from the
hemidiaphragms, viewed beneath a dlssection microscope. With
appropriate illumination the intramuscular nerve could be seen
traversing the hemidiaphragm approximately perpendicular to the
axis of the muscle fibres. Assoclated with thls nerve is the
Junctional region of the muscle, which, in damaged preparations
was clearly visible as a shadow surrounding the nerve. By
incising as close as possible elther side of thls area the
Junotional region of each hemidiaphragm was removed as a strip,
appraximately 2m wide, leaving the two nonjunctional strips.

Acetone was a.ilowed to evaporate £rom‘the junotiona.l- and
mnjundtiona.l strips which were then welghed sepa.ra.ﬁely and
digested overnight in 0.1ml of 10M-HCL (EDH-AristaR- grade) in
conical bottomed polystyrene vials. The resulting solutions were
evaporated in a fume cupboard using & laboratory hotplate and the
residues were then redissolved in 0.8ml of a 0.1% solution of
lanthamm chloride (BDH AristaR- grade) in 0.1X HCL.

The samples were assayed using a Perkin Elmer atomic
absorption spectrophotometer against a blank of 0.1% lanthanum
chloride in 0.1M-HCl. The spectrophotometer was previously

calibrated using Ca®' standards of 1 end 4 parts per million (ppm)
(table 2.1). |

'N.B. Whilst the technique measures ionised calcium (Ca='), much
of this calcium may have been bound prior to digestion of the
tissue in HCl (plus lanthanum chloride). The results therefore
reflect the total calcium content of the tissues concerned.
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Table 2.1 Composition of the calcium standards used to calibrate

the atomic absorption spectrophotometer.

Standards
4ppm ° 1ppm
Blank oomL 5mL
1072 calcium chloride . ml -
4ppm standard - 5ml

Readings of the ca®* concentration of the samples were in

parts per million (ppm) and were canverted into a measure of the

total calcium content of the tissues (nmolmg-l) using the
following equation:-

calcium content (nmolmg * tissue) = o o g"t"o’f‘ <

25 = omolml™" equivalent of lpm CaCl,.

V = Total sample volume (0.8ml).

X = Ca®* concentration (ppm) of the sample as read from the
spectrophotometer.

Hence the calcium contents of both the junctional and

nonjunctional regions were fourd.
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The calcium accumulation at the jJunctional region of the
diaphragm was calculated using the following formula:-

calcium accumilation at the junctional region = -7 ;e.igm;

Jwt = dry weight of the junctiomal strip.

.d = calciun content of 1mg of junctiomal region
(xmols.mg™)

NJ = calcium content of lmg of nonjunctional region
(zmolsmg™)

Total weight = combined dry weight of the junctional and non-
Junoctional regions (mg). |

Hence the final results were expressed as the accumilation

of calcium at the junctional reglon of the diaphragm (rmolmg 1).
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2.10 ASSAY OF SERUM CREATINE KINASE (CK)

Mice were anaesthetised with 2% Halothane in a 50:50 mixture
of nitrous oxide and axygen. The femoral artery was exposed and
severed taking particular care not to damage the surrounding
muscle. = Approximately lml of blood was collected using a
polystyrene syringe, without anticoagulant. The blood was placed
into an Eppendorf tubc and the mouse was then killed by cervical
dislocation whilst anaesthetised. VWithin 4 hours of collection

the blood was spun at 12,000¢ for 2 minutes. The serum was

removed and stored at 4°C in the dark (Paterson & Lawrence, 1972).
The assay 1tself was usually performed on the day of blood

collection.

CK was assayed in the serum using a modification (Rosalki,

1967) of the technique devised by Oliver (1955) and sold as a
Sigma 48 UV CK assay kit.
The kit contains:- |

Reagent A:- ADP, NADP, creatine phosphate, AMP 'N—a.betyl
oysteine, hexokinase »>24U (yeast), glucose-8-phosphate
dehydrogenase »14U (yeast), ethylenediaminetetraacetic acid,
diadenosine pentaphosphate, stabllisers.

Reagent B:- D-glucose in imidazole buffer, magnesium ions and
sodium azide.

The principal of the assay is the phosphorylation of
adenosine diphosphate (ADP) by CK to produce creatine and

-49—



adenosine triphosphate (ATP), creatine phosphate serving as the
phosphate donor.

ADP + creatine phosphate —o~—3 creatine + ATP

The auxiliary enzyme, hexokinase (HK) catalyses glucose
phosphorylation to produce glucose-6-phosphate (G-6-P) and ADP,
" ATP serving &s the phosphate donor.

ATP + glucose —=> ADP + G-6-P

Glucose-6-phosphate is then oxddised to 6~ph05pho§lucona.te
with the conconittant production of nicotinamide adenine

dimucleotide phosphate (reduced form:- NADPH).

G-6-P + NADP -O°P dehydrogenase, g oornogluconate + NADPH + HY

Thus the rate of NADPH formation, measured at 340mm is
directly proportional to the CX activity of the serum sample.

' The Beckman Acta V spectrophotometer with attached chart
recorder was used for all CK assays and the change in absorbance
' abserved at 340m. | |

Prelininary experiments showed that BECO itself, vhen added
to the Teaction mixture, did not affect NADPH formation in any way



2.10.1 The procedure,

A mamual procedure for measuring the rate of NADPH formation
was used:-

Using the reagents supplied in the Sigma 46-UV (X assay kit,
6.5m1 of Reagent B was added to Reagent A and the resulting
solution was mixed until Reagent A had dissolved. 3ml of this
reaction mixture was pipetted into two glass cuvettes of lcm light

path and warmed to 30°C in a preheated cuvette stand. Two
separate cuvettes, containing distilled water, were placed in the
water-jacketed cuvette holders of the spectrophotometer, one in
the path of the reference beam and the other (the blank), in the
path of the cample beam .

Once the reaction mixtures had reached BOUC the assays were
begun: - |

At the begining of each assay the speotrophotometer was
zeroed using the distilled water blank. _

A cuvette containing prewarmed reaction mixture was then
placed in the constant temperature compartment of the
spectrophotometer in the path of the sample beam. A steady
reading of the absorbance of this solution was obtained before
50ul of a sample (serum) was added. The reaction mixture, plus
sample were mixed using a plastic rod. The rate of NADPH
production was measured as the increase in absorbance (8A) of the
reaction mixture with time and was recorded on the chart recorder
using a chart speed of 1.5 inches/6 mimites.
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Following each assay the temperature of the reaction mixture
was checked using a mercury thermometer.

Having obtalned a mean value for the rate of increase in
absorbtion over a 5 mimte period (AA/Bmin) the following equation

was used to calculate the CX aotivity' @wu) of the serun samples,
where one international unit, U, of enzyme is capable of

converting one 1mol of substrate per mimute:

-1y _  AA/Bmn x V X 1000 x TCF
m_(UL ) 6.22xVvx5b

V = total reaction volume (3.05ml)

~

1000 = conversion of activity ml ™t to activity L >

TCF = temperature correction factor (ICF at 30°C = 1)

v = volume of sample (50ul)
* B = conversion of AA/Emin to AA/min.-
6.22 = absorption coefficlent of CK

Providing that the recommended volumes arc used, the
equation may be abbreviated to:

K (UL~l) = AA/Bmin x 2000 x TCF

The final results of serum CK levels were expressedinUL'l.



Diaphragms were removed from mice, and were separated into
hemidiaphragns (2.3). Each hemidiaphragm was trimmed parallel to
the aligment of fibres, minimising the number of cells damaged
and therefore leakage of intracellular enzymes. Both hemi-
diaphragms were blotted dry and the fat plus connective tissue
wvere removed. Under alppro;pﬂa.ﬁe 111umination the intramscular
nerve could be seen traversing each hemidiaphragm approximately
perpendicular to the axis of the muscle fibres. Working quickly
to minimise enzyme leakage, a strip of tissue, approximately 2mm
elther side of the nerve, was removed fram each hemidiaphragm.
These *junctional* strips were weighed wet then homogenised in Eml
of ice cold 0.1M-KC1l (BDH AnalaR), using a Tri-R Stir-R
homogeniser at position 8.

For each hemidiaphragm one nonjunoticnal strip had to be
removed from the ribs before all four nonjunctional regions of the
whole diaphragm could be combined, weighed wet and homogenised in
8ml of O.1M-KCl. ' ' '

The homogenates of the junctional and nonjunoticnal regions
were spun separately at 20,000 rpm for 30 mimutes in a Beclanan J2-
21 centrifuge. The supernatants were removed and kept on ice
vhilst the pellets were vashed in 5ul 0.1M-KC1. Supernatants from
the second spin were cambined with those from the first, and the
resulting solutions were dJJ.uted 10 fold with O.1M-RCl. Aliquots
of B0ul were assayed for CK using the Sigma 46-UV CX assay kit.
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Having obtained the values for the rate of change in absorption
(AA/5min) for each sample, the (X activities of the whole super-
natant fractions were calculated using the following equation:

-1 AA/Smin x V x 100 x TCF
CX (U supernatant °) = G.22xvxB

V = total reaction volume (3.05ml)

Y00 = oot of activity AL Y 5 ackivity of t5a Botal
supernatant (100ml) ie. the activity of the tissue.
TCF = temperature correction factor
v = volume of sample (50ul)
B = conversion of AA/5 min toHA/min.
8.22 = absorption coefficient of X ..

The equation gives a value of the total (X activity existing
in each tissue preparation. In order to calculate the enzyme
activity per mg tissue this value was divided by the total wet
weight of the tissue concerned. The overall equation becomes:-

X (Ung ‘tissue) LSOSMD I XA 2 vet wt.of tissue(ng)

Hence the final results were expressed in Ung'l tissue for
both the junctional and nonjunctional regions of the diaphragm.



The technique used is based on that of Ellman et al (1961)

and is quick, simple and economical to use. ChE activity is
measured by following the increase in absorbtion which occurs
when thiocholine reacts with the dithiobisnitrobenzoate ion (DINB)

acetylthiocholine ~OLINESTETASE w4y ocholine + acetate

thiocholine + DINB >yellow colour

The change in absorbtion is measured at 412nm and the
reaction with the thiol has been shown to be sufficiently rapid so
as not to be rate limiting (Ellman et al., 1961). .The main
disadvantage of the technique of Ellman et al, is that it lacks
specificity where both AChE and pseudocholinesterase (BuChE) are
present. In the present study this has been overcome by the use
of ethopropazine, a specific inhibitor of BuChE. Ethopropazine
had previously been shown to inhibit diaphragm BuChE by 100% and
diaphragm AChE by only 20% (S.Das personal communication). . .
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Mice were anaesthetised and 0.1ml of blood was obtained from
the femoral artery (2.10). The blood was mixed with 18ml of
phosphate buffer, pi 8.0 (A5), plus 2ul of 1M-ethopropazine (ie.

to give a final ethopropazine concentration of 1x10~ % as
recommended by Silver (1976) for the complete inhibition of
BuChE). The blood solution was kept on ice until the assay was
performed.

2.12.1.2. Diaphragm.

Mice were killed following the removal of blood and whilst
still anaesthetised. The diaphragn was removed and cut into
hemidiaphragms. One hemidiaphragm was prepared for assay of AChE
as follows:- '

Fat and connective tissue were removed from the hemi-
diaphragm which was then trimmed parallel to the axis of the
muscle fibres. The muscle was blotted dry, welghed then
homogenised in 2ml of ice cold 0.1M phosphate buffer, pH 8.0 (AS5)
for 1 mimute using a TRI-R STIR-R K41 homogeniser set at position
8. Phosphate buffer pH 8.0 (A5) (2ml) was then added to the
homogenate in a specimen tube, and kept on ice. . The homogenate

was sonicated on ice for 30 seconds, using a Soniprep 150
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sonicator at medium frequency and position 5, and was then poured
into a centrifuge tube. The specimen tube was rinsed out with lml
of a BO% mixture of phosphate buffer, pH 8.0 (AS), and 1.0M-
ethopropazine, which was then added to the centrifuge tube. The

0.5ml of ethoproyazi:ie gives a final concentration of 1x10_4‘M
ethopropazine (ie that recommended by Silver (1974) for the
complete inhibition of BuChE). The sonicate (now of total volume

Bml) was spun at 3000rpm for 15 mimtes at 4°C using a Beckman J2-
21 centrifuge in order to remove the comneotive tissue fragments
from the solution. The resulting supernatant was kept on ice

until the assay was performed.

Using the method of Ellman et al (1061) two blark reactions
must be subtracted from the test reaction. The first blank, the
substrate blank, corrects for the spontaneous hydrolysis of the
substrate in the absence of the enzyme: The blank value for each
new substrate solution must be determined before it 1s used. The
second blank, the tissue blank corrects for any reaction of ‘the
thiol groups in the tissue with DINB, in the absence of the
substrate: This must be determined for every tissue sample
assayed and it is run alongside the sample assay.

In the present study,; a Pye Unicam spectrophotometer, with
attatched chart recorder was used. It was set up to assay in

duplicate, at a fixed wavelength of 412m and at 30°C. In this
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way readings of absorbance were recorded for each sample against
its blank, at one mimte intervals, and the rate of the absorbance

change (AA) with time was followed.

2.12.2.1. The substrate blank.

Four 10ml test tubes were placed in a waterbath at 30°C. To
each tube 1lml of phosphate buffer, pH 8.0 (A5) was added plus 1ml
DINB (A5). 1ml of substrate (acetylthiocholine: AB) was then
added to two of the tubes (the test samples) and lml of distilled
water was added to the two remaining (reference) tubes. The
contents of each tube were mixed rapidly and poured into separate
transparent, plastic cuvettes. The two test cuvettes and the two
reference cuvettes were placed in the spectrophotameter sample and
reference beams respectively. The change in absorbtion of the
substrate blanks was monitored for 10 mimtes at 412mm.

2.12.2.2. Test sample and tissue blarnk,

Each sample was assayed at SDOC. in duplicate, with
correspdnding duplicate tissue blanks. Each of 4 test tubes
contained a sample volume of 1lml, plus 1lml DINB soiution ‘(AB).
Into two of the tubes (the tissue blanks) lml of distilled water
was added, and into each of the two remaining tubes (the test
samples) lml of acetylthiocholine (AS) was added. The contents of
each tube were mixed for a few seconds and poured into separate
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cuvettes. Each test sample was read against its corresponding
tissue blank for approximately 10 minutes, or until a sultable
muber of absorbance readings had been recorded.

2.12.3, Calculations.
2.12.3.1. Substrate bhlank.

The rate of increase in absorbtion was obtained from the
slope of the record produced. First and last readings were
omnitted fromrthe neasurements, minimising distortion of the
results by equilibration of the reaction temperature after
substrate addltion, or by slowing of the reaction due to raplid -
hydrolysis of the substrate.

In the present ‘study the average change in absorbance for

the substrate blank was approximately 0.001 absorbance units per
mimte.

2.12.3.2. Test sample and tissue hlank.

For each sample, the rate of increase in absorbance was

obtained from the slope of the record produced. Again the first
and last readings were ignored.
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2.12.3.3. Conversion of absorbance units to enzyme units.

The calculation was performed using the following

expression:-

Af/min 4 . XL

Total N° ym ASCh hydrolysed =<4 =) -

ASCh = Acetyl thiocholine (substrate).
AA/min = change in absorbance per mimte.
umol = umolar extinction coefficient of DINB at 412rm

(13.6mmolnl ™).
1 = path length of cell, lcm.
V = volume of cuvette.
v = sample volume.

2.12.3.4. Calculation for whole hlood determination.

ASCh hydrolysed = S80S 5 3 x 5 x 200 umolnin wl ™ Hlood.

3 = volume of cuvette, V.

1
200 = olume of blood used in assay (6ul or 0.005ml)

-850—



The equation may be abreviated to:-

AA/mi 14 18 1 1_1]-1]3::3

2.12.3.5. Calculation for the hemidiaphragm determination.
a) MRS - 5 (3,9 .0 [ o T
Ascnhyd:olyseq-—%%nxlx conc. Of homogenate umolmin “mg
3 = volume of- cuvette.

cono. of homogenate - UEU-WELEL OF BTG g -1

1000 = conversion of ] to mi:

The equation may be abbreviated to:-

220.89 D ey |
44/min x concentration of homogenate Imclain “ug
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3,1 INTRODUCTION,

It has been reported (Ferry, personal cammnication) that an
acute injection of ECO induces myopathy in skeletal muscle of
mice. An experiment was designed to answer the following
questions:-

a) Does BOO induce myopathy in the diaphragm of mice, and if
50, is it located largely at the junctional region of the muscle,
as would have been expected from its anticholinesterase reaction?

b) Can the extent of ECO-induced myopathy be adequately
measured using the Procion technique (2.7)?

c) Is the myopathy associated with elevation of 1Ca®" amd
serum CK? Can these parameters be used as adequate measures of
the extent of myopathy induced in the diaphragm?

d) How does the myopathy progress with time following ECO
administration; assessed using the Procion technique, measurement
of serum (X activity and of calcium accumlation at the junctional
region of the diaphragm?

e) V¥hat is the sequence of events associated with the
myopathy induced in the diaphragms of mice following an injection
of BOO?
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3.2 TXPERIMENTAL DESTGN,

i

The effect of ECO on mice was observed at various times
following its administration in vivo (20mins, 30mins, lhr, 2hr,
chr, 6hr, 12hr, 24hr, 48hr, 72hr).

Each group contained at least five mice and was injected
with B0 plus atropine (2.2). Another group was administered
atropine only (2.2) and acted as a control. At the appropriate
times mice were anaesthetised and blood was obtained from the
femoral artery for analysis of serum CX (2.10). Mice were killed
vwhilst anaesthetised, their diaphragms were removed and cut into
left and right hemidiaphragms (2.3). For each mouse, one
hemidiaphragm was assayed for caloium accunulation at its
Junctional region (2.9), whilst the other was stained with Procion
and assessed for myopathy using the Procion technique (2.7).
Selection of the left and right hemldiaphragms for the two
procedures was alternate.

The histology of the stained hemidiaphragms was studied,

then photographed in both ultraviolet and tungsten lights using a
fluoresence microscope: Proclon-stained myopathlo reglons were

easily recognised as hright yellow fluorescing areas. .
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$.9 RESULTS AND DISCUSSTQN.

The acute administration of ECO caused severe cholinergic
symptoms in mice, most noticeably, atasda and overall body tremor,
the result of spontaneocus fasiculations within individual muscles.
These peripheral motor effects began within 15 minutes of the
intoxdcation, were maximal for approximately 2 hours and then

declined gradually, dissappearing within 6 hours of ECO
administration.

8.8.1. Histological examination of hemidiaphregms.

Hemidiaphragms from atroplne-treated control mice consisted
of muscle filres alligned in parallel wlth cne another along their
longitudinal axes (plate 3.1). The fibres displayed the normal
transverse striations representative of the regular sarcomere
structure pertaining to skeletal muscle (Huxley & Hanson, 1960),
with exdplates being recognised as patches of brown stain, usually
approximately half way along the length of the fibres (plate 3.1).
When viewed with ultraviolet light some fibres possessed a green
autofluorescence (plate 3.1), which, as yet, remains unexplained.
None of the fibres fluoresced yellow (plate 3.1), implying lack of-
Procion penetration, although Proclon did stain the central tendon
of the diaphragm plus the connective tissue between and enveloping
the muscle fibres.

Following administration of ECO, the earliest sign of
arnormality was the appearance of a swollen endplate region in
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Plate 3.1. Control hemidiaphragm preparation (x125): viewed with
ultraviolet 1light. The muscle fibres run parallel to each other
and may fluoresce green. Endplates are represented by patches of
brown stain. Procion has stained connective tlssue but has not
penetrated the fibres themselves.
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Plate 3.2. Hemidiaphragm preparation 20 minutes after ECO
adninistration in vivo (x125): viewed with tungsten light.

Procion has stained the connective tissue but has not

penetrated the muscle fibres themselves.
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Plate 3.3. Hemldlaphragm preparation 20 minutes after ECO
administration in vivo (x125): viewed with incident ultraviolet
light. Proclon has stained the connectlve tlssue but has not
penetrated the muscle fibres themselves.



some muscle fibres within 20 minutes (plate 3.2) although most
flbres remained uvnaffected. Only the comnective tissue components
of the muscles stained with Proclon, the fibres remaining
impenetrable, and often fluoreseing green (plate 3.3).

As the duration of exposure to ECO inoreased, hyper-
contracted reglons appeared in muscle fibres, at and close to
their endplate reglons (plate 3.4). The hypercontraoctions,
usually stained with Proclon, appeared as falrly symmetrical
bulging of the fibre often encroaching onto neighbouring fibres
(plate 3.4). Within hypercontracted regions the spacing between
cross-striations was reduced.

Following longer exposurc to ECO the frequency and
severity of the hypercontractions increased, sometimes detatching
conmpletely from the rest of the muscle fibre (as contraction
clumps) (plate 3.5). Often hypercontractions occured in chains
along the length of an individual fibre (plate 3.7) and, within an
individual contraction clump cross-striations sometimes were not
recognisable due to the intensity of the contraction.
" Hypercontractions were usually stained with Procion but a small
mumber, particularly at the earlier times after BCO administration
were not (plate 3.8). The spread of hypercontractions and
contraction clumps, even in the absence of Proclon-staining, is
one indicator of the spread of ECO-induced myopathy.

Procion staining of muscle fibres was first noticed in
hemidiaphragns of mice 30 mimutes after BCO administration and was
restricted to the small number of hypercontractions present at
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Plate 3.4. IHemidiaphragm preparation 30 minutes after ECO

administration ln vivo (x125): viewed with incident ultraviolet
light. Notlce the appearance of hypercontractions within some
muscle fibres. Most of the hypercontractions are stained with
Procion and fluoresce yellow (Y).
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Plate 3.5. Hemlidlaphragm preparation 1 hour after ECO
administration In vivo (x125): viewed with incident ultraviolet
light. Most hypercontractions fluoresce yellow (¥), but some are
unstained by Procion and fluoresce green (G). Some contractions
are g0 intense that they have broken away from the rest of the
fibre, forming contraction clumps (Cc’s) Hypercontractions and
Procion stalning are more extensive than at 30 mimutes after ECO
(plate 3.4).
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Plate 3.6. Hemldlaphragm preparation 3 hours after ECO
administration in vivo (x125): viewed with incident ultraviolet

light. Hypercontractions and Procion staining are more extensive
than at 1 hour after EQO (plate 3.5).



this time (plate 3.4). At longer times after ECO administration
Procion penetrated the muscle fibres between hypercontractions,
and the overall degree of Prcclon staining increased. Some fibres
lost their cross-striations and appeared gramilar.

The extent of Procion staining and the frequency of hyper-
contractions both appeared to be maximal approximately 6-12 hours
after BOO administration, at which time, several endplate regions
had lost their striations, appearing gramlar : plates 3.3, 3.4
3.8, 3.6, 3.7 and 3.8 represent hemldiaphragm preparations at
times 20 mimutes, 30 mimutes, 1, 3, 6, and 12 hours respectively,
after BCO. At no time were the extrajunctional regions of the
diaphragm severely affected by ECO, and although the mumber of
fibres exhibiting damage increased wilth time, there was always a
large proportion of unaffescted fibres.

Following the occurence of maximal myopathy at 6-12 hour
after ECO, a decrease in both Procion staining and the frequency
of hypercontré.otions was observed. Plate 3.9 represents a
Procion-stainod hemidisphragm 24 hours after EQO administration.
Minimal amounts of Procion staining and hypercontraction were
regained within 48 hours of the ECO injection (plate 3.10) despite
the persistant loss of striations at the endplate reglons of the
fibres concerned. Apparent morphological normality was not
acheived until 72 hours after the intoxication (plate 3.11).
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Plate 3.7. Hemidiaphragm preparation 8 hours after ECO
administration in vivo (x125): viewed with incident ultraviolet
light. Hypercontractions and Proclon stalning are more extensive
than at 3 hours after ECO (plate 3.6), the contractions often
occurring in chains within the length of individual muscle fibres
.
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Plate 3.8. Hemldliaphragm preparation 12 hours after ECO
administration in vivo (x125): viewed with incident ultraviolet
light. Proclon staining and hypercontractilons are more extensive
than at 6 hours after ECO administration (plate 3.7).
Hypercontractions tend to exist in chains within individual muscle
fibres.
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Plate 3.9. Henmidlaphragm preparation 24 hours after ECO
administration in vivo (x128): viewed with incident ultraviolet
light. The extent of Procion staining and the frequency of
hypercontractions have decreased with respect to that observed in
preparations 12 hours after BCO administration.
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Plate 3.10. Hemldiaphragm preparation 48 hours after ECO
administration in vivo (x125): viewed with incident ultraviolet
light. Proclon staining is minimal and hypercontractions are
infrequent. Procion staining is largely of the connective tissue
within the preparation.

77—



Plate 3.11. Hemidiaphragm preparation 72 hours after ECO
administration in vivo (x125): viewed with incident ultraviolet
light. There 1s no Proclon staining and no hypercontractions

within muscle filbres.

-78-



Table 3.1 shows that Procion staining at the junctional
reglon of the dlaphragm did not increase significantly until 30
minutes after ECO administration (P<0.01), implying that the
sarcolemmal membranes of the muscle fibres remained intact until
this time. However % Proclon staining at the nonjunctional region
did not increase significantly until 6 hours after ECO (P<0.001:
table 3.1), and was never extensive throughout the development of
myopathy (figure 3.1). This suggests elther that the sarcolemma
in the nonjunotional region did not became permeable to Procion
until 6 hours after BCO administration, or that, within this 6
hour pericd, the Procion that had entered at the junctional region
had diffused from its site of entry into the nonjunctional region
of the diaphragm. The former of these suggestions is thought to
be more likely since Proclon stalns by binding to intracellular
proteins (Bradley & Fulthorpe, 1978) and is therefore unlikely to
diffuse far from its point of entry. Whichever hypothesis is
correot however, the % Procion results of’ the present study
confirm the histological obscrvations that ECO-induced myopathy
was initiated at the junctional region of the diaphragm.

Once Procion staining had begun at the Jjunctional region of
the diaphragm it increased quite rapidly with increasing time
after BOO administration (figure 3.1). This progressive increase
in % Procion staining was shown to be highly significant using the
analysis of variance (P«0.001). The more gradual increase in %
Procion at the nonjunctional region (figure 3.1) was also
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Table 3.1.- % Procion staining of the diaphragm (junctional and

nonjunctional reglons) at various times after ECO administration

In vivo:~ the results represent the mean + standard error of at
least 5 values.

% Proclon staining
Junctional nonjunctional

Control 0.29 + 0.21 0.67 + 0.42
20 mins. 0.04 + 0.04 0.03 + 0.02
30 mins. ** 1.65 £ 0.62 0.08 + 0.03
1 hr. *s¢ .37 2+ 1.60 0.7 + 0.47
2 hr. **x 8.68 £ 2.50 2.85 + 1.30
3 hr. **+ 10.10 £ 5.22 2.08 £ 1.01

6 hr. ses 3.70 + 4.33 Q.70 + 0,81 **=
12 hr. *s% 27.80 £ 7.08 3.43 + 1.38 *%*
24 hr. s2¢ 5.67 + 2.10 0.36 + 0.20

48 hr. 0.64 +£ 0.50 0.44 + 0.04
« 723 hr. . 0.08 + 0.05 0.44 + 0.04

*xx aryl ** indicate results that are significantly different from
those of the control group at the 0.1% and 1% levels respectively,
using Students-unpaired-"t“-test.

Further statistical analysis of the data was performed using the
analysis of variance.
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Figure 3.1. % Proclon staining at the junctional and nonjunctional

regions of the dlaphragm at various times after BECO administration

in vivo:- the results represent the mean + standard error of at
least 5 experiments.

% Procion
a2r

28~

Junctional region

24 |- Non junctional region

20—
16

12

] 1 1 % 1 Jf\l——%
24 i 48 72

4 5 6 ’ 12 T
Time (hours) after Ecothiopate administration

Control 1

*5*. ** indicate results which are significantly
different from the control group, at the 0.1% and
1% levels respectlvely.

-



significant (P<0.05) using analysis of variance. Finally,
following the maximum % Procion staining at approximately 6-12
hours after ECO administration (for both the junctional and the
nonjunctional regions: table 3.1) a rapld decrease was observed,
regaining control levels within 48 hours (figure 3.1). Possibly,
regenerative/repalr processes had started during the plateau phase
of myopathy, apparent normal muscle morphometry, -at the light
microscope level, being regained within 72 hours (plate 3.11).

Procion is a water soluble fluorescent dye known to
penetrate axd stain necrotic muscle fibres which might exist in an
otherwise healthy tissue. It is a small molecule (MWt 500
daltons: Bennet et al., 1869) which will not penetrate intact,
live myocytes (Bradley and Fulthorpe, 1978). Proclion stains by
binding to intracellular proteins and may be used on living or
fixed tissues, in vivo or in vitro (Bradley and Fulthorpe, 1978):
It has frequently been used in the vital tracing of neurons
(Stretton and Kravitz, 1068; Payton, 1969) after intracellular
injection.

The Procion technique (2.7) was used to quantify- BOO-induced
myopathy, which progressed with time reachlng a maximum at
approximately 6-12 hours following intoxication (figure 3.1).
However, the fact that % Procion stalning had decreased

substantially by 24 hours, when structural ebnormality (ie. loss

¢
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of cross-striations) was still prevalent in the diaphragm, does
cast some doubt on the validity of the technique.

It is possible that by 24 hours, some {ibres had reached such
a gro;ss stage of damage that very little proteln structure
remained onto which the Proclon could bind. Hence the stain would
have entered the fibres but would have subsequently been washed
out. Certainly the ultrastructural analysls performed, at a later
stage in the present study (6.3.1), did confirm complete loss of
sarcameric structure in several fibres at the later stages. of
myopathy development. Alternatively, it has been suggested that
most cell membranes have turnover rates of 24-48 hours (Finean et
al., 1978; Siekevitz, 1972): if sarcolemmal repair occurred in
the ECO-treated diaphragm within 24-48 hours, Procion may
thereafter have been denled entry into necrotic filres. Again,
ultrastructural evidence, in the present study, confirms fibre
regeneration within 48 hours of BOO edministration (6.3.2).

Hence, at the later stages of myopathy, the Procion technique
is a useful measure only of the pe:'meab;\_'lity of the sarcolemmal
membranes of muscle fibres comprising the diaphragm. At the
earlier stages of myopathy (0-6 hours), it 1s presumed that the
Procion technique provides a better estimate of the degree of
myopathy.

Another drawback of the Procion technique is its tendency to
underestimate extensive myopathy. Underestimation may result from
the overlap of two or more damaged, Procion-stained fibres such
that only one would be recorded by the technique. This probably
occurs less in slightly damaged muscles, but more frequently in
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extensively myopathic tissues. Therefore, the more extensive the
myopathy, th_e greater the likelihood that it will be under-
estimated by the Procion technique. However, the problem of
underestimation i1s not considered to be detrimental to the present
study, and if corrected for,. would infact enhance the significant
differences in the myopathy index between the va.rioﬁs times after
ECO. It is not consldered likely that Procion itself induces
myopathy in the diaphragm, during the 1 hour incubation period,
since the muscle fibres of control hemidiaphragm preparations,
untreated with BCO, were unstained by Proclen and were apparently

undamaged.
3.3.4, Serum creatine kinase (CK) activity

Table 3.2 shows that, accompanylng the development of
myopathy in the diaphragm, after BOO edministration, there was a
progressive, but slightly delayod elevation of serum CK activity
which reached a maximum approximately 6 hours after the
intoxication. The progression was shown to be highly significant
(P<0.001) by the analysis of variance although serum CK activity
was not significantly greater than that in control mice until 1
hour after BCO administration (P<0.00l:table 3.2) ie. later than
the first significant uptake of Proclon at the junotiom.‘.}. region
of the diaphragm at Z0 minutes (table 3.2). The cbserved delay in
elevation of serum CK activity with respect to Procicn staining of

the dlaphragn may be due to masking of a small increase in serum
CK activity, at the earlier times after D00 administration, by
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Table 3.2. Serum CK (UL"I) and % Proclion staining of the
dilaphragm at various times after BCO administration in vivo:- the

results represent the mean + standard error of at least 5 values.

% Procion staining Serum CK
junctional  nonjunctional L)
Control 0.2940.21 0.6740.42 137434
20min 0.040.04 0.03+0.02 77420
Zomin  **1.63:0.62 0.08+0.03 248463
_1lhr  ***5,37+1.69 0.7940.47 4905+54%**
ohr  ***8.58:2.50 2.85+1.30 16404580 ***
Shr  ***10.1043.20 2.08:0.76 21004534 **s
Ghr  ***23.7044.30 2.70:0.50%**  4B6404831%*s
12he  ***27.7047.10 3.43+1.40%**  ©714400
24hr  **5.6742.10 0.36+0.20 238459
48hr 0.64+0.50 0.4410.19 204108
72hr 0.05:0.05 0.44+0.37 77410

**x* and ** indicate results that are significantly different fram

those of the oontrol group at the 0.1% and 1% levels respectively
using Students-unpaired-"t"-test.

Further statistical analysis of the data was performed using the

analysis of variance.
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slight effluxes of CK from muscle incurred during the dissection
and severing of the femoral artery. Alternatively it may be a
consequence of the lower molecular weight of the Procion molecule
(Procion= 500da: Bemnet et al., 1960. (X=80,000da: Dawson et al.,
1967) such that Procion entry into muscle fibres occurred prior to
CK efflux. Another explanation for the delay in serum CK
elevation may be that, in EOO-poisoned muscles, breakdown of the
sarcolemma may occur prior to sarcomere destruction

The maximm level of serum (X activity was recorded 6 hours
after BOO administration (figure 3.2) ie. during the plateau phase
of myopathy development (figure 3.4). Following this peak, serum
CX declined rapidly, returing to control values within 24 hours of
the intoxication (table 3.2). Presumably therefore, after 6 hours
very little CK was released from the muscles, and its clearance
from the hlood promoted an overall drop in its activity in the
serun. ;

Serum CK activity seems to reflect the extent of Procion
staining in the diaphragm throughout the development and repair of
myopathy. However, since the muscle fibres of the diaphragm were
histologically abnormal at 24 hours and 48 hours after ECO
administration (3.3.1), serum CK activity may not accurately
reflect the degree of myopathy existing in the diaphragm at times
greater than 6 hours after BOO administration. Therefore, serum
CK activity may be considered as a reasonable measure of the rate

of development of ECO-induced myopathy only.
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Figure 3.2. Serum creatine kinase (CK) activity in mice at various
tines after ECO administration in vivo:- the results represent the
- nean + stardard error of at least 5 values.
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Since CX 1s specific to the brain, skeletal and cardiac
muscle (Hess, 1969), and knowing that ECO cannot penetrate the
blood-brain berrier (Koelle axd Steiner, 1928; Schauman and Job,
1958), the enzyme is presumed to have been released from skeletal
muscle, ca.rdia.q muscle, or from both. ECO must have injured
myocytes, including those of the diaphragm, causing release of CK
into the blood stream. Serum CK activity is therefore indicative
of the extent of myopathy induced in the whole animal. For
confirmation of cnzyme release from a particular muscle (eg.the
diaphragn) it would be necessary to assay CK actlvity of the
muscle itself (chapter 4).

3.3.5. Calcium acoumulation at the junctional region of the
dlaphragm.

Table 3.3 indicates that calcium accumulation accompanied
increased Procion staining at the myopathic junctional region of
diaphragms exposed to ECO. The calcium accumulation at the
junotional region was significant as early as 20 mimutes after BECO
administration (P<0.001: tahle 3.3) ie. preceding Procion staining
at the junctional region. The calcium accumulation is thought to
be respolnsible for the hypercentractions observed throughout the
development of myopathy (Podolski and Costantin, 1964; Huxley,
1972), hinting that much of it may be ionised and that the

cytosolic Ca®* conoentration must be greater than 10 'M. Some of
the hypercontractions, particularly at early stages of the
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Table §.3. % Procion staining of the diaphragm, serum CK and

calcium accumulation at the junctional region of the diaphragm at

various times after ECO administration in vivo: the results
represent t‘c.emea.n;i;standa::derrorof ot least B values.

% Proclon staining Serum CK  Calcium accun.

J NT @)  at T (molmg ™)

Control 0.2940.21 0.6710.42 137434 0.128+0.17

20min 0.04+0.04 0.0310.02 77+R0 0.535+0,13%**
30min  ** 1.6310.62 0.0810.03 248163 0.76210.07***
lhr *** 5.37+1.69 0.79+0.47 4905154*** 0.876+0.11***
2hr *** 8.68+2.50 2.8541.30 1640+580*** 1.07 10.15%**
&hr *3%10.1043.20 2.0810.786  2100#534*** 1,53 +0.30***
chr *$323.70+4.33 R.70+0.51*** 4840+831*** 3,70 +1.52%**
12hr  ***27.80+7.08 3.43+1.38%** Q714400 0.13110.13

24¢hr  *** 5.67+R.10 0.3610.20 238159 1.77 £0.27**+*

48hr 0.6410.50  0.4440.10 204408  0.052:0.14%%*
y2hr 0.08:0.03  0.4410.04 77410 1.20 10,26+

J, NJ indicates the Jjunctional and nonjunctional regions

respectively.
**x  *x indicates results which are significantly different from

those of the control group at the 0.1% and 1% levels respectively,

using Students-unpaired-"t"-test.
Further statistical analysis of the data was performed using the

analysis of variance.
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Figure 3.3. Calcium accumulation at the jJunctional region of the
diaphragnm at various times after ECO administration in vivo:- the
results represent the mean + standard error of at least 5 values.
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myopathy, were not stained with Proclon, suggesting that the

intracellular free Ca®' was increased in fibres prior to damage to
the sarcolema.

Calcium accumulation continued with increasing time after
ECO administration, reaching o maximum value at approximately -6
hours (figure 3.3) ie. prior to the maximum % Prccion staining at
about 6-12 hours (figure 3.4) supporting the suggestion that
intracellular calcium may be elevated in fibres prior to damage to
the sarcolemma. The gradual increase in calcium accumilation was
found to be significant (P<«0.0l) using the analysis of varlance.
However, i1t is not yet known whether the high intracellular
calcium exists purely in fibres prilor to necrosis, in myopathic
fibres or in fibres undamaged by BCO. The observation that at 12
hours after ECO administration, when Proclon staining was maximal,
the junctional intracellulsr calcium hod regained control levels
(figure 3.4), suggests that calcium was not retained in the
damaged fibres. Perhaps the elevated calcium exists in fibres at
an early stage of myopathy but 1s lost once damage reacﬁes a
certain degree of severity. This suggestion seems more feasible
in the light of ultrastructural results (8.3.3) demonstrating
gross destruction of sarcomeric structure at later stages of
myopathy develomment; if intracellular calcium is normally bound
to intracellular proteins, then the destructlon of such proteins
may cause the release of free calcium into the sarcoplasm.
Calcium may then be lost from the myopathic fihres via holes in
the sarcolemmal membrane. The location of the accumulated calcium
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Figure 3.4. % Procion staining of the diaphragm (at the junctional

~and nonjunctional regions), serum CK and calcium accumulation at the

Junctional region of the diaphragm at various times after ECO

administration in vivo:- the results represent the mean + standard
error of at least 5 experiments.
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is discussed at a later stage (5.3) in this study.

Since intracellular calclum was lost within 12 hours of ECO
administration, when myopathy was maximal, the calcium content of
the diaphragm can only be considered a reasonable measure of
nyopathy for times upto and including 6 hours following the
intoxication.

The reason for the secondary elevation of junctional
intracellular calcium in the diaphragm, 24 hours after B0 (figure
3.3) 1s uncertain. Possibly a second population of fibres
underwent a delayed onset myopathy whose maximum calcium
accumilation occurred at 24 hours and certainly, an ultrastuctural
study (6.3.2) confirmed fibres in an early stage of myopathy 24
hours after ECO administration (teble 6.2). Alternatively, it is
possible that phagocytes, which have been shown to invade necrotic
muscle fibres following ecute cholinesterase inhibition (Wecker et
al., 19v8), may raise the calcium level of the diaphragm at a time
of severe necrosis. There is infact ultrasfuotura.l evidence
(6.3.2.7) of the presence of phagocytes within grossly necrotic
muscle fibres 24 hours after EQO edministration in vivo, ard in
the light of reports made by Westwick & Poll (1986), of elevated
intracellular calcium within activated phagocytes, this suggestion
seems viable.
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It seems that the sequence of events assoclated with the

development of ECO-induced myopathy began wit_h calcium
accumulation plus the formation of hypercontractions at the
Junctional region of the diaphragm, was rapidly followed by slight
Procion staining of the myopathic regions, and then by increased
serum CK activity (figure 3.4). All four parameters increased
gradually with time, until a plateau of % Procion staining and
hypercontraction frequency was reached at 6-12 hours after the
intoxication. During this platezu calcium accumilation and serum
CK aotivity both decreased raplidly, regaining control values
witﬁin 12 hours of ECO administration. However, calcium
accumilation increased a secord time, at 24 hours after ECO, when
| % Procion staining had begun to decrease. This secondary calcium
accumulation remained elevated throughout the period under
investigation whilst % Procion staining, serum CK activity and
hypercontraction frequency remained at control levels.
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CHAPTER 4 -
DOES ECO CAUSE IOSS OF CREATINE KINASE (CK) FROM THE . MYOPATHIC

REGIONS OF THE DIAPHRAGM?




4.1 INTRODUCTION

The contraction of muscle is an energy dependent process and
ATP must be rapidly replenished followlng muscle contraction
(Squire, 1081). The energy reserve closest to ATP is creatine
vhosphate (PCr). In the presence of this molecule ard the enzyme
creatine kinase (CK) the regenecration of ATP occurs.

ADP + PCr —— =5 ATP + Cr

The CX uscd in the resynthesls of ATP exists largely in the
sarcoplasm of the muscle fibres (Sherwin et al., 1969) but a small
percentage has been shown to be a major camponent of the M-line of
the sarcomere (WValliman et al., 1977; Eppenberger ¥ Strehler,
1082; Vallimon & Eppenberger, 1283) where it is thought to form
the transverse M-bridges unking nyosin filaments together
(Walliman et al., 1976; Velliman & Eppenberger, 1983; VWoodhead &
Lowey, 1983). '

It has been estoblished that there is an elevation of serum
CK activity in mice exposed to ECO (8.3.4) and it is speculated
that this elevation might be due, at least in part, to loss of the
enzyme from myopathic tissues including the junctional region of
the diaphrogm. An experiment was designed to determine whether
some of the elevated serum CX could be attributed to loss of the

enzyne from the myopathic reglon of the diaphragm.
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Eight mice were injected with ECO plus a.fropine and a
control group was injected with atropine only (2.2). 8Six hours
after injection a blood sample was obtained from the tail for
analysis of serum CK (2.10) in order to confirm that enzyme
release had infact occurred in the treated mice. 24 hours after
the injection a second blood sample was taken, this time from the
femoral artery, for analysis of serum CK (2.10), in order to
confirm that enzyme release was complete in the treated mice. The
nice were killed whilst anaesthetised and diaphragms were assayed
for junctional and nonjunctional CK using a modified version of
the technique recommended by Oliver (1953) (2.11). Values of

tissueacwaeexpreasedasmg wetwe:l,g‘ht ofm:scle.

Stat.istioa.lomparisonswemmdebetweenthe Junotiomlam
nonjunctional regions of the same diaphragms and between 6 hour
ang 24 hour serum samples yrith:l.n each group of mice, using the
Students paired-"t"-test. Statistical comparisons were made
between the two groups using the unpaired-“t"-test.
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4.9 RESULTS AND DISCUSSION

Table 4.1 shows that a highly significant (P¢0.001)
depletion of CK occurred in the junctional ::egioﬁs of diaphragms
exposed to ECO. There was no such depletion from the non-
Junctional reglons of the same dlaphragms nor from elther region.
of . the diaphragms of control mice (table 4.1). The CX content of
the nonjunctional regions of diaphregms treated with BECO wére not
significantly different from those of either region in the control
diaphragms (table 4.1). N

Since the depletion of CK occurred only from the junctional
regions of dlaphragms exposed to ECO, it is concluded that enzyme
depletion cccurs from the myopathic regions of the diaphragm only
ard not from the preserved reglons.

The experiment has revealed that the elevation of serum CK
following BECO administration can e partially attributed to loss
of the enzyme from myopathic regions of the diaphragm. The result
corresponds to cbservations made by Leonard & Salpeter, 1n‘;979.'
of an efflux of the cytoplasmic ﬁarker enzyme lactate
dehydrogenase fram whole muscles exposed to carbamylcholine in
yvitro.
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Table 4.1 The effect of ECO on the CK content of mouse
dlaphragms:- the results represent the mean + standard error of at
least 8 experiments.

Atropine only 0 +
(control) mice  atropine

Serum CK at 6 hr (UL +)  84.4418.3 5690£1160

-1+ _. XKk
Serum CK at 24 hr (UL ) 72.6+17.3 . 370+58.3

Junotional CK at 24 hr (Umg)  4.3640.10 3.69:0.22,

Nonjunotional CK at 24 hr (Umg ) 4.41:0.18  4.3040.10

#se as :Ltﬁica.te a signlficant difference exists, at the 0.1% and
1% levels respectlively, between the results of the EQO-treated
mice and control mice, using Students-unpaired-‘t’-test.

+ indicates a significant difference, at the 5% level, between the
serunm CK actlvities of a group of mice at 6 hrs and 24 hrs after
ECO administration, using Students-paired-‘t’-test.

+++ indlcates a significant difference, at the 0.1% level, between
Junotional and nonjunctional CK aotivity 24 hrs after ECO
administration, using Students-paired-'t’-test.
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8.1, INTRODUCTION,

Acute subcutaneous administration of BCO induces an early
accumilation of calcium at the junctional region of the diaphragm,
prior to any evidence of myopathy (3.3). The location of this
elevated calclum within the muscle structure is likely to be
intracellular since free extracellular calcium was washed from the
tissue using Ca-reduced saline at the begining of each assay.
However, the source of the accumulated calcium is not clear.
There may have been a slmple redistribution of the ion from the
nonjunctional region to the Junctional region within the muscle

although this is unlikely since free Ca®

* ions are rapidly
buffered intracellularly, inhibiting their diffusion within the

cell. It is more probable therefore, that there may have been an

influx of Ca<' from the extracelluler fluid. It is not yet clear
however, whethér the accumulated intracellular calcium in
diaphragns exposed to BCO, is bourd or free. If it is free in the
myopathic fibres which had alloved Procion entry, one might have
expected 1t to have been washed out of the tissue during the 15
mimute wash in Ca-reduced saline,

An experiment was designed to determine the source of the
accumlated calcium at the junctional region of the diaphragm
and also to determine whether intracellular calcium was infact
lost from myopathic fibres during the 15 minute wash in Ca-reduced
saline.-
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9.2 EXPERIMENTAL DESIGN.

The effect of a 15 mimite wash in Ca-reduced saline, on the
calcium content of the dlophragm, was observed at various tines
following an injection of ECO plus atropine (20min, 3Qmin, lhr,
3hr, éhr, 12hr, 24hr) in order to establish whether tﬁe intra-
cellular state of calcium changes with .the develoiament of
myopathy. For each time investigated 6 mice were used and control
mice were cdministered atropine only (2.2).

The mice were killed and their diaphragms, still attatched
to the ribs were removed and divided into hemidiaphragms (2.3).
One hemidiaphragn vas immediately rinsed quickly in Ca-reduced
saline and was then prepared for assay (2.9.1). The second
hemidiaphraegn was washed for 15 minutes in Ca-reduced saline
before being prepared for the assay (2.9.1). The selection of
left and right hemidlaphragms as "washed" and "unwashed"
preparations was alternated.

The Ca®* contents of the junctional and nonjunctional
regions were calculated (2.9.1) at each time for both the “"washed"
and "unwashed" preparations and statlstical camparisons were made
using Students-palred-'t'~test.

The calcium accumulation at the junctional region was then
calculated at each time (2.9.2) and the results of the washed and
unvashed preparations vere compared using Students paired-"t"-
test. -
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The calcium content of both the Junctional and nonjunctional
reglons increased significantly with time after BECO administration

(table 5.1) indicating that there must have been an influx of ca®t
from the extracellular fluid (ie. not simply & redlistribution of

Q

ca** causing its accumulation at the junctional region of the

miscle). It is concluded that ECO must cause en influx of Ca®'
into muscle fibres of the diaphragm, particularly at the
Junctional region. |

There was no significant difference in either the calciun

content or the degree of Ca=' influx between the "washed® and
"unwashed" preparations (table 5.2), implying that the elevated
intracellular calclum may be bound within the damaged fibres and
therefore not lost during the wash in Ca-reduced saline. Since
intracellular calcium has been shown to accumulate in the SR and
mitochondria of damaged fibres (Oberc & Engel, 1878, 1977), it

seems likely that these organelles may buffer the CaRt entering
the muscle fibres of the diaphragm following exposure to ECO.
Alternatively, since the Ca-reduced saline was shown to contain

trace amounts of Ca2+ (5:;10"61:[: S. Das, personal communication),

1t 4s wnlikely that Ca®* would have leaked out of the diaphragm
against the prevailing, still strong electrochemical gradient.
The experiment would have been more conclusive had EGTA been used
in the Ca-reduced saline. However, the experiment did provide
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reassurence that 1Ca®’ 1s not lost from hemidiaphragms during

their preparation for the Ca-assay.
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Table 5.1; The effect of a 15 mimute wash in Ca-reduced saline on
the calcium content of hemidiaphragm preparations: the results
represent the mean + standard error of 6 experiments each.

Calcium content of J and NJ regions (molmg‘l)

Vashed Unwashed
J NJ Jd - NI
Control 3.3910.22 0.79+0.07 2.40+0.39 1.0040.15
20mins 2.6110.41 1.0740.15 3.1440.61 0.88+0.05
30mins 4.25+0.92 0.61+0.10 2.6810.64 0.8110.10
lhr 5.5310.88 1.20+0.21 3.88+1.14 1.3140.18
ahrs 9.80+1.75 2.6710.28 10.01+1.41 8.73+£0.79
eéhrs 4.9440.19 0.6510.03 5.81+0.70 - 1.34:0.42
12hrs 4,18+1.01 0.93+0.08 3.85+1.10 0.88+0.00
24hrs 8.65+0.20 2.8610.56 10.40+1.08 3.87+0.53

J, NJ indicate the junctional, nonjunctional regions respectively.

No significant difference was found to exist in the Ca®'
contents of the "washed" and "unwashed" BCO-treated preparations
at elther thz junctionel or the nonjunctional regions.
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Table 5.2, The effect of a 156 mimte wash in Ca-reduced saline on
the influx of calcium at the junctional region of the diaphragm:
the results represent the mean + standard error of 6 experiments

each.

Calcium influx (mohg_l)

Washed Unwashed
Control  0.87610.064 0.646:0.137
20mins.  0.61540.110 0.65440.253
30mins.  0.990:0.1290 0.74810.214
1hr. 1.55410.390 1.185:0.408
ahr. 2.482+0.228 2.85010.628
éhr. '1.66110.217 1.59540.130
12hr. 1.11540.378 1.163:0.288
24hr, 2.100+0.355 2.826+0.387

No significant difference vas fourd to exist in the Ca®' influx of
the “"washed" and “"unwashed" preparations.
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CHAPTER 8
THE_FINESTRUCTURE OF THE DIAPHRAGH AT VARTQUS TTMES

TOLIOVING FOO ADMINTSTRATION TN VIVO.
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6.1. INTRODUCTTON

An earlier experiment (3.3.1) revealed loss of cross-
striations at the junctional regions of some fibres within
diaphragms exposed to EQO for three hours or more, implying that
degradation of myofllaments was taking place. A more detailed
study was undertaken, at the ultrastructural level, to investigate
further detalls of the ECO-induced myopathy. The general fine-
structure of the diaphragm was observed but the study was
particularly aimed at:

1) Does ECO cause disruption of the Z-disks and is an
involvement of calcium-activated-neutral-proteases (CANP)

therefore implicated?

2) Observation of the changes in the appearance of the SR
and/or mitochondria, which may be due to sequestration of the

elevated 1Ca®" (Qberc ¥ Engel, 1075, 1977). Both these organelles
have frequently been reported to be dilated following exposure to
anticholinesterase compounds (Laskowski et al., 1975, 1977:
Laskowski & Dettbarn, 1977).

3) Assessnment of whether the subcellular chandes in the

muscle fibres of the dlaphragm could be attributed to an action of
BCO at the endplate.
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6.2, EXPERIMENTAL DESIGN, °

The effect of ECO on the ultrastructure of the diaphragm
was observed at various times (20mins, 3Omins, lhr, 3hr, 6hr,
12hr, 24hr, 48hr, and 72hr) following administration in vivo.
Only one mouse was used at each time point due to limitations of
time and equipment availability, hence the results have been
reported without statistical comparison.

Mice were injected with ECO plus atropine and a control
mouse was injected with atropine only (2.2). At each given time a
mouse was anaesthetised and a blood sample was obtained from its
femoral artery for analysis of serum CX (2.10). The control mouse
was anaesthetised 3 hours after an injectlion of atropine (ie. at a
time when myopathy is known to be extensive in BOO-treated mice).
Mice were killed whilst anaesthetlsed and the diaphragm was
removed and cut into hemidiaphregms (2.3). One hemidiaphragm was
prepared for electron microscopy (2.8) and the other was stained
with Procion (2.6).

Serum CK analysis and the Proclion-technique were performed
simply to confirm that myopathy had been induced by ECO and that
the specimens for ultrastructural study were typical of damage at
that time. Having confirmed thls, the ultrastructuré.l study was
performed. .‘
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Before electron microscopic observation of ultrathin

sections of the diaphragm was performed, semithin toluidine blue-
stained sections were viewed in the light microscope at a
magnification of x400 which was sufficlent for recognition of
grossly dameged muscle fibres (8.3.1).

Using both longitudinal and transverse sections, a count was
made of the number of normal and abmormel fibres in each section
of the junctional region, at each time after ECO (sections from
the nonjunctional region were excluded from the count since
nyopathy had already been shown to be localised to the junctional
region: 3.3.2, 6.3.1). Over 100 filwes were counted per mouse,
the results were summed and the % almormal fibres was calculated
(table 6.1).

% Atnormal fibres = Total %B of fibres counted

The results of such an analysis can only be considered as a
preliminary assessment of the % fibres affected by ECO since at
such a low magnification the true state of the muscle fibres
cannot accurately be assessed: an apparent alnormality in a filre
may be artifactual, or a fibre may be damaged to a degree not
detectable by light microscopy.
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Having observed the ultrathin sections of the junctional

regions of dlaphragms at the various times after ECO
administration (6.3.2), a categorisation of fibres with respect to
their fine-structural integrity was performed. Six categories of
muscle morphology were used:-

1) Normal fibres:- (plates 6.5 and 6.8)

2) Mild damage:- dle. slight dilatation of SR and/or
occassional swelling of mitochordria (plates 6.7 and 6.9). -

3) Moderate damage:- ie. dilatation of SR with swelling
and/or vacuolation of mitochondria; 2-line loss and orystal

formation within the mitochondria; Stretching of myofilaments
adjacent to hypercontracted regicns (plates 6.8 and 8.10).

4) Severe damage:- 1e. dllatation of SR s0 gross tha.t
the profiles may be confused with vacuoles. Vacuolation and
crystal forrmation within mitochorxdria is common. Myofilaments may
be stretched or disintegrated and Z;-line loss 1s apparent.
Sarcomeres have often broken down campletely, and hypercontracted
regions (contraction clumps) may have torn away from the rest of
the over-stretchad muscle fibre (plates 6.13 and 6.15).
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5) Gross damage:- 1e. complete loss of structure within
the sarcoplasm which may therefore appear as an amorphous mass
containing no recognisable organclles. Empty sarcolemmal tubes
may lie adjJacent to contraction clumps, and crystals may occupy
large volumes of the cells. Macrophages are common features at
such a gross stage of necrosis (plates 6.16 and 6.20).

6) Regeneration:- represented by the presence of
satellite cells and myoblasts possibly in a state of fusion, or by
fusion of a regenerating area wilth a ‘spared’, non-necrotic region
of a fibre (plates 6.21 and 6.22).

A count was made of the mumber of muscle fllbres existing in
each .of groups 1-6. Similarly, & count was made of the total
mumber of fibres in the sections pertaining to each time. The %
fibres at cach stage of myopathy was calculated for each time
observed after ECO:-

% fibres in stage X at time Y= Totallmigfﬂn'esocuntedattime Y

The % fibres at each stage of myopathy was thus calculated
for each time investigated after ECO (table 6.2). Having
classified the muscle fibres of the dliaphragm into groups
corresponding to the degree of demage induced by BEOO (6.3.3), a
morphometric study was made of particular subcellular structures
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The analysis was performed on electron micrographs (%7500
magnification), of transverse sections cut from the junctional
regions of dlaphragms, from control mice and from mice exposed to
ECO for periods upto and including 12 hours following
intoxication. At times greater than 12 hours after ECO
administration muscle fibre morphology became complicated by
phagocytosis (6.3.2.7) and regeneration (6.3.2.8) such that a
morphometrlic study would have been diffloult. Thus photo-
micrographs of muscle fibres exposed to ECO for 24 to 72 hours
after ECO were analysed purely qualltatively. Morphometric
analysis was not performed on dlaphragms exposed to ECO for 30
mimites because the transverse sections cut from the junctional
region showed no signs of myopathy (6.4). Hence the analysis was
performed at times 20 mimutes, 1 hour, 3 hour, 6 hour and 12 hour
after BOO axd on control preparations, administered atropine only.
At each time, micrographs were made of damaged nmuscle fibres
present in each seotion, the criterlion for damage being the
dilatation or camplete loss of SR.

In control preparations a random sample of 6 filkres was
photographed. At 20 mimutes and 1 hour after ECO administration
all damaged fibres were photographed, ut at later times, as more
fibres became involved in the myopathy, & random sample of ©
damaged fibres per section was selected for photography. At each
time after BOO administration one or two micrographs were taken of
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apparently ‘normal’ fibres in the sections for comparison with
control fibres.

6.2.3.1. Morphometric analysis of electron-micrographs.

Small points were drawn on to an acetate sheet such that
each point represented the intersection of a regular two
dimensional lattice or grid. The grid measured 20cm by 30cm, and
was large enough to cover the whole of one micrograph. The grid
was placed over each micrograph in turn, and a record was made for
each, of the mmber of points overlying particular features:-

a) normal myofilaments
b) normal mitochondria
¢) sarcoplasmic reticulum (SR)
d) sarcoplasm
e) lpid
'f) Z-1ines
sk g) nucleus
h) stretched myofilements (Stretched myofils)
1) disintegrated myofilements (Disintegrated myofils)
3) damaged mitochondria,
k) vacuoles
1) crystals
m) omorphous mass
n) invoginations in the sarcolemma (Invaginations)
0) cellulsr inclusions (Inclusicns)
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The date obtained from all the micrographs made at one time
after ECO were combined. For each time, the number of points
overlying a particular feature was expressed as a fraction of the
total number of points within the cell profile, providing an
estimate of the fraction of the total area of the cell occupied by
that particular feature (Aherne & Dunhill, 1982). Using the
principle of Delesse (1847), the fractional area (Aa) of a feature
can be used as an estimate of the volume fraction (VW) of the same
feature in the cell. For example:- 1f in a particular group of
micrographs, taken 60 minutes after ECO, the toté.l number of
points overlying damaged mitochondria was 8 and ths total number
of points counted in the cell profiles was 100 then the fractional
volume (Vv) of damaged mitochondria would be 8% of the cell
volume.

The volume fractions (VW) for each feature were calculated
for each time after ECO such that the progression of myopathy
could be studied at the subcellular level.
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In sections from the control mouse, the muscle fibres were

seen as intact blue profiles which appeared elongated and striated
in longitudinal section (plate 6.1), or irregularly shaped in
transverse section (plate 6.2). Following administration of ECO,
large vacuoles appeared in some' mscle fibres (plate 6.3) at the
junctional regions only. Longitudinal sections at the endplate
demonstrated contraction clumps, stretching, and loss of
striations within the affected fikres (plate 6.4). However, at no
time were such abnormallties seen in sectlions cut from the
nonjunctional regions.

A count was made of the % abmormal flbres at each time after
BECO administration (6.2.1).

Table 6.1 shows that abnormal fibres appeared at the
junctional region of diaphragms within 20 minutes of ECO
administration in vivo. The % abnormal fibres generally increased
with time after ECO administration, reaching a plateau between 3
hours and 24 hours anxd decreasing thereafter (table 6.1). This
reflects the progressive myopathy observed in an earlier
experiment (3.3.2) in which muscles were stained vitally with
Procion Yellow. However, in this earller experiment recovery of
muscle morphology appeared to be complete within 72 hours after
ECO. This clearly was not the case in the present experiment,
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Plate 6.1. Toluldine-blue-stained longitudinal section from a
control hemidiaphragm prepara.tion (%x400). The muscle fibres are

represented by intact elong gcrofﬂes. between which run blood
capillaries (cap) and nerves (N). sStriations are clearly visible
running perpendicular to the axis of the fibres.
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Plate 6.2. Toluldine blue-stalned transverse section of a
control hemidiaphrgm preparation (x400). The muscle fibres
are represented by intact, irregularly shaped profiles
surrounded by blood caplllaries and nerves. Within the fibre
profiles mitochondria are recognised as small dense spots,
more common in same fibres than in others.
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Plate 6.3. Toluldine-blue-stained transverse section from a
hemldlaphragm preparation 6 hours after ECO administration in
vivo (x400). The muscle fibre profiles are represented by

irregularly shaped profiles containing vacuoles.
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Plate 6.4. Toluldine-blue-stained longitudinal section from a
hemidiaphragm preparation 6 hours after ECO administration in
vivo (%x400). The muscle fibres are represented by elongated
profiles contalning vacuoles. Many of the profiles are
hypercontracted or torn and striations are not visible in all

the fibres.
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Table 6.1. % Abnormal fibres in toluidine hlue-stained sections
cut from the junctional region of diaphragms at
various times after BOO administration.

% Abnormal Fibres

Atropine cnly (controls) 0.0
20mins. after BOO. 20.1
3Qmins. after BOO. 25.8
l1hr. after EOO. 18.8
Zhr. after EOO 31.5
Ehr. after EOO. 24.2
12hr. after BOO. 30.4
24hr. after EOO. 31.8
48hr. after ECO. 10.4

7ehr. after BQO. 18.0
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since at 72 hours, although the number of abnormal fibres had
decreased, 16% of the muscle fibres at the junctional region were
still abnormal (table 6.1). Perhaps, as was suggested in chapter
3 (3.3.3), the myopathy still existing in some fibres at times
greater than 24 hours after EQO i1s so severe that Procion can no
longer bind intracellularly.

However, it seems that repair/regeneration may have occurred
in at least some of the fibres within 72 hours of ECO
administration. The true condition of the muscle fibres may only
be satisfactorily answered at the ultrastructural level.

The ultrastructural analysis of ECO-induced damage to muscle

fibres was restricted to sections cut from the junctional region
of the diaphragm only.

6.3.2.1. Control sections.

Sections of control hemidiaphragm showed no signs of
myopathy, the bulk of each fibre being occupied by the contractile
system. At magnification x7500 the myofibrils were represented,
in transverse section, by closely packed, irregularly shaped
profiles surrounded by sarcoplasm in which were situated the fibre
miclel, various gramilar inclusions, mitochondria and SR (plate
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Plate 6.5. Transverse section of a control hemidiaphragm
preparation (x7500). Muscle fibrils are represented by
closely packed, irregularly shaped profiles surrounded by
sarcoplasm within which lie mitochondria (mit) and
sarcoplasmic reticulum (SR). 2-lines (Z) can be recognised as
electron-dense regions traversing the myofibrils.
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Plate 6.6. Longitudinal section of a control hemidiaphragm
preparation (x4000). The photograph demonstrates the
repeating system of striations within individual muscle
fibrils. The bands of successive fibrils are generally
aligned in phase across the fibre and the basic repeating unit
of staiations, the sarcomeres, are demarcated by electron-
dense Z-bands (Z) running through the pale I-bands (I).
Mitochondria can be seen lining the Z-lines within the I-

bards.
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6.5). The mitochondria were irregularly shaped and electron-dense
whilst the SR appeared as groups of small circular profiles: 2-
lines were recognised as more dense bands traversing the
| myofibrils (plate 6.5).

Longitudinal sections of normal muscle demonstrated the
repeating system of bands or striations (plate 6.6). The bands of
successive fibrils were generally aligned in phase across the
fibre and the basic repeating unit of striations, the sarcomeres,
were demarcated by the electron dense Z-bands (plate 6.6). In
plate 6.6 mitochordria can be seen lining the Z-bands in the I-
bands, and SR can be seen rumning between the myofibrils.

6.3.2.2. 20 mimtes after ECO administration.

Abnormalities were seen in the diaphragm as early as 20
nimites following BCO administration: a minority of muscle fibres
were affected (7.7%: table 6.2) and generally they showed only
slight abnormalities. Damage was largely represented by
dilatation of SR, the transverse profiles of which were up to 15
times greater in dlameter than those measured in control sections
(0.75um:0.05um), (plate 6.7). In some fibres mitochondria were
less electron-dense due to apparent swelling, causing separation
of their cristae, whilst in a small mmber of mitochordria crystal
formation had occurred (plate 6.8). Myofilaments appeared to be
stretched or disintegrated and the sarcoplasm was swollen; Z-
lines were observed less frequently than in control sections.
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Plate 6.7. Transverse section of a hemidiaphragm preparation
20 mimtes after BOO administration in vivo (x7500). Damage
is primarily represented by dilatation of the sarcoplasmic
reticulum (SR) and slight swelling of the mitochondria (mit).
Myofibrils are éenera.lly intact and Z-1ines (2) are clearly
visible.

.







Plate 6.8. Transverse section of a hemidiaphragm preparation
20 minutes after ECO administration in vivo (x7500). Damage
is represented by dilatation of sarcoplasmic reticulum (SR)
and mitochondria (mit), but also by disintegration of
myofibrils and the appearance of large electron-dense crystals
(Cr).
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6.3.2.3. 30 mimtes after ECO administration.

At 30 mimites after EOO no abtnormalities were detected in the

transverse sections of the diaphragm although, in longitudinal
sections, some fibres contained swollen SR (plate 6.9). In one

fibre a typical example of Z-line loss accampanied by myofilament
disintegration was observed in a stretched length of fibre
ad jacent to a hypercontracted region (plate 6.10): again the SR
was dilated but the mitochondria appeared to be normal. The
number of muscle fibres affected by ECO at 30 mimtes was small
(3.7%: table 6.2) and it is thought that the transverse sectioning
of the diaphragm may not have sanipled the damaged regions at all.
For this reason no morphological analysls was performed on the
ultrastructure of muscle fibre profiles at 30 mimites after EQO
(6.3.3).

6.3.2.4. 1 hour after BCO administration.

At 60 mimites after BOO the % damaged fibres had increased
(4.9%: table 6.2), abtnormalities being observed in both transverse
and longitudinal sections. This does not conform with the
analysis of toluidine blue-stained sections (6.4), where a slight
drop in the % abnormal fibres was observed 60 minutes after ECO
administration (table 6.1). Finestructural damage to muscle
fibres at this time was manifested consistently by dilatation of
SR, and often by severely swollen mitochordria (plate 6.11). In

one fibre these features were accompanied by the appearance of
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Plate 6.9. Longitudinal section from a hemidiaphragm 30
minutes after BOO administration in vivo (x7500). Damage is
represented by dilatation of sarcoplasmic reticulum (SR),

Streaming of Z-lines (2) plus misaligmment of myofibrils.
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Plate 6.10. Longitudinal section from a hemidiaphragm
preparation 30 minutes after ECO administration in vivo
(x4000). Damage is represented by dilatation of sarcoplasmic
reticulum (SR), Z-line loss, myofilament degradation and
misalignment in a stretched length of fibre (str) adjacent to
a hypercontracted region (hyp). Within the hypercontraction,
little sarcomeric structure can be recognised due to the

intensity of the contraction.
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Plate 6.11. Transverse section from a hemidiaphragm
preparation 1 hour after B0 administration in vivo (x7500).
Damage is represented by dilatation of sarcoplasmic reticulum
(SR) and mitochondria (mit) only.
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crystals developing within vacuolated mitochondria (plate 6.12).
In another cell (plate B.13), severe necrosis was observed in an
area adjacent to the nerve termlnal; invaginations of the
sarcolemma were seen opposite the nerve terminal and complete loss
of sarcoplasmic structure had occurred. In the same cell, the few
mitochondria that were recognisahle were swollen and ‘patchy’ and
the SR was dilated or vacuolated. In places the organelles of the

sarcoplasm were unrecognisable, but away from the nerve terminal
the myopathy was less severe.

8.3.2.5. 3 hours after B0 administratiom.

At three hours after ECO 30.2% of the fihres were damaged
(table 6.2). Several of the fihres were so grossly damaged that
the SR and/or mitochondria were no longer recognisable or had
vacuolated. Myofilaments weme sometimes completely broken down
am crystal formation was common within vacuoles which appeared to
have originated from damaged mitochondria (plate 6.14). Such
gross necrosis was usually seen in close association with a nerve
terminal (plate 6.18), the areas of the fibre away from the
terminal being much less severely affected.

6.3.2.68. 6 hours after BO0 administration.
At 8 hours after ECO the mmber of filres affected by the

intoxication had increased, 39.7% of the flbres being damaged
(table 6.2). All damaged fihres exhibited loss of Z-lines whilst

-132-



Plate 6.12. Transverse section from a hemidiaphragm 1 hour after
ECO administration in vivo (x7500). Damage is represented by
dilatation and vacuolation of sarcoplasmic reticulum (SR) and
mitochondria (mit), misalignment of myofilaments and the
appearance of small crystals (Cr) developing within vacuolated
mitochondria.
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Plate 6.13. Transverse section from a hemidiaphragm
preparation 1 hour after BOO administration in vivo (x7500).
Damage is represented by gross dilatation and vacuolation of
sarcoplasmic reticulum (SR) ard mitochondria (mit), complete
loss of sarcomeric structure plus crystal formation (Cr)
within vacuolated mitochondria. This gross necrosis was
located adjacent to the nerve terminal (NT) pertaining to the
fibre: invaginations (inv) of the sarcolemma were seen
opposite the nerve terminal. In this particular section the

transverse profile of a fibre micleus (muc) is clearly seen.
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Table 6.2:— The % of muscle fibres at the various stages in the
development of BCO-induced myopathy.

Normal  Mild Moderate Severe  Gross Regen.

% % % % % %
Control 100 0.0 0.0 0.0 0.0 0.0
20 mins. ©2.3 1.5 1.5 4.7 0.0 0.0
30 mins. ©6.9 1.85 1.85 0.0 0.0 0.0
1 hr. 95.1 2.9 1.0 0.0 1.0 0.0
3 hr. 69.8 7.6 7.6 5.7 9.3 0.0
6 hr. 60.3 13.5 4.5 16.1 5.4 0.0
12 hr. 68.4 14.6 9.1 5.2 4.7 0.0
24 hr. 76.8 3.6 0.0 3.6 18.1 0.0
48 hr. 78.4 0.0 1.8 3.4 6.2 11.0
72 hr. 89.4 0.0 0.0 3.0 1.5 6.1

N.B. Approximately 100 fibres were counted at each time point.
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Plate 6.14. Transverse section from a hemidiaphragm
preparation 3 hours after BOO administration in vivo (x10K).
The photograph represents a nerve terminal (NT) lying adjacent
to a severely myopathic muscle fiber (MF). Vesicles (v) and
mitochondria (mit) can be easily identified within the nerve
terminal, the processes (P) of which can be identified lying
close to the muscle fiber . Myopathy within the myofiber is
very severe and is represented by gross sarcoplasmic
disruption plus vacuolation and crystal formation within

mitochondria.
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Plate 6.15. Transverse section from a hemidiaphragm
preparation 3 hours after BOO administration in vivo (x7500).
Damage is most severe close to the nerve terminal (NT) where
invaginations (inv) can be seen in the sarcolemmal membrane.
The sarcoplasm adjacent to the nerve terminal is completely
disrupted, containing only one or two identifiable
mitochondria (mit). Further away from the nerve terminal
myopathy is less severe: mitochondria and sarcoplasmic
reticulum (SR) are dilated and the sarcoplasm appears to be

swollen but the basic myofibrillar structure is still

recognisable.
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most showed breaskdown of myofilaments and hence loss of sarcomeric
structure. Mitochondria were swollen, SR dilated and crystal
formation was common, the crystals occasionally occupying large
areas of the fibre profile (plate 6.16).

Again the cells were more severely affected close to the
nerve terminals. In some fibres all subcellular organelles were
lost completely, leaving an amorphous mass of sarcoplasm and cell
debris (plate 6.17), whilst in others, sarcoplasmic organelles had
been ‘squeezed’ out of a hypercontracted region into adjacent
stretched lengths of the same fihre (plate 6.18).

Multilayered membraneous structures of undetermined origin
were observed in some muscle fibres at 8 hours, 6 hours and 12
hours after ECO, and appeared to be developing from damaged
mitochondria (plate 6.19).

6.3.2.7. 12 hours after BOO administration.

At 12 hours after BOO 34% of the muscle fibres were damaged
(table 6.2): many fibres had dilated SR, mitochondria were swollen
and occasionally vesiculated but crystal formation was not
observed (plate 6.19). Misalignment and disintegration of
myofilaments was common but Z-lines were recognised despite their
complete dissappearence at both 6 and 24 hours after B0 (plate
6.10). Some fibres were grossly affected at 12 hours but myopathy
mgaueralappea.redtobelseverethanthatobservedatbothe

hours and 24 hours after intoxication. No nerve terminals were
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Plate 6.16. Transverse section of a hemidiaphragm preparation
6 hours after ECO administration in vivo (x7500). Damage is
gross on one side of the cell where sarcoplasmic reticulum
(SR) and mitochondria (mit) are vacuolated and crystal (Cr)
formation vast. Away from this grossly necrotic region the
cell is less severely affected, myopathy being represented by
dilatation of sarcoplasmic reticulum and some mitochondria.

Z-lines were not visible throughout the fibre profile.
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Plate 6.17. Transverse section of a hemidiaphragm preparation
6 hours after ECO administration in vivo (x7500). The
photograph represents a muscle fiber (MF) which has been
completely destroyed. Most of the sarcoplasm is amorphous,
containing only fragmented myofilaments plus one or two

recogniseable mitochordria (mit).
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Plate 6.18. Longitudinal section of a hemidiaphragm
preparation 6 hours after BOO administration in vivo (x4000).
The photograph represents a contracted region of a muscle
fibre damaged by BCO. Within the contraction (C) itself most
organelles have been squeezed out of the sarcoplasm and
sarcomeric structure is not recognisable due to the intensity
of the contraction. The adjacent, stretched lengths of fibre
contain dilated sarcoplasmic reticulum (SR) plus misaligned
and disintegrated myofilaments.
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Plate 6.19. Transverse section of a hemidiaphragm preparation
12 hours after ECO administration in vivo (x7500).
Multilayered membraneous structures (Mm) were observed in some
muscle fibres and were usually associated with gross
sarcoplasmic destruction: They appeared to be originating
from damaged mitochondria.






recognised in the sections cut from diaphragms 12 hours after BOO
administration.

6.3.2.8. 24 hours after B0 administration.

By 24 hours after ECO most of the affected fibres were
grossly damaged and many were seen to be invaded by phagocytes and
macrophages (plate 6.20), not observed at the earlier stages of
myopathy development. It is thought that the active phagocytes

may be responsible for the secondary elevation of 1Ca®* at 24
hours, observed at an earlier stage in this study (3.3.5).
Approximately 23% of the fibres were affected by BOO (tahble 6.2).

6.5.2.9. 48 hours after BOO administration.

At 48 hours few fibres were still in an early stage of
myopathy. Regeneration was common, being manifested by satellite
cells and myoblasts. In one section, the beginings of new
myofibrils was noticed in the sarcoplasm of a myoblast (plate
6.21) whilst in other sections myoblasts were seen to be fusing
with each other (plate 6.22). In addition, regenerating areas
were seen to be fusing with ‘spared’ areas which had presumably
never been necrotic: a montage of two micrographs has been

constructed to illustrate this phenomenon (plate 6.23).
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Plate 6.20. Transverse section of a hemidiaphragm preparation
24 hours after BOO administration in vivo (x7500). Damage is
represented by gross disruption and crystal-formation (Cr)
within mitochomdria (mit) plus loss of sarcomeric structure.
A macrophage (mac) has invaded the necrotic cell and seems to

be ingesting the damaged mitochondria.
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Plate 6.21. Transverse section of a hemidiaphragm preparation
48 hours after ECO administration in vivo (x7500). New
myofilement3(myo) can be seen in the sarcoplasm of a destroyed
cell suggesting that regeneration is under way.




-

7

” A
i g

& .

»

-145~



Plate 6.22. Longitudinal section of a hemidiaphragm
preparation 48 hours after BOO administration in vivo (x7500).
The photograph represents two myoblasts fusing together

presumably in the early stages of muscle regeneration.
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Plate 6.23. Longitudinal section of a hemidiaphragm
preparation 48 hours after BOO administration in vivo (x4000).
The montage represent the fusion of a regenerating myofiber
with a “spared" area which presumably had never been necrotic.
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6.3.2.10. 72 hours after BOO administration.

Regeneration was still observed in the diaphragm 72 hours
after ECO administration. Only one fibre was necrotic and was
sti1l undergoing phagocytosis but most fibres were regencrative or
had presumably already regenerated and appeared normal.

An interesting feature of ECO-induced myopathy is that, at
all stages of its development, the majority of filbres were ultra-
structurally normal. Plate 6.24 shows an apparently normal fibre
6 hours after BCO, a time when many fibres were grossly necrotic.
Apparently normal fibres often lie adjacent to severely myopathic
fibres (plate 6.25) and it is not known why some fibres become
myopathic whilst others, in the same muscle are resistant to ECO
treatment. The discrete nature of the myopathy supports the idea
that it is due to a specific biological mechanism and not an
artifact of tissue processing.

Contraction clumps were observed at all stages of BECO-induced
myopathy, the contractions appearing as electron-dense areas,
often containing only a few organelles and no recogniseable
sarcomeric structure (plate 6.18). VWithin a contraction the
sarcoplasm may have been completely broken down and the fibre
expanded transversely (plate 6.18). Lengths of fibre adjacent to
the contraction clump often contained the sarcoplasm and
organelles which had been ‘squeezed’ from the contracted region,
and Z-lines were misaligned due to stretching of the myofilaments
towards the contraction (plate 6.18). Myofilaments may have been
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Plate 6.24. Transverse section of a hemidiaphragm preparation
6 hours after BOO administration in vivo (x7500). A "normal-
looking" fibre, unaffected by ECO, in a muscle known to

contain many grossly necrotic fibres.
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Plate 6.25. Transverse section of a hemidiaphragm preparation
6 hours after BOO administration in vivo (x4000). A severely
necrotic fibre may lie adjacent to fibres apparently

unaffected by BOO.







torn apart axd, in very severe cases, the contraction may have

detatched from the rest of the filre.

In summary, observation of the flne structure of the
diaphragm revealed that the number of fibres involved in ECO-
induced myopathy increased with time after ECO administration.
The % normal fibres decreased with increasing time after ECO,
reaching a minimm value at about 6 hours (table 6.2) and the %
abnormal fibres increased correspondingly (table 6.2). As the
myopathy progressed there was a general increase in the mumbers of
mild, moderate anxd severely damaged flbres untll. approximately 6-
12 hours after the Intoxication. Grossly damaged fibres appeared
at 1 hour after ECO administration and increased in mumber there-
after, being most frequent at 24 hours (toble 6.2) by which time
phagocytosis had begun and few filbres were at an early stage of
myopathy development. Regenerating fikres were first observed at
48 hours, indicating that recovery of the muscle was underway;
The % normal fibres lncreased accordingly although complete
recovery was not achieved within the 72 hour period studied (table
6.2).

At all times during the development and recovery from
nmyopathy the fine-structure of the majority of muscle fibres
appeared to be normal.
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Table 6.3 shows that in control tissues the majority of the

muiscle fibre volume (72.2%) was occupied by normal myofilaments
but tha.tl following ECO administration in vivo the volume fraction
(vv) of normal myofilaments decreased progressively Iwith the
developinent of myopathy. Accompanylng the decreased Vv normal
nyofilaments was a decrease in the Vv normal mitochondria and a
correspording increased index of damaged mitochondris (table 6.3).
The VW damoged mitochondria reached a maximum value (17.1%) one
hour after ECO, after which it decreased slightly (table 6.3).
Having alrexdy escertained that mitochondria became vacuolated at
the later stages of myopathy (6.3.2), this reduction in total W
mitochordria (both normal and damaged) was not unexpected and
. table 6.3 indicates that i1t was infact accampanied by an increased
irdex of vacuoles in the sarcoplesm. The Vv vacuoles was maximal
at 3 hours but decreased by 6 hours presumably due to breakdown of
nitochondria as the myopathy progressed further (6.3.2).
vacuolation and subsequent obliteration of sarcoplasmic organelles
may also acoount for the drop in the W SR at 6 hours, following
its dilataticn soon after HOO.

The W SR, Vv normal mitochondria and the Vv Z-lines were
all increased at 12 hours after BCO with respect to their values
at 6 hours after BCO, suggesting perhaps that damage at 12 hours
was less severe than that at 6 hours after ECO (table 6.3).

~152-

R Tt Dl

LT P o LAk




Table 6,3:~ The volume fractions (VW) of various organelles in
muscle fibres at different times after B0 (8.2.3).

C.F NJF 20min lr Shr 6 12w

Normal myofilaments 72.2% €6.0% 50.3% 48.7% 45.0% 32.5% 33.1%
Normal mitochondria 13.0% 18.6% 2.6% 7.0% 2.7 7.7% 9.5%

SR 10.8% 10.2% 14.0% 13.2% 15.1% 9.8% 16.6%
Sarcoplasm 1.4% 11.9% 15.0% 2.5% 0.32% 2.2% 0.08%
Lipid 0.2% 0.0% 0.0% 1.1% 0.0% 1.6% 0.5%
Z-1ines 2.6% 8.3 1.4% 2.06 1.4% 0.0% 0.84%
Nucleus 0.0% 0.0% .o'.c% 0.0% 1.1% 0.0% 1.6%

Stretched myofils. 0.0% 0.0% 1.6% O0.0% 0.0% 10.6% 2.6%
Disintegrated myofils.0.0% 0.0% 0.0% 0.0% 0.12% 1.3% 1.6%
Domaged mitochondria 0.0% 0.0% 13.%% 17.1% 14.3% 15.5% 9.1%

Vacuoles 0.0%6 0.0% 0.0% 0.565_10.1% B.4%  7.7%
Crstals 0.0% 0.0% 1.2% 0.20% 2.8% 3.9% 0.0%
Amorphous Mass 0.06 0.0% 0.0% 0.72% 7.1% 0.8% 14.6%
Invaginations 0.05 0.0% 0.0% 0.21% 0.0%% 0.0% 0.0%
Inclusions | ©0.0%6 0.0% 0.0% 0.14% 0.4% 1.7% 2.4%

C.F= filres from control diaphragnms.
N.F= "normal" fibres in damaged dlaphregns.
myofils = myofilaments.
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Similarly, crystal formation and membraneous inclusions in muscle
fihres became more camon as the myopathy progressed but did not
feature at all 12 hours after BOO. However the W vacuoles and W
amorphous masses did increase at 12 hours indicating that in some
fibres damage was severe (table 6.3), and the % abnormal fibres
was still high.

One very interesting feature shown in table 6.3 is the drop
in Z-1line index within 20 minutes, and its complete obliteration
within 6 hours of BECO administration, suggesting that CANP may be
involved in the necrotlc process.

Generally the volume fractions of normal features decreased
whilst those of abnormal features increased progressively after
ECO. However, by 6 hours, many areas of muscle fibres had become
s0 badly affected that subcellular organclles, normal or otherwise
were completely lost. At this time, such areas often appeared as
an amorphous mass of sarcoplasm perhaps containing damaged
mitochondria axd/or SR.

A camparison of the apparently “"normal" fibres in damaged
muscles with those of control muscles revealed that the Vv indices
of most ‘normal’ features were similar (table 6.3). The slight
drop in VW normal myofilements seen in the ‘normal’ fibres appears
to have been campensated by an increased Vv normal mitochondria.
Whether this cbservation was due to non-uniform representation of
fibre-type profiles (red fibres containing a higher proportion of
nitochondria than white fibres: Gauthier & Padykula, 1966) or to
a gemuine effect of EQO is not known. It i1s possihle that fibres
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contalning more mltochondria may ke more resistant to attack by
ECO.

©.4, DISCUSSION,

In the present study, estimation of the proportions of
fibres affected by ECO, by light microscopy (table 6.1), often
differed from those made at the ultrastructural level (table 6.2),
particularly at the earlier times after ECO administration. The
ultrastructural results are considered to be more trustworthy
since the higher magnification enabled a more accurate assessment
of the morphological state of individual muscle fibres to be made.
The low nmagnification used in the exomination of toluidine blue-
stained sections could not accurately distingulsh gemiine myopathy
from processing artefacts. In addition, lipid droplets within
fibt:'&s night have been mistaken for vacuolation resulting from
damage duc to ECO and slight myopathy may have been missed
altogether. However, the general trend of the develomment of ECO-
induced myopathy (ie. increasing with time after ECO
administration then recovering graduslly), was reflected in the
toluidine blue-stained sections which were useful also for the
location of necrotic areas within a glven section.

At all times following intoxdcation the majority of fibres
remained unaffected by ECO (table 6.2) and there was great
variation between fibres with regard to the extent of myopathy
induced. Hence some fibres of the diaphragm, a muscle thought to
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be composed of a mixture of fibre types (Padykula & Gauthier,
1063) must have been moré resistant to BXO than were others. This
varlability between filbres with regard to the extent of antiChe-
induced myopathles was previously noticed by Hudson and Foster
(1984) in an investigation of the effect of pyridostigmine on the
neurcmuscular junction of the rat disphragm. Subsequently, Hudson
et al., (1985) denmonstrated that there did not appear to be any
selectivity for myopathy associated with a specific fibre type.
The reason for the great variability in the extent of the myopathy
between flbres, is still unclear: Possibly anticholinesterases
act preferentlaly at particular motor units, perhaps those which
are more active.

‘Desplte the substantial variability in the severity of
myopathy between individual muscle fibres of the diaphragm, there
was a general, gradual incease in severity with increasing time,
reaching a maximum level between approximately 3 hours and 24
hours after ECO adminlstration. Ilowever, the observation that

myopathy appeared to be less severe in the 12 hour sections than
that in both the G hour and 24 hour sections was surprising

since it seens imprchable that myopathy would reach a peak at 6
hours, decrease by 12 hours and then peck again at 24 hours after
BCO administration. Cn cbservation of the micrographs of the 12
hour sections, no nerve terminels were observed, unlike their
regular appearance in sections cut at other times after ECO. It
is suggested that a sampling error may have occurred such that the
12 hour sections had not been cut from tha ‘true’ junctional region
of the diaphragm at all. The ‘true’ junctiomal region could have
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been missed at one of two stages during the preparation of the
diaphragm for electron micmoscopy:;—

a) the removal of the Jjunctional strip from the
glutaraldehyde-fixed hemldiaphragms may have been inaccurate.

b) the trimming and sectioning of the tissue block
during the preparation of semlthin sections may have passed
through the junctional regicn.

Since myopathy has been shown to be maximal at the
junctional region of the diaphragm it will inevitably be less
severe in seotions cut away fram this region although the mmber
of fihres seen to be involved in the myopathy would not be greatly
nisrepresented. Such a sampling error would also explain the
absence of myopathy in transverse sections, 30 mimutes after ECO,
despite the appearance of necrotic fibres in longitudinal sections
of the same muscle. The problem of sampling highlights the
necessity for a larger sample size in this study and an cbvious
progression to this work, given more time, would be to repeat the
experiment several times in order to attaln an acceptable sample
size.

Advell as the large degree of variability of the severity of
BEOO-induced myopathy between individual muscle fibres, there was
also a huge degree of variablility within the affected fibres
themselves, not only along their lengths (myopathy being less
severe further from the junctional region) but across their
diameters, at the junctional region. Severe necrosls consistently
appeared to be associated with the nerve terminals, adjacent areas
demonstrating a graded degree of damage becomlng less severe
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further away from the subsynaptic region. Infact, across the
diameter of a single filre, damage was often seen to range from
the complete loss of muscle structure and organclles on one side,
to simple dilatation of SR at the other (plate 6.15).. The results
suggest a close involvement of the synapse in ECO-induced
myopathy, a feature which has been implicated in other OP-induced
myopathies (Fenichel et al., 1972; Kawabuchi et al., 1975;
Laskowskil et al., 1975; Wecker et'al., 1978b).

The severlty of myopathy in individual fibres was‘nmclmal
approximately 24 hours after BOO (table 6.2), when phagooytosis
was first observed and the majority of affeoted fibres were
grossly damaged. Regencration was first observed 48 hours after
intoxication when almost 50% of the affected fibres were
regenerating (table 6.2). By 72 hours most muscle fibres had
regenerated and appeared to be morpholcgically normal (table 6.2).

Dilatation of SR remained a sallent feature throughout BECO-
induced myopathy development until profilles hecame s0 expanded
that they appeared as large vacuoles. This presented itself as an
initial increase in the Vv SR followed by an Increase in the Vv
vacuoles (table 6.3). Finally the vacuoles disappeared and theré
was an o{rerall drop in both SR and vacuolar indices at 6 hours
after ECO (table 6.3). Similarly, an initial increase in the Vv
mitochondria, alongside a decrease in the W normal mitochondria,
was followed by an increase in the Vv vacuoles. The vacuoles
eventually disrupted and there was an overall drop in the

mitochondrial index with increasing time after intoxdication.
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Swelling of mitochondria is a recognised early feature of OP
poisoning (Laskowski et al, 1975,1977; Leonard & Salpeter, 1982)
and 1t has been suggested (Hudson et al., 1985) that the
nitochondrial changes might reflect altered ionlic concentrations
within the fibres concerned. Since both SR and mitochondria are

believed to form an integral part of the iCa®’ buffering system of
skeletal muscle (Oberc & Engel, 1975) this suggdestion seems
plausible and, in 1970, Leonard and Salpeter proposed that the
extreme disTuption of SR and mitochondris beneath the endplate may

reflect overloading of the musclés Ca' binding capacity. In the

present study, SR and mitochondrla were seen to swell and

vacuolate, presumably, releasing their Ca®* load into the
sarcoplasm. It has been suggested that such a messive release of

jonised Ca®t may be responsible for the gross cellular destruction
assoclated with many myopothies (Wrogemon & Pena, 1976). In the
present study, crystal formation was frequently observed in many
mitochondria, and is thought to be due to precipitation of ‘exoess

intranitochondrial Ca.z"' with inorganic phosphate ions which

accumulate in mitochondria alongside Ca® (Corafoli & Crompton,
1076). The precipitate is recognised as an electron dense deposit

in electron micrographs, and has been seen to occupy the majority

of the matrix space wli;én'very high levels of ca*t loading are
reached (Brierly ¥ Slauterback, 1964; Greecnawalt et al, 1964;
Peachy, 1964; Greenawalt & Carafoli, 1866). The calciunm
phosphate precipitate has been shown to be initlally amorphous but
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to take on a crystalline form of hydroxyepatite CBB(Poejaca‘COH)a

under certain conditions (Weinbach & Von Brand, 1965). The
deposition of calcium phosphate crystals within mitochondria is

beleived to reduce the lonised Ca®' in the sarcoplasm but it is a

&2+

reversible process since much of the C can stlll leave the

mitochondria under appropriate conditions (Greenawalt et al,

1064). However, such a release of the accumulated Ca®' is very
slow and it is unlikely that the deposits can participate in any

rapid Ca.2+

fluxes between the mitochondria and the sarcoplasm
(Carafoli & mm. 1978). It is possible that, in the current
study, deposition of crystals was exacerbated by the use of
phosphate buffer during processing of the dlaphragms. However,
since crystals were not observed in control sections from
untreated diaphragns, their deposition must also be a consequence
of ECO.

The results of this ultrastructural study implicate an early

involvment, possibly by the sequestration of ica®*, of
mitochondria and SR in the development of myopathy in the
diaphragm following BCO administration in vivo. It is not yet
clear how these early abnormalities are related to the gross
destruction of the sarcoplasm but the accampanying loss of Z-lines
may implicate involvement of CANP (Busch et al., 1972).
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7.1 INTRODUCTION

The mechanism of action of OP anti-ChE in the development of
myopathy in skeletal muscle is still uncertain. It is possible
that the anticholinesterases exert a direct effect on muscle, not
involving cholinesterase inhibition at all (Karczmar, 1984),
although it is considered most likely that the development of
myopathy is due to the resultant accumulation of acetylcholine
(ACh) in the synapse following irreversible inhibition of
acetylcholinesterase (AChE) (Katz et al., 1973; Fenichel et al.,
1974).

Although OP compounds inhibit both AChE and
butyrylcholinesterase (BuChE), it is the inactivation of the
former that 1s considered to be crucial to the development of
myopathy in skeletal muscle. Wecker et al., (1978a) showed that
90% inhibition of BuChE with OMPA (tetramono-isopropyl-pyro-
phosphortetramide) did not affect the diaphragm, whilst 85%
inhibition of AChE with Paraoxon was accompanied by gross
norphological destruction of the muscle. Other workers have also
associated OP-induced myopathy development with severe AChE
inhibition (Toth et al., 1983; Wecker et al., 1986).

The present study has shown that ECO induced severe necrosis
in the junctional region of the diaphragm of mice. Since ECO is
¥known to I;e a potent inhibitor of AChE (Koelle and Steiner, 1956),
it is believed that myopathy is a result of the consequential
accumlation of ACh at the neuramuscular junction.
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An experiment was designed to assess the extent of
inhibition of blood and diaphragm AChE at various times throughout
the development and regeneration of ECO-induced myopathy, and to
see if whole blood AChE activity reflects the degree of inhibition
of tissue AChE as has previously been suggested (Durham & Hayes,
1062; Namba et al., 1971).
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7.2 EXPERTMENTAL DESIGN,

¥hole blood and diaphragm AChE was measured in groups of
mice at various times after BOO administration (20min, 30min, lhr
3hr, 6hr, 12hr, 24hr, 48hr, 72hr), and in control mice given
atropine only (2.2). For each experimental group 6 mice were
injected with ECO plus atropine. The mice were anaesthetised at
the appropriate times and blood was collected from the femoral
artery for analysis of serum CK (2.10) and AChE (2.12). The mice
were killed whilst anaesthetised and their diaphragms were
renmoved and cut into hemidiaphragms. One hemidiaphragm was
assayed for AChE (2.12), and the other was assessed for myopathy
using the Procion technique (2.7).

Statistical analysis of the data was carried out using
students-unpaired-"t"-test.
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Table 7.1 shows that ECO caused a highly significant

reduction of AChE activity, both in the blood and the diaphragm,
within 20 mimites of its administration in vivo. However, a more
extensive inhibition of diaphragm AChE than blood AChE occurred
(table 7.2): In the diaphragm, the mean % inhibition prior to the
onset of recovery, 12 hours after ECO, was 83+1% whilst in the
blood it was 53+6%.

In blood the early inhibition of AChE was maintained for
approximately 6 hours after ECO administration (figure 7.1),
enzyme activity begining to recover at 12 hours (figure 7.1), when
its activity was shown to be significantly greater than that at 6
hours, (P<0.02: unpaired-"t"-test), and not significantly
different from that of control blood. Enzyme recovery contimued
gradually until, by 72 hours blood AChE actlvity was significantly
greater than that of control mice (P<0.001: table 7.1).

In the diaphragm the extent of inhibition remained at
approximately 83% for about 6 hours, after which it increased
further still, (P<«0.02), reaching a maximum level approximately 12
hours after ECO administration (figure 7.1). There was some
recovery of diaphragm AChE at 24 hours after BOO (table 7.2), but
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Table 7.1 Blood and diaphragm AChE activity at various times
after ECO administration in vivo: the results represent the

meantstandard error from 6 experiments.

Whole Blood AChE Diaphragm AChE
(ummin™~tm1 %) (wmdn g )
Control 0.52 + 0.05 1.11 + 0.05
20min 0.20 + 0.03 *s* 0.19 + 0.02 **x
S0min 0.23 + 0.01 *=*=* 0.20 £ 0.01 ***
lhr 0.22 + 0.03 *=*=* 0.20 + 0.04 **=
3hr 0.36 + 0.04 **=* 0.19 + 0.05 ***
chr 0.18 + 0.03 **=* 0.19 + 0.02 ***
12hr 0.44 + 0.08 0.14 + 0.01 ***
24hr 0.44 + 0.05 0.40 £ 0.04 **=*
4ghr 0.565 + 0.07 0.45 + 0.02 **=*
7ehr 0.68 + 0.02 *** 0.38 + 0.03

**xx jndicates results which are significantly different from those
of the control group at the 0.1% level, using Students-unpaired-

‘t'—-test.
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.Figure 7.1. Elood and dilaphragm AChE activity at various times after
BEQO administration in vivo:- the results represent the mean + standard
-error of 6 experiments.
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*#* jndicates that a result is significantly
different from the control group, at the 0.1%

level, using Students-unpaired-‘t’-test.
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Table 7.2 The % inhibition of AChE in the blood and the

diaphragm at various times after BOO administration in vivo.

% Inhibition of AChE

Blood Diaphragm

Control 0 0
20min 60 83
30min 55 82
1hr 57 79
hr 31 83
€hr 63 83
12hr 27 88
24hr 15 64
48hr -9 59
72hr 32 €6

The % inhibition of AChE was calculated at each time for
both blood and diaphragm using the formula:-

AChE activity at time X

A sample size of 6 mice was used at each time studied.
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a high, fairly constant level of inhibition was maintained
(averaging 63%) for the remainder of the period under study

(7ehrs).

Control hemidiaphragm preparations exhibited the normal

skeletal muscle morphology, (3.3.1). Striations were evident
within the muscle fibres, no hypercontractions were seen, and
Procion staining was restricted to comnective tissue only.

Accompanying the highly significant inhibition of blood and
diaphragm AChE within 20 mimuites of ECO administration, was the
appearance of hypercontracted exdplates in some fibres, a feature
that has already been shown to represent the initial stages of
myopathy development induced by ECO in vivo (3.3.1). ALl other
aspeots of muscle morphology were unaffected and, at 30 minutes,
there was no further change in the histological appearance of the
tissue.

AChE activity remained depressed at a fairly constant
level, whilst Procion staining plus hypercontractions appeared,
then proliferated within the muscle fibres as the myopathy
progressed (table 7.3) ie. increased enzyme inhibition was not
required for the further development of myopathy nor for the
subsequent progressive elevation of serum CK (figure 7.2).
However, it has already be‘ shown (Wecker et al., 1878b) that
AChE activity must be inhibited to a critical degree to induce
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Table 7.3. The relationship between AChE inhibition, serum CX
activity, and % Procion staining in the diaphragm, at various
times after BOO: the results represent the mean +/- standard error

of 6 experiments.

% Inhibition AChE Serum CK

% Procion staining

Blood Diaphragm (UL Y)  junctional nonjunctional
Control O% Ok 2044113 0.2110.10  0.0740.04
o0min  EOR*** 83%***  126:60***  0.07:0.068  0.01:0.01*
30min  BSR*H* 82%FEF 125155 0.0140.01  0.02:0.0%

Thr  B7R*** TOX*** 4404181  0.78:0.36  0.03:0.02
3hr 31%*** 83%*** 2057+420*** 13.50+1.70*** 0.56+0.14***
Ghr  G3%*** SIS GLR0LTSTH** 16.0041.65%*% 1.8740.60%**
1ohe  27%  88%*** 0014122 17.1043.50%** 0.05:0.32%**
pahr  15%  BA%*** 165148  18.10:2.70°** 1.46:0.14%%*
48hT  -DRFT* 50% 114424 3.7041.77¢  0.57+0.34
7ohr  -32%*** ©CO%*** 101428 0.3040.29 0.1940.14

*** and * indicate results which are significantly different from

those of control mice, at the 0.1% and 5% levels respectively,

using Students-unpaired-"t"“-test.
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Figure 7.2. The relationship between AChE inhibition, serum CK and

% Procion staining in the diaphragm at various times after EQO

administration In vivo:- the results represent the mean + standard
error of 6 experiments.
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severe skeletal mscle fibre necrosis in rat skeletal muscle. In
her experiments, Wecker found the critical level of AChE
inhibition to be approximately 85%, a value similar to the 83%
observed in the current study.

In the current study, within 12 hours of BCOO administration,
when blood AChE had recovered significantly, the % Procion
staining of the diaphragm plateaued and serum CK activity had
decreased dramatically (figure 7.2) probably due to the reduced
myopathy development plus elimination of the enzyme from the blood
stream. Following this plateau of maximum myopathy the muscle
seemed to recover its normal morphology, within the 72 hour period
studied, despite persistently low AChE activity in the diaphragm
itself (figure 7.2). It seems that further AChE recovery in the

diaphragm was not required for the complete repair of BECO-induced
myopathy.
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It has been reported that the in vivo administration of an
acute dose of OP causes a high degree of AChE inhibition in
mammals (Koelle ¥ Steiner, 1956; Wecker et al.,1978 a¥b; French
et al., 1983; Toth et al., 1983), and it is generally agreed that
enzyme inhibition occurs within 30 mimites of the exposure (Wecker
& Dettbarn, 1976; Wecker et al., 1978a%b; Goudou & Reiger,
1983). In the present study, 83% of diaphragm AChE was inhibited
within 20 minutes of ECO administration (table 7.2), inhibition
remaining at this level for 12 hours. The % inhibition of blood
AChE (63%) was considerably less than that of diaphragm AChE
(table 7.2), implying that, contrary to reports by Durham & Hayes,
(1962), and Namba et al., (1971) inhibhition of the blood enzyme is
not always a good indicator of synaptic inhibition.

In both blood and the diaphragm there was prolonged AChE
inhibition between 20 mimites and 6 hours (table 7.2), after which
blood AChE rapidly recovered reaching a value, at 72 hours, which
was 32% greater than the control activity. However, diaphragnm
AChE recovered by only about 25% at 24 hours after the
intoxication, there being no further recovery of AChE activity
within the duration of the experiment. It is possible that
maximal inhibition of blood AChE may be indicative of maximal
inhibition in the diaphragm for the period between 20 mimutes and
6 hours after ECO, but neither the extent of inhibition nor
recovery of blood AChE reflects that of the diaphragm in any way.
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In the present study, theieoo&eryhalfnfeofmoodm:aas
approximately 12 hours, whilst that of diaphragm AChE was
considerably longder and was even in excess of the 72 hour period
under study. It is possible that such a discrepancy may have been
a real affect of ECO, or simply a result of the experimental
technique, possibly due to a more rapid hydrolysis of the BOO-AChE
complex in blood once in vitro circumstances prevailed.

During the recovery of OP-inhibited AChE, two reactions occur
similtaneously in vivo. The first is regeneration of inhibited
enzyme by spontaneous hydrolysis of the enzyme-inhibitor complex,
ard the second 1s synthesls of new enzyme. In 1984 Newman et
al., reported that whilst non-endplate AChE (inhibited by ECO) had
a turnover (regeneration) rate with a halflife of 13 hours,
endplate AChE turnover was significantly slower. It is possible
therefore that the higher proportion of endplate AChE existing
within the diaphragm (approxdmately 65%:35%; Newman et al., 1084)
may lower the overall AChE turnover rate within the muscle.
However, in the same study (Newman et al., 1984), a spontaneous
reactivation of ECO-inhibited AChE with a halflife of 27 hours was
observed. Therefore, even if the turnover of AChE.in the
diaphragm was campletely ignored, the halflife of AChE recovery
should still be approximately 27 hours. This was cbviously not so
in the current study.

The fact that hlood AChE recovered so rapldly after only 12
hours of intoxication by ECO suggests that either spontaneous
hydrolysis of the ECO-AChE complex, or synthesis of new AChE
occurs more rapidly in the blood than in the diaphragm. It also
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conflicts with reports (Durham & Hayes, 1962; Wulfson et al.
1068; Namba et al., 1971) of a very slow enzyme recovery in the
blood, taking 3-4 weeks to regain control levels, the authors
concluding that since blood AChE remained inhibited after the
dissappearance of cholinergic symptoms, the recovery of tissue
AChE must be more rapid than that of blood AChE. It was even
suggested (Grob & Harvey, 1953; Durham & Hayes, 1962) that blood
AChE is not regenerated at all and that the rate of recovery
reflects replacement of new erythrocytes, therefore requiring ©0-
100 days to regain control values. This clearly was not the case
with ECO, and blood AChE appears to have been both less
susceptable to inhibition than diaphragm AChE and more efficient
at recovering from the inhibition (table 7.2). The fact that by
72 hours blood AChE activity actually exceeded that of control
mice may be due partly to the production of new erythrocytes by
the spleen, but it is cbvious from the rate of recovery that some
enzyme regeneration must have occurred.

By 72 hours after ECO administration, when recovery of muscle
morphology was complete, diaphragm AChE was still inhibited by
about 66% (table 7.2), indicating a slow rate of spontaneous
reactivation and de novo synthesis of enzyme, but supporting the
observation that very little functional AChE is required for the
normal operation of the muscle cell physiology (Hobbiger, 1976).
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8.1, INTRODUCTION.

The present study has established that myopathy, induced by
ECO at the junctional region of the diaphragm, is preceeded and

accompanied by an influx of Ca®'

(5.3). Since elevated intracellular calcium has previously been

from the extracellular fluid

implicated as a causative agent in many myopathies (Wrogeman &
Pena, 1978; Bodensteiner & Engel, 1978; Cullen et al, 1978;
Ross-Canada et al., 1983), including those induced by OP agents
such as MWMmmm (DFP: leonard ¥ Salpeter, 1979;

Toth et al., 1083) it was suspeoted that the elevated iCa’,
induced by ECO, might be responsible for the subsequent

development of myopathy. However, the role of iCa®' in promoting
miscle damage is still undetermined. One theory is that a calcium
activated neutral protease (CANP) may cause dissassembly of intact
myofibrils (Busch el al, 1972; Dayton, 1875; Reville, 1976;
Inomata et al, 1083; Reddy et al, 1975, 1983). CANP 15 Knovn to
specifically destroy Z disks when applied to isolated myofilameﬁts
(Reddy et al, 1976; Dayton et al., 1975; Mﬂe et al, 1976;
Dayton & Schollmeyer, 1880; Ishiura. et al, 1980‘ Sugita, 1980)
a.:nd since, in the present study, Z-line 1oss was shown to be a
prominemt feature of BOO-induced myopathy (6.3.2), the possibility
that CANP might be involved in the early stages of myopathy
develoment was considered. | | '

. Several substances have been found capable of inactivating

caNP (8 Goven et al, 1976; Iitby & Goldberg, 1978; Toy-Oka et
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al, 1978; Sugita et al, 1980) but, of these, leupeptin has been
fourd to be the most consistently effective and the most potent
inhibitor of CANP (Suzuki et al, 1981). Moreover, leupeptin has
been shown to delay the degeneration of skeletal and cardiac

m:solesboth.‘!.n_ﬂmmmm (CGovan et al, 1978; Stracher

@ MGowan, 1978; Iihby ¥ Goldberg, 1978).

The aims of the experiments described in this chapter were:

1. To investigate the requirement for extracellular Ca®t at
various stages during the development of. BCO-induced myopathy.
This was achreved by exposing EQO-treated phrenic nerve-diaphragm

preparations to Ca-reduced saline (A2) using the in vivo/in vitro

technique (2.5) since reduction of extracellular ca?t

possible in vivo -
2. To investigate the effect on the development of myopathy, of

is not

preventing the entry of Ca®* into muscle fibres, by using the Ca-
antagonist diltiazem in vitro. Both the in vivo/in vitro plus
the in_vitro techniques were used (sections 2.5 & 2.4
respectively). '

3. To investigate the effect in vivo, of a range of membrane ion
channel blockers on the development of ECO-induced myopathy, when
administered prior to ECO in vivo. It was hoped that, by

preventing the entry of certain ions (eg. Na', Ca.2+), elevation

of ica.2+ would be prevented and myopathy therefore not produced.
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4. To investigate a possible role for CANP in the development of
ECO-induced myopathy, using leupeptin. The in vivo/in vitro plus
the in_vitro techniques were used (sections 2.5 & 2.4
respectively) since leupeptin is reported to be rapidly

metabolised and excreted when administered in vivo (Libby &
Goldberg, 1978).
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8.2.1.1. The requirement for extracellular ca®t in the

progression of myopathy in vitro in the diaphragms of mice exposed
to B0 for 30 mimutes in vivo.

Six mice were injected with BECO plus atropine (2.2) and were
killed 30 minutes later. Their phrenic nerve-diaphragm
preparations were prepared according to the in vivo/in vitro
technique described in section 2.5. For each mouse, one phrenic
nerve-diaphragm preparation was stimlated in Ca-reduced saline
(A2) throughout the incubation period in vitro, and was then
stained with Procion: The contralateral preparation was stained
immediately on its removal from the animal (ie.30 minutes after
ECO administration). Myopathy was assessed using the Procion
technique and Students-paired-‘t’-test was used to compare the two
treatments. It was thus established whether myopathy had

progressed in vitro in preparations exposed to reduced
extracellular Ca'.

Further statistical comparison was made, using Students-
unpaired-'t’'-test, between the myopathy developed in preparations
stimulated in Ca-reduced saline (2hours 30 minutes) and that
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developed in preparations stimulated in normal Iileys saline (A2)
for the duration of the incubation period (2 hours 30 minutes).
The latter preparations (n=7) were prepared for an investigation

of the requirement for nerve stimulation during the development of
ECO-induced myopathy (9.2).

8.2.1.2. The requirement for extracellular Ca®*in the yrogression
of myopathy in vitro in diaphragms of mice exposed to BECO for 60
mimites in vivo.

Six mice were injected with BOO plus atropine (2.2) and were
killed 60 mimites later. The phrenic nerve-diaphragm preparations
were then prepared according to the in vivo/in vitro technique
described in section 2.5. For each mouse, one phrenic nerve-
diaphragn preparation was stimilated in Ca-reduced saline (A2) and
the other in normal Iileys saline (A2) for the duration of the
incubation period (2 hours) in vitro. Both sets of preparations
were finally stained with Procilon and assessed for myopathy.
Students-paired-'t’'~test was used to compare the two treatments
and therefore to establish whether the reduction of extracellular

ca®t, 60 mimtes after BOO administration in vivo, had any effect
on the subsequent progression of myopathy in vitro.
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8.2.1.3. The effects on the in vitro progression of myopathy, of

delaying a 30 minute exposure to extracellular ca®*, for

increasing periods following BOO administration in vivo.

Thirteen mice were injected with BCO plus atropine and were
killed 30 minutes later. Their phrenic nerve-dlaphragm
preparations were prepared according to the in vivo/in vitro
technique described in section 2.5. and the prepa.ré.tions were
divided into 4 groups:-

Group 1 (n=7): Phrenic nerve-diaphragm preparations were
stimilated in normal Iileys saline (A2) throughout the incubation
period (2 hours 30 mimtes). |

Group 2 (n=8): Phrenic nerve-diaphragm preparations were
stimlated in normal Iileys saline (A2) for 30 mimutes and then in
Ca-reduced saline (A2) for the remainder of the incubation period
(2 hours).

Group 3 (n=6): Phrenic nerve-diaphragm preparations were
stimulated in Ca-reduced saline (A2) for 30 minutes, then in
normal Lileys saline (A2) for 30 mimites and finally in Ca-reduced
saline (A2) for the remainder of the incubation period (1 hour 30
mimtes).
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Group 4 (n=6): Phrenic nerve-diaphragm preparations were
stimulated in Ca-reduced saline (A2) for 60 minutes, then in
normal Idleys saline (A2) for 30 mimutes and finally in Ca-reduced
saline for the remainder of the incubation period (1 hour).

All preparations were then assessed for the extent of
myopathy, using the Procion technique. Statistical comparisons
were drawn between the groups using Students-unpaired-‘t’-test.

8.2.2. Results and Discussion,

Preliminary experiments using the in vivo/in vitro and in
vitro techniques confirmed that:-

a) stimula.tilon of untreated phrenic nerve-diaphragm
preparations 1n vitro in normal Iileys saline, for up to 3 hours,
does not induce muscle necrosis and the tissues were not stained
by Procion.

b) following an in vivo exposure to ECO of greater than 30
mimites, subsequent development of myopathy could be supported in
vitro by stimulation of the preparation in normal Lileys saline.
N.B. A 15 minute exposure to ECO in vivo was found to be
insufficient to initiate a myopathy which could be developed in

yitro.
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8.2.2.1. The requirement for extra'oellula.z; ca®* for the

progression of myopathy in vitro in the diaphragms of mice exposed
to ECO for 30 mimutes in vivo,

Contraction records.

Control preparations, stimulated in normal ILileys saline
following a 30 minute exposure to ECO in vivo (9.2), elicited
strong contractions throughout the incubation period (figure 8.1):
on exposure to Ca-reduced saline, at the end of the 3hr incubation
period, the contraction magnitude decreased rapidly dissappearing
entirely within 5-10 mimtes. .

Experimental preparations, stimulated in Ca-reduced saline
following a 30 mimite exposure to ECO in vivo, exhibited a decline
in contraction magnituds begining immediately on exposure to Ca-
reduced saline. After 5-10 minutes the contractions stopped
altogether (figure 8.2).

Since muscle contraction is known to depend on the release

of Ca?t from intracellular SR (Sandow, 1065; Ebashi & Endo, 1068;

Costantin, 1976) and not on the influx of ca®* from the
' extracellular fluid, the decline in contraction magnitude,

observed in preparations following the removal of extracellular

ca?*. is not thought to be due to a reduced influx of Ca2' at the
post-synaptic membrane. It is more likely to be the result of an
inhibition of ACh release fram the nerve terminal on exposure to a

reduced extracellular Ca'.
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Histological examiniation of preparations.

Those preparations that were stained with Procion 30 mimutes
following ECO administration in vivo, showed signs of only slight
myopathy manifested by slight Procion staining and hyper-
contraction at the junctional region of the diaphragm, the non-
Jjunctional region being unaffected. This was consistent with the
30 minute hemidiaphragm preparations observed in earlier
experiments (3.3.2 & 7.3.2).

Preparations that were stimulated in normal Lileys saline
(for 2hrs 30mins), following a 30 mimute exposure to ECO in vivo,
had developed severe myopathy, represented by extensive Procion
staining (table 8.1) ard hypercontraction at the junctional region
of the diaphragm ie. myopathy development was supported in vitro
by stimilation of the preparation in normal Iileys saline, and the
% Procion staining was not significantly different from that
induced by a 3 hour exposure to ECO in vivo (3.3.2: %Procion
staining = 10.10+3.2 (2.08+1.01) at the junctional (non-
junctional) regions respectively).

However, myopathy did not progress much in vitro in the
preparations stimulated in Ca-reduced saline, following a 30
mimite exposure to BQO in vivo (table 8.1). Myopathy existing at
the junctional region of these preparations was greater than that
4rduced in hemidiaphragns 30 minutes after ECO administration
(P<0.1: table 8.1), but less than that developed in normal Iileys
saline 30 mimites after BOO administration in vivo (P<0.1: table

8.1).
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Table 8.1, % Procion staining of phrenlc nerve-diaphragm
preparations exposed to ECO for 30 minutes in vivo and of those
stimulated in normal Lileys saline (NL)/Ca-reduced saline

following a 30 minute exposure to ECO in vivo:- the results

represent the meant standard error of 7 experiments.

% Prociom staining

ECO 30mn  EOO 3Omin + stim
" 2hr. 30min in NL

Junctional  2.49:0.27 19.045.70

Nonjunctional  0.05:0.02 2.5+0.62

stim indicates stimilation.

BECO 30min + stim 2hr.
30min in Ca-reduced
saline.

*x
5.17_’;1.%

xx%

0.59£0.1§|_

#++ ** indicates results which are significantly different, at the

0.1% and 1% levels respectively, from the preparations of mice
injected with B for 30 mimutes in vivo, with no further treatment in

vitro, using Students-'t’-tests.

++ indicates results which are significantly different, at the 1%

level, from the preparations of mice injected with ECO for 30 minutes

then stimilated in normal Iileys saline for 2 hours 30 mimites, using

Students-unpaired-‘t’-tests.
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It is concluded that the Teduction in the extracellular Ca<'
concentration significantly reduced the development of myopathy
normally induced by BOO in the diaphragms of mice (figure 8.3).

Since the Ca-reduced saline contained trace elements of Ca.2+

(5x10_61~1: S.Das, personal cammnication) it is unlikely that ca®t
would have leaked out of the diaphragm against the, still strong
inward electrochemical gradient. However, it is possible that

2+

Ca entry into diaphragms exposed to Ca-reduced saline was

minimised such that elevation of 1Ge.a+ might have been reduced and
nyopathy development thus regulated. Certainly, it has been

suggested that when the extracellular ca®* concentration is less

than 10—5M, Na© and k¥ influx may occur via voltage operated

calcium chammels, in preference to Ca®' influx (Almers ¥ MCClesky,

1084). It would be an interesting progression to the current

experiment to actually assay the calcium contents of the

preparations concerned, in order to determine whether Ca®' influx
had infact been reduced. A further progression would be to repeat
the experiment using HGTA in the Ca-reduced saline, as was done by

Leonard and Salpeter (1979): perhaps then, by preventing Ca®'-
influx completely, ECO-induced myopathy would be completely
prevented?

It has already been suggested (8.2.2.1), that the reduction

of extracellular Ca<' is likely to have had a presynaptic effeot
on the phrenic nerve preparation, possibly reducing the release of
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% PROCION STAINING

Figure 8.3. % Procion staining of phrenic nerve-diaphragm preparation:

exposed to BCO for 30 minutes in vivo and of those stimulated in normal Liley:

saline (NL)/Ca-reduced saline following a 30 minute exposure to BOO in vivo:-
the results represent the mean + standard error of 7 experiments.

20 -

\ =

N\

. “/ E |
7 O non-junctiona I

+++++

\{

0 T T
L. Ca-reduced ECO 30mins

. & t results which are significantly different,

at the 0.1% and 1% levels respectively, from preparations

pertaining to mice injected with ECO for 30 mimutes with no
further treatment in vitro, using Students-'t’'-tests.

++ indicates results which are significantly different, at

the 1% level, from preparations pertaining to mice injected

with ECO for 30 minutes then stimulated in normal Lileys

saline (NL) for 2 hours 30 minutes in vitro, using Students-
unpaired-‘'t’-test.
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ACh from the nerve terminal: the contraction records (figure 8.2)
indicate that the stimulated release of ACh from nerve terminals
may have stopped in preparations exposed to Ca-reduced saline.
Since anticholinesterase-induced myopathy is thought to be due to
the prolongation of the half-life of ACh at the neuromuscular
synapse (Fenichel et al., 1974), a reduction in the release of ACh
may oppose the myopathic effects of ECO.

The reduced myopathy in preparations stimulated in Ca-
reduced saline may be the result of a combination of both post-
synaptic axd presynaptic effects.

It is interesting to notice that, whilst myopathy
development was reduced in the presence of reduced extracellular

2

Ca’ 2

*, 1t was not prevented. Possibly sufficient Ca®' had entered
the cell during the 30 mimute exposure in vivo to have supported
slight myopathy development by the end of the incubation period.

Alternatively, a slow inward current of Ca?* fram the Ca-reduced

saline may have been sufficient to have gradually initiated this

small degree of muscle necrosis, especially in the presence of Ca-
insensitive nonquantal ACh, released from the nerve terminal

(Tabti et al., 1987). It is also possible, that stimilation of

phrenic nerve-diaphragm preparations may have induced a
mobilisation of Ca®' from intracellular stores, most notably the
SR. Such a release of (‘a2+ would serve to elevate sarcoplasmic
Ca?t and foss:.bly initiate the development of myopathy.

Vhatever the mechanism, the reduction of extracellular Ga2+,
30 minutes after ECO did significantly reduce the subsequent
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development of myopathy in vitro (figure 8.3) and it was decided

to investigate whether the reduction of extracellular ca®* would
effectively hinder myopathy at a later stage in its development.

8.2.2.2. The requirement for extracellular Ca.2+£or the

progression of myopathy in vitro in diaphragms of mice exposed to
B0 for 60 mimites in vivo,.

Contraction records.

Control preparations, stimulated in normal Lileys saline for
2 hours :Eo]ldw:l.ng a 60 mimite exposure to ECO in vivo, elicited
strong contractions throughout the incubation period.

Preparations stimilated in Ca-reduced saline for 2 hours,
following a 60 minute exposure to BECO in vivo, showed a gradual
decline in the contraction magnitude begining immediately on
exposure to Ca-reduced saline and stopping altogether after 5-10
mimites.

Histological examination of preparations.

Both sets of preparations were severely myopathic at their
junctional regions, nonjunctional regions being comparatively

unaffected (table 8.2) ie. the reduction of extracellular Ca~' 60
ninutes after ECO administration in vivo, did not affect the
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Table 8.2. % Procion staining of phrenic nerve—diaphra.g:ﬁ

preparations stimulated in normal Iileys saline (NL)/Ca-reduced

saline following a 60 mimite exposure to BCO in vivo:- the results
represent the mean + standard error of 6 experiments.

% Procion staining
NI, saline Ca-reduced saline
Junctional 27.647.4 20.945.9
nonjunctional 2.00+0.65 1.8240.77

Using Students-paired-“t"-test, no significant difference
was fourd to exist between the two sets of preparations at either
the junctional or the nonjunctional regions.
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~ further development of myopathy in vitro. The myopathy developed '
was significantly greater, at the junctiomal region, than that
induced by a 60 mimite exposure to ECO in vivo, with no further
treatment in vitro (table 3.1: %Procion=5.37+1.69), suggdesting
that the development of myopathy may be time-dependent aswell as

Ca®*-dependent.
Hwéver,‘ when extracellular Ch.2+ was reduced 30 mimtes after
ECO administration in vivo (8.2.2.1), myopathy was significantly

reduced. Possihly an extra 30 minutes exposure to ECO in vivo

allowed additional entry of (b.2+ into muscle fibres such that the

potential for the development of full myopathy was triggered and

was then irreversible by the removal of extracellular Ca.2+.

Again, assaysofiCa.mwmﬂdbeneoessarytoconﬂrmthisidea.

Two questions were addressed following the result of this
experiment:-

a) Doewgstheextra.:50m1.1mteez:~:posure‘boe:ct:ra.c:eJJ.ula.rC%a.2+
need to occur in vivo for myopathy to develop to completion?

b) In order for myopathy to develop to completion, must the
extra 30 mimte exposure to extracellular ca?* immediately follow
the 30 minute period in vivo or would any 30 mimute exposure to

2+
ca” be as effective?

A series of experiments was designed (8.2.1.3) to determine

the effect of different 30 mimite exposures to extracellular Ca®'
on the development of myopathy 1n vitro in preparations already

exposed to extracellular Ca?' for 30 mimites in vivo.
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8.2.2.3. The effects on the In vitro progression of myopathy, of

delaying a 30 minute exposure to extracellular Ca.2+, for

increasing periods following ECO administration in wvivo.

Contraction records.

Control preparations, stimulated for the whole incubation
period in normal Lileys saline, contracted maximally throughout
the experiment.

Experimental preparations contracted maximally during
stimilation in normal Iileys saline, but in Ca~reduced saline the
contractions declined and dissappeared entirely within 5-10
ninutes, reappearing when normal Lileys saline was reapplied
(figure 8.4).

Histological examination of preparations.

All preparations were severely myopathic at their junctional
regions, the nonjunctional regions being camparatively unaffected
(table 8.3). There was no significant histological differences
between the treatments (table 8.3) suggesting that, as long as the
preparations exposed to ECO for 30 minutes in vivo are then

exposed to extracellular ca®* for 30 mimites at some time during

the next 2 hours, they will ultimately develop severe myopathy.

Simemyopaﬂqwashitﬂeredwhene:rtraoellularm2+was
reduced 30 minutes after BOO (8.2.2.1), but was severe following
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Table 8.3 % Procion staining in preparations exposed to ECO for

30 minutes in vivo and then for various 30 minute periods to

extracellular calcium (normal Iileys saline) during stimulation

in vitro,
% Procion staining
Group 1 Group 2 Group 3 Group 4
(control)
n=7 n=8 n=-6 n=6
junctional 18.92+3.90 15.65i1R.63 24.7045.40 28.60+7.50
nonjunctional 1.240.50 1.1+0.35 2.2+0.83 3.4+1.10

Using Students-*t"-test, none of the experimental groups

gave results sign:l.fidantly different from the control group (group

1) with regard to the severity of myopathy induced at either the

junctional or the nonjunctional regions.
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any subsequent 30 mimite exposure to cat in vitro (tahle 8.3) or
in vivo (table 8.2), there must have been an additive effect on
the development of myopathy, due to the contimuous or repeated

exposure of preparations to extracellular Ca®*: a total 60 minute

continuous exposure to extracellular (:a.2+ was sufficient to
promote the subsequent development of full myopathy in vitro,
longer exposures (ie. stimulation in normal Lileys saline for
greater than 2 hours tables 8.1 & 8.2) failing to produce a more
severe myopathy.

Knowing that the development of myopathy is significantly

hindered on the reduction of extracellular Ca.2+ 30 mimites after

BOO (8.2.2.2) 1t was surprising that the reintroduction of Ca=t
towards the end of the incubation period (ie. 90 mimtes after
BECO) induced a myopathy equal in severity to that induced by its
reintroduction eaflier during the incubation (ie. 30 mimutes after |
ECO). One might have expected the myopathy developed in the
former instance to have been less than that of the latter since

the second Ca.2+ exposure would have had less time to effect
myopathy.
However, there is recent evidence (Ruigrok, 1985) that the

reintroduction of Ca*t following a minimm 2 mimite perfusion with

Ca-free saline, caused rapid, gross morphological damage to the
mammalian heart. The phenomenon, termed “The Calcium Paradox®,is

based on the idea that, following (b.a+ depletion a phase of Ca.2+

repletion causes enhanced entry of Ca®' into the muscle cancerned.
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It is suggested that the route of Ca*' entry during the repletion

period, may include the glycocalyx, the slow channels, the

Na.+/0a2+ exchange system, passive diffusion and/or almormal sites
of entry (Ruigrok, 1985). Infact, Putney et al., (1978)

demonstrated that if the intracellular Ga.2+ stores are exhausted
and then the ACh receptor (AChR) is blocked, the stores can be

refilled by a brief application of extracellular ca®t, Then,
after the extracellular Ca®' is removed again, mobilisation of the

stored 1Ca?t may recocur (Putney et al., 1978). The existence of
a calcium paradox in skeletal muscle is controversial (Armani et
al., 1984; Zuurveld et al., 1985) but, if it does take place, the

consequent elevation of 1ca®* might initiate the rapid development

of a severe myopathy. o ,
It would be an interesting progression to measure:-

a) the ca?t content of phrenic nerve-diaphragm preparations
following each 30 mimute in vitro exposure to extracellular ca?t
ie. is there an enhanced influx of C.‘ém.2+ on the reintroduction of

ca®* to miscles folloving exposure to Ca-reduced saline?.

b) the severity of myopathy induced by an early in vitro
exposure to extracellular Ca%* (ie the second 30 mimites) during a
shorter incubation period (ie. 90 minutes). If the Calcium
Paradox is in operation one would expect myopathy to develop to a
degree similar to that induced following a 2 hr 30 mimite in vitro
incubation of such preparations in normal Iileys saline.
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8.3.1. Experimental Design.

5

8.3.1.1. The effect of 10 "M diltiazem on the in vitro

development of ECOO-induced myopathy.

8.3.1.1.1. In phrenic nerve-diaphragm preparations exposed to ECO
in vivo for 30 mimites (the in vivo/in vitro technique: 2.5).

Five mice were injected with ECO plus atropine and were
killed 30 minutes later. Their prenic nerve-diaphragm
preparations were prepared according to the in vivo/in vitro
technique described in section 2.5. For each mouse, one phrenic
nerve-diaphragm preparation was stimulated in normal Iileys saline
(A2) for the duration of the incubation period (2 hours 30
minutes) whilst the contralateral preparation was stimilated in

10_5}{ diltiazem (in normal Lileys saline). Finally, all
preparations were assessed for myopathy using the Procion
technique. Statistical comparisons were made between the two sets
of preparations using Students-paired-‘t’-test.
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8.3.1.1.2. In phrenic nerve—dia.plira.gm preparations e@osed to
500nM ECO in vitro (the in vitro technique;2.4).

Six mice were killed and their phrenic-diaphragm nerve
preparations prepared according to the in vitro technique
described in section 2.4. For each mouse, one phrenic nerve-
diaphragm preparation was stimulated in 500nM ECO (in normal
Idleys saline) for the duration of the incubation period (3 hours)

whilst the contralateral preparation was stimulated in 10'5H
diltiazem (in normal Lileys saline) for 10 minutes prior to
addition of 500nM ECO: the preparation was stimilated thus for 3
hours. Finally, all preparations were assessed for myopathy using
the Procion technique. Statistical analysis between the two sets

of preparations was made using Students-paired-‘'t’-test.

36 mice were divided into 6 groups:-

Group 1 (control group):- Mice were injected with ECO plus
atropine only (2.2).

Group 2:- Mice were injected with verapamil (1.14-3.42 mgKg_l),
an antiarrhythmic Ca-antagonist which has also been shown to block
endplate chammels (Wachtel, 1987) and to reduce cardiac necrosis
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in dogs (Reimer et al., 1977). 15 minutes later mice were
injected with ECO plus atropine.

Group 3:— Mice were injected with the Ca-antagonist diltiazem

(1.71-3.42 mgkg 1), vhich has been shown to block endplate
channels (Miledi & Parker, 1981; Wachtel, 1987). 15 mimites
Jater mice were injected with ECO plus atropine.

Group 4:- Mice were injected with mecamylamine (5.5 mgKg"l). a
ganglionic hlocker which acts by preventing the action of ACh at
the post-junctional membrane. 15 mimites later mice were injected

with EOO plus atropine.

Group 5:- Mice were injected with disopyramide phosphate (2.14-

4.28 mgKe L), a menbrane stabilising compournd which has been shown
to block open endplate channels at the neuromuscular junction
(Harvey et al., 1984). 15 mimutes later mice were injected with

BECO plus atropine.

Group 6:~ Mice were injected with procainamide (3.0-6.0 ng‘Kg_l).
a membrane stabilising compound which blocks open endplate

channels in the neuromscular junction (Harvey et al., 1984). 15
mimites later mice were injected with ECO plus atropine.

NB. All injections were administered subcutaneously between the
shoulder blades; all drug solutions were made up in normal ILileys
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saline and the doses administered were equivalent to or greater
than that recommended for use clinically and were corrected for

body weight.

Mice were anaesthetised 3 hours after BOO administration and
blood was obtained from the femoral artery for analysis of serum
CK (2.10). The mice were killed whilst still anaesthetised and
their diaphragms were removed. One hemidiaphragm was assayed for

Ca®" influx at its junctional region (2.9) and the other was
assessed for myopathy using the Procion technique (2.%7).

The results of each experimental group were compared with
those of the control group (injected with BCO plus atropine only)
in order to establish whether the pretreatment had been effective
against the development of myopathy. All statistical comparisons
were made using Students-unpaired-"t*-test.
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8.3.2. Results and Discussion.

8.3.2.1. The effect of 10 °M diltiazem on the in vitro
develomment of BOO-induced myopathy (8.2.4)

8.3.2.1.1. In phrenic nerve-diaphragm preparations exposed to ECO
for 30 mimutes in vivo.

Contraction records.

Diltiazem had no apparent effect on the contractions
elicited by BOO-treated phrenic nerve-diaphragm preparations in

normal Lileys saline (figure 8.5) suggesting that diltiazem did
not compromise neuramuscular transmission elther pre- or post-

synaptically.
Histological examination of preparations.

Severe myopathy was lnduced at the junctional region of
preparations stimulated in normal Lileys saline and also in those

stimilated in 107 °M diltiazem (table 8.4), the nonjunctional
regions in each case being comparatively unaffected ie. diltiazem
had no effect on the in vitro development of myopathy when applied
50 mimites after BOO administration in vivo,

Possibly diltiazem failed to prevent Ca®' influx into the
diaphragm but in order to confirm this it would be necessary to
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Figure 8.5. Preparations stimulated in normal ILileys saline or diltiazem, 30
mimites following xposure to BCO in vivo, showed no difference in contraction
pattern.
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Table 8.4 % Proclon staining in preparations stimulated in

normal Idleys saline or in 10 °M diltiazem for 2 hours 30 minutes
following an exposure to ECO of 30 mimutes in vivo:~ the results
represent the mean + standard error of 5 experiments.

% Procion staining
Normal Lileys 10"%M d11tiazen
junctional  10.5642.6 9.0113.4
non junctional 0.38+0.11 0.3740.16

Using Students-paired-‘'t’-test no significant difference was
found to exist in the myopathy developed in the two sets of

preparations.
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perform the appropriate assays of the calcium content of the
preparations concerned.

It is possihle that diltiazem did prevent Ca®' entry into

the diaphragm once it had actually reached the tissue. However,
the delay of access of diltiazem, due to its late administration
(30 minutes after ECO) and to the time taken for it to reach the

diaphragm thereafter, may have allowed sufficient Ca.2+ influx to

have occurred, both pre- and post- synaptically, to trigger the

development of myopathy before the Ca.2+ antagonist had even
reached the neuramuscular synapse.

It was decided to investigate the effect of an earlier
application of diltiazem ie. prior to EOO administration in vitro,

on the development of myopathy.

8.3.2.1.2. In phrenic nerve-diaphragm preparations exposed to
| 500nM ECO in vitro.

Contraction records.

Control (figure 8.6):- When ECO was added to a bath
containing normal Lileys saline a short-lived potentiation of
miscle contraction was elicited. The contraction magnitude then
gradually decreased over an approximate 30 mimute pericd, to a
level below that observed prior to ECO administration. Finally,
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the contraction magnitude gradually increased once more, to a size
greater than that observed before ECO administration (figure 8.8).
Experimental (figure 8.6):~ Diltiazem caused no change in the
magnitude of the contractions eliclted by stimulation of the
phrenic nerve-diaphragn preparations in normal Idleys saline. The
subsequent application of ECO caused a slight increase in the
magnitude of contractions, not as pronounced as that observed in
pweparatiohs untreated by diltiazem, but 1a$ting slightly longer.
There was subequenfiy only a siight decline in contraction
Tt seems that diltiazem, when administered prior to EOD,
generally minimised the effects of the OP on the contraction
patterns of prépamtions stimulated in normal Lileys saline.

Possibly, by reducing the access of ca.2+

diltiazem inhibited ACh release, thereby minimising its

to the nerve terminal,

accumlation during AChE inhihition. Alternatively, diltiazem may
interfere with neuromuscular transmission by decreasing endplate
channel lifetime and by reducing the frequency of channel
activation (Miledi ¥ Parker, 1981; Vachtel, 1987). Such an
effect has been shown to occur in vitro, at a concentration of

10" "M diltiazem (Miledi ¥ Parker, 1981) s0 it is possihle, in the

present study also, that at a concentration of 107°M, diltiazem
may have blocked the endplate channels of the neuromuscular

Junction.
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Histological examination of Imepara.i:ions.

Control preparations:— stimulation of phrenic nerve-
diaphragm preparations for 3 hours in 500nM BQO in normal Lileys
saline induced myopathy located largely at the junctional region
of the diaphragm (table 8.4). The myopathy was represented by
Procion staining and hypercontractions but was less severe than
that induced by ECO in the in vivo/in vitro experiments (table
8.4:P<0.05 at the junctional region and P<0.005 at the non-
junctional region) suggesting that perhaps the nerve stimilation
pattern used in vitro did not accurately mimic that ococurring in
vivo. VWhatever the reason for this anomaly, the problems of
extrapolation of results from in vitrg experiments to an in vivo
situation are clear. '

Experimental preparations:- pretreatment of phrenic nerve-
diaphragm preparations with diltiazem prevented the myopathy
normally induced by ECO in vitro (table 8.5). Procion staining
was nminimal and the muscle fibres were not hypercontracted.

Since diltiazem is thought to block both voltage operated
chamnels (Stanfield, 1988) and endplate channels (Miledi & Parker,
1081; Wachtel, 1987), it seems that the ECO-induced influx of

ca.z"' at elther the pre- or post-synaptic sites, or both, must

occur through either chamnel type, or both, since if this were not
so diltiazem would not have been effective against the development

of myopathy.
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Table 8.5. % Procion staining of phrenic nerve-diaphragm

preparations stimilated in 500mM BOO and those treated with 107 °M
diltiazem before and during stimlation in 500nM BECO:- the results

represent the mean + standard error of 6 experiments.

% Procion staining

500nM BOO. 10 M diltiazem in

500nM ECO.
' xk ¥

junctional 5.36+0.98 0.12+0.08
nonjunctional 0.1840.05 0.08+0.03

*** jndicates that the result was found to be significantly
different, at the 0.01% level, using Students-paired-‘t’-test ie.
diltiazenm significantly prevented the myopathy induced by BOO at
the junctional region of the phrenic nerve-diaphragm preparation:
no significant difference was found in the extent of myopathy
developed at the nonjunctional region.
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Contraction records of the control and experimental
preparations concerned, indicate that diltiazem reduced the ECO-
induced increase in the contractile response of the diaphragm.
This effect sugdests a postsynaptic effect of diltlazem, reducing
the ECO-induced repetitive firing in the diaphragm. Since the
preparations did contime to contract strongly, a significant pre-
synaptic effect of diltiazem is considered unlikely. It is
thought that, by minimising the postsynaptic response of the
diaphragm to OO, diltiazem may have reduced also the ECO-induced

influx of Ca<' into the muscle and thereby prevented subsequent

development of myopathy. However, to confirm such an hypothesis,

assays of the Ca.2+ content of the preparations would have to be
performed at the appropriate stages of the experiment.

Since diltiazem successfully prevented myopathy, when
applied prior to and during administration of ECO (figure 8.7),
one might have expected it to have reduced myopathy when it was
applied in vitro, 30 minutes after ECO administration in vivo.
Yet diltiazem in this instance was completely ineffective (figure
8.7). Possibly the delay between the application of diltiazem to
the preparations and its actual access to its site of action was

such that Ca.2+ influx contimed, ultimately causing a more severe

myopathy than that observed vhen extracellular Ca®' was minimised
20 mimites after BOO administration (8.2.2.2). In addition, the

slow, contimual entry of Ca®' into both the pre- and post synaptic
sites via routes other than those hlocked by diltiazem, may have
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_lead to further development of myopathy. ‘ Again, in order to

substantiate such theories, assays of the (:a.a+ content of the
preparations would have to be performed.

8.3.2.2. The effect of a rande of membrane ion channel bhlockers
on the development of myopathy, when administered prior to ECO in
vivo.

All the preparations were severely myopathic at the
junctional region (nonjunctional regions being relatively
unaffected) and infact table 8.6 confirms that none of tﬁe drugs
used was effective in the protection of the diaphragm against BECO-
induced myopathy nor against the elevation of serum CX.

Since Ca®* influx was not reduced by 4 of the 5 pre-
treatments (infact, mecamylamine seemed to exacerbate it: table
8.6), 1t was perhaps not surprising that they were also
ineffective in the prophylaxis of myopathy. Possibly the doses
administered, although adequate for use clinically against cardiac
arrhythmias in man, were not large enough to be effective at the
diaphragm of the mouse. It has infact been shown that, for

verapamil or diltiazem to successfully block endplate channels in
vivo, concentrations 20-100 times greater than those encountered
clinically are required (Wachtel, 1987). It was considered
dangerous in the present study to administer such large doses to
mice due to the unpleasant side effects of the drugs concerned.

-214~



Table 8.6:- The prophylactic effect of various membrane ion

chamnel blockers against BECO-induced myopathy.

% Procion staining Serum (X Ca®' influx at
g NI @™ 7 (molmg™)

BOO 21.412.3  2.2040.91 43664719  1.5640.18
Verapamil 16.414.2  1.8040.46  4700+1247  0.97:0.83
+ BECO
Diltiazen 16.444.2  1.63:0.56 O7Y50+1144  0.586:0.11
+ ECO
Mecamylamine 15.1#2.0  0.86:0.38 18654230  2.49:0.55
+ BECO
Disopyramide 10.644.2  2.50:0.43 32674077  1.4040.34
+ BECO
procainamide 15.6:3.4  2.1140.05  5010+1856  1.82:0.36
+ ECO

J, NJ = junctional, nonjunctional regions respectively
#* * = pesults which are significantly different from those

induced by ECO only at the 1% and 5% levels respectively,
using Students unpaired-‘t’'-test.
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Diltiazem however, did significantly reduce Ca?' influx at

the junctional region of the diaphragm (table 8.6) possibly by
('.!a.2+ antagonism rather than by endplate channel hlock. However,

Ca.2+ influx was not prevented completely and was infact similar to
that recorded in an earlier experiment (3.3.5), 20 mimtes after
EQO administration in vivo. Possibly this small elevation of

a.2+

ic is sufficient to initiate the development of a severe

myopathy by the end of the 3 hour post-injection period.

Alternatively, there may have been a (}a.2+-:|.tﬂuoed release of Ca<'
from the SR (Ford & Podolski, 1970; Endo, 1977; Martinosi,

1984), and/or a depolarisation-induced release of ca®* from SR

(Erdo, 1977; Nakajima & Engel, 1973) due to the prolongation of
ACh half-life at the neuromuscular junction. The prolonged action

of ACh at the endplate might also have indirectly caused release
of Ca.a"' from mitochondria, in response to an elevation of
intracellular Na'. Whatever the mechanism of Ca.2+ release from

intracellular stores, no elevation of :LCa.2+ would have been

recorded by the technique used in the current study since no
change in the total cell Ca®' is involved. However, it is
probable that an internal redistribution of ca®t does occur
alongside Ca2+ influx on exposure of muscles to ECO.

Since there was no block of the entry of Ca.2+ into muscle

fibres exposed to ECO in vivo, i1t was decided to investigate
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alternative methods of amellorating ECO-induced myopathy, by

interfering with the role of 1Ca*' per se.

8.4.1.1. - In phrenic nerve-diaphragm preparations exposed to ECO
in vivo for 30 mimutes (the in vivo/in vitro technique).

Six mice were injected with EOO plus atropine and were
killed 30 minutes later. Their phrenic nerve-dlaphragm
preparations were prepared according to the in vivo/in vitro
technique described in section 2.5. For each mouse, one phrenic
nerve-diaphragm preparation was stimilated in normal Lileys saline
(A2) for the duration of the incubation period (2 hours 30
mimuites) whilst the contralateral preparation was stimulated in
25uM leupeptin (in normal Lileys saline). Finally all
preparations were assessed for myopathy using the Procion

technique. Statistical comparisons were made between the two sets
of preparations using Students-palred-'t'-test.
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8.4.1.2. In phrenic nerve preparations exposed to 500nM ECO in
vitro (the in vitro technique).

Six mice were killed and their phrenic nerve-diaphragm
preparations prepared according to the in vitro technique
described in section 2.4. For each mouse, one phrenic nerve-
diaphragm preparation was stimulated in 500nM ECO (in normal
Iileys saline) for the duration of the incubation period (3 hours)
whilst thé“_contra.la.tera.l preparation was stimulated in 25uM
leupeptin (in normal ILileys saline) for 10 minutes prior to
addition of 500nM ECO: the preparation was stimilated thus for 3
hours. Finally all preparations were assessed for myopathy using
the Procion technique. Statistical analysis between the two sets
of preparations was made using Students-paired-‘t’-test.

8.4.2.1. In phrenic nerve-dlaphragm preparations exposed to ECO
in vivo for 30 mimutes.

Contraction records.

Leupeptin had no effect on the contractions elicited in
normal Iileys saline by preparations treated with ECO in vivo.
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Table 8.7. % Procion staining of preparations stimulated in

normal Lileys saline/25 nM leupeptin following a 30 minute

exposure to ECO in vivo:- the results represent the mean +
standard error of 6 experiments.

% Procion staining
Normal Iileys 251M leupeptin
Junctional 10.68+0.70 9.7140.87
nonjunctional 0.1510.08 0.2040.09

Using Students paired-‘t’-test no significant difference was
found to exist in the extent of myopathy induced in the two sets
of preparations at elther the junctional or nonjunctional regions.
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Histological examination of preparations.

All preparations were severely myopathic at their junctional
regions, the nonjunctional regions being comparatively unaffected
(table 8.7) ie. leupeptin had no significant effect on the in
yitro development of myopathy, when applied 30 mimites after BCO
adninistration in vivo. This may suggest that ECO-induced
nyopathy is not mediated by CANP, that leupeptin failed to
penetrate the sarcolemma, or that its application was too late to
effectively ameliorate the myopathy; although preparations were
exposed to leupeptin 30 mimutes after an injection of BOO in vivo,
the actual access of leupeptin to the neuramuscular synapse will
have been delayed by the diffusion of the drug through the tissue.
Possibly, therefore, myopathy had been instigated before leupeptin
had reached the neuromuscular synapse. It was decided to
investigate an earlier application of leupeptin, prior to BQO
administration in vitro.

8.4.2.2. In phrenic nerve-diaphragm preparations exposed to 500nM
BEQO in vitro.

Contraction records.

leupeptin had no effect on the contractions elicited in
normal Lileys saline nor on the usual patterns of contraction
elicited by BQO in vitro (8.3.2.1.2) suggesting that leupeptin
does not interfere with neuromuscular transmission in any way.
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M%Prmimmshwhxgtheeffectofaspnleupepm
when administered before and during stimulation in S00nM BCOO: the
results represent the mean + standard error of 6 experiments.

% Procion staining
500nM ECO. 25pM leupeptin
in 500nM BCO.
junctional 6.63+0.88 6.07+0.89
non junctional 0.16+0.05 0.1440.03

Using Students-paired-'t’'-test no significant difference was
found to exist in the myopathy developed between the two sets of
preparations at either the junctional or the nonjunctional

regions.
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Histological examination of preparations.

All preparations were severely myopathic at their junctional
regions, the nonjunctional regions being comparatively unaffected
(table 8.8) ie. pretreatment of phrenic nerve-diaphragm
preparations with leupeptin had no effect on the development of
myopathy initiated by BECO in vitro. The result was disappointing
in the light of evidence given by Leonard and Salpeter (1980), of
25uM leupeptin partially protecting extensor digitorum longus
(EDL) muscles against myopathy normally induced by carbachol.
However, in these experiments Leonard and Salpeter preincubated
the EDL muscles in leupeptin for 2 hours before exposure to
carbachol. Possibly therefore, in the current experiments,
leupeptin did not have sufficient time to penetrate the diaphragm
and effect the inhibition of CANP. Alternatively, since the
diaphragnm is thought to be the muscle most susceptible to agonist-
induced myopathy (Ariens et al,1968), it is possible that
leupeptin, which had only a partial protective effect on EDL
muscles anyway, was not effective at all in the protection of the
diaphragnm. I‘t-;lwm.lld. be interesting to investigate the effect on
BOO-induced mﬁé:pathy, of longer preincubation periods in leupeptin
and also to actually measure CANP activity of diaphragms treated
with ECO since Toth et al., (1983), did show CANP to be
significantly elevated in rat diaphragms following exposure to
DFP/Wolfatox poisons.

There have however, been several reports of the failure of

leupeptin to protect against Ca**-activated myopathies; in 1978
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Duncan et al preincubated isolated cutaneous pectoris muscles of

the frog in various concentrations of leupeptin, for times varying
from 15 to 90 mimtes before application of the ionophore A23187'

previously shown to induce muscle necrosis (Statham et al, 1976;
Publicover et al, 1977). In none of these experiments did
leupeptin show even partial protection against myopathy
develomment (Duncan et al, 1978). Similarly, Enamoto and Bradley
(1977) failed to produce evidence of any benefi}: conveyed by
leupeptin against murine muscular dystrophy.

Such results suggest elther that leupeptin camnot easily
penetrate intact sarcolemmal membranes despite reports that it
does so (Libby & Goldberg, 1978), or that CANP plays no part in

the degeneration of muscle induced by AQSIB'?’ murine muscular

dystrophy, or ECO. Possibly a different mechanism entirely is
involved in the implementation of myopathy.

The need for extacellular Ca*' for the development of ECO-

induced myopathy has been confirmed by two experiments:-—

a) The reduction of extracellular (h.2+. 30 mimtes after
BOO administration in vivo, greatly reduced the subsequent in-
vitro development of myopathy (8.2.2.1).
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b) The in vitro application of 10 °M diltiazem, prior to
and during BCO administration in vitro, prevented the development
of myopathy (8.3.2.1.2).

It was thought that the in vivo development of myopathy

might be ameliorated by preventing entry of Ca?'+ into the
diaphragm. However, when applied prophylactically in vivo, a

range of membrane ion channel blockers falled to prevent ca®t-

inflx into the diaphragm, and consequently myopathy developed as

usual: diltiazem was the only drug that did reduce Ca®' influx at
the junctional region of the diaphragm but myopathy was still
severe. Higher doses of the ion channel blockers may have been
more successful but would undoubtably have caused unacceptable
side effects in the mice. The results were disappointing in the
1ight of the evidence that diltiazem prevented the in vitro
development of BOO-induced myopathy, and highlight, once again,
the problem of the extrapolation of results from in vitro
experiments to an in vivo situvation. Finally, an attempt was made
to reduce the develomment of ECO-induced myopathy using leupeptin,
an inhibitor of CANP (8.4.2.1) which has been implicated in the
myopathic process (8.4.2.1). Again, this was unsuccessful,
possibly due to inadequate access of leupeptin. However, it is
possible also that CANP is not involved in the development of BECO-
induced myopathy at all.
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9.1, INTRODUCTION.

It is well accepted that motor neurones play an important
role in the maintenence of the functiomal and structural integrity
of skeletal muscle fibres, and numerous investigators have
confirmed that the induction of muscle fibre necrosis, by
inhibition of AChE, is a neurally mediated process, and that by
prior sectioning of the appropriate nerve, the acute development
of necrosis can be reduced, if not prevented (Ariens et al., 1969;
Fenichel et al., 1972; Kawabuchi et al., 1975; ILaskowski et al.,
1975; Wecker ¥ Dettbarn, 1977; Hudson et al., 1978; Wecker et
al., 1978; Salpeter et al., 1979). In the present study, the
fact that ECO-induced myopathy was located largely at the
junctional region of the diaphragm (6.3.2), adjacent to the nerve
terninal, suggests that it may be neurally mediated. If this is
true, then it is probable also that the ACh receptor (AChR) may be
integrally involved. Certainly, a functional AChR has been shown
to be necessary for the develomment of myopathies induced by the
antiChE diisopropylfluorophosphate (DFP) and by ACh agonists
(Ariens et al., 1968; Leonard and Salpeter, 1979, 1980).

An experiment was designed to determine the need for nerve
stimilation and a functional AChR in:-

a) the in_vitro development of myopathy induced by ECO in
vivo: using the in vivo/in vitro technique (2.4).

b) the initiation and development of myopathy by the in
vitro application of 500nM ECO to phrenic nerve-diaphragm

preparations: using the in vitro technique (2.5).
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Seven mice were injected with ECO and killed 30 minutes

later. Their phrenic nerve-diaphragm preparations were prepared
according to the in vivo/in vitro technique described in section
2.5. For each mouse, one phrenic nerve-diaphragm preparation was
stimilated in normal Iileys saline (A2) throughout the incubation
period (2 hours 30 minutes). The contralateral preparation was
incubated in normal Idileys saline, without stimulation, for the
duration of the incubation period (2 hours 30 mimutes). Finally,
all preparations were assessed for myopathy using the Procion
technique (2.7). Statistical comparison between the two sets of

preparations was made using Students-paired-'t’-test.

Eight mice were killed and their phrenic nerve-diaphragm
preparations prepared according to the in vitro technique
described in section 2.4. For each mouse, one phrenic nerve-
diaphragm preparation was stimulated in 500nM ECO (in normal
Iileys saline) for the duration of the incubation period (3
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hours). The contralateral preparation was incubated, without
stimilation, in 500nM (in normal Iileys saline) for 3 hours.

Finally, all preparations were assessed for myopathy using the
Procion technique (2.7). Statistical comparison between the two
sets of preparations was made using Students-paired-‘t’‘-test.

Seven mice were used and their phrenic nerve-diaphragm
preparations prepared according to the in vivo/in vitro technique
described in section 2.5. For each mouse, one phrenic nerve-
diaphragm preparation was stimilated in normal Iileys saline (A2)
throughout the incubation period (2 hours 30 minutes). The
contralateral preparation was stimulated in 9uM tubocurarine (in
normal Iileys saline) for the duration of the incubation period (2
hours 30 mimites). Finally, all preparations were assessed for
myopathy using the Procion technique (2.7). Statistical
comparison between the two sets of preparations was made using
students-paired-'t'-test.
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Six mice were killed and their phrenic nerve-diaphragm

preparations prepared according to the in vitro technique
described in section 2.4. For each mouse, one pﬁrenic nerve-

diaphragm preparation was stimulated in 500nM ECO (in normal
Lileys saline) for the duration of the incubation period (3
hours). The contralateral preparation was stimulated in guM
tubocurarine (in 500nM BOO in normal Iileys saline) for 3 hours.
Finally, all preparations were assessed for myopathy using the
Procion technique (2.7). Statistical comparison between the two
sets of preparations was made using Students-paired-‘t’'-test.
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9.3.1.1. Contraction records.

Stimulated preparations elicited strong contractions
throughout the duration of the incubation period (figure 9.1),
declining finally during the "wash" in Ca-reduced saline.
Unstinulated preparations produced only small, spontaneous
contractions throughout the incubation period (figure 9.1).

9.3.1.2. Histological examination of preparations.

Both the stimulated and unstimulated preparations were
severely myopathic at their junctional regions, the nonjunctional
regions being comparatively unaffected (table 9.1) ie. nerve
stimilation is not necessary for the progression of myopathy in
vitro following a 30 mimite exposure to BECO in vivo. Possibly the
action of nonquantal ACh or spontaneously released ACh (known to
increase following ECO administration, S.Kelly, personal
communication), was sufficient to support the development of
myopathy in vitro despite absence of neuronal stimulation.
Alternatively, myopathy might have already been instigated
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:[;é.ble_Q_._l_ % Procion staining of prepa.ra.t:l.ons stimilated/un-
stimilated in vitro following an initial 30 mimite exposure to
ECO in vivo:- the results represent the mean + standard error of 7

experiments.
% Procion staining
Stimulated Unstimilated
junctional  19.0145.70 16.34+1.70
nonjunctional  (2.5442.30) (1.32+0.24)

Using Students-paired-'t’‘~test no significant difference was
found to exist in the myopathies developed in the two sets of
preparations at either the junctional or nonjunctional regions.

232~



during the 30 minute period in vivo such that the subsequent
removal of nerve stimulation was ineffectual. However, it is

possible that the development of ECO-induced myopathy might not be
nerve mediated at all.

An experiment was designed to see if BECO-induced myopathy
required nerve stimilation for its initiation in vitro. Such an
experiment might also elucidate whether the myopathy could be
induced in vitro by nonquantal and spontaneously released ACh

alone.

0.3.2.1. Contraction records.

Application of ECO to stimulated preparations in wvitro
elicited a short-lived gradual potentiation of the contractions
followed by a gradual decrease in contraction magnitude to a size
much less than that originally induced by stimulation of the
preparations in normal Lileys saline. Finally, the contraction
magnitude increased again to a level greater than that induced
prior to ECO exposure (figure 9.2).

Unstimulated preparations however elicited no large
contractions but did occasionally contract spontaneously during
the incubation period following BCO administration (figure 9.2).
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9.3.2.2. Histological examination of preparations.

Application of ECO to stimulated phrenic nerve-diaphragm -
preparations in vitro induced myopathy at their junctional regions
(table 9.2), myopathy being represented by Procion staining and
hypercontractions. However, the development of myopathy was
significantly reduced in unstimilated preparations (P<0.01: table
90.2). Previous experiments (9.3.1) showed that stimulation was
not necessary for the progression of myopathy in vitro in
diaphragms already exposed to BCO in vivo for 30 minutes (table
9.1). It seems therefore, that nerve stimulation, which evokes
release of ACh, is necessary for the initiation of myopathy, but
not for its progression in vitro (figure 9.3). The experiment
suggests that ECO-induced myopathy must be at least partially
neurally mediated and is not simply the result of a direct effect
of the drug on the diaphragm. If ECO-induced nmyopathy was
independent of nerve stimulation then the unstimulated
preparations, incubated in 500nM BCO, would have been affected to
the same degree as stimulated preparations. It is possible that
BECO may have a slight direct effect on the diaphragm which is
exacerbated by nerve stimulation, an hypothesis which could
explain the slight development of myopathy in the unstimulated
preparations (figure 9.3). It is more likely however,
particularly in the 1light of evidence that muscle necrosis is
nmediated by ACh release in the neuromuscular synapse (Wecker et
al., 1978b), that in the unstimulated preparations, nonquantal
plus spontaneously released ACh promoted slight myopathy
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Table 9.2 % Procion staining of stimulated and unstimulated
preparations exposed to 500nM BCO in vitro:- the results represent
the mean + standard error of 8 experiments.

% Procion staining
Stimilated Unstimilated
functional  5.60+1.00 1.7740.39
nonjunctional 0.4940.22 0.4240.20

** indicates that, using Students-paired-‘t’-test, a significant
difference exists, at the 1% level, between the two sets of

preparations ie. the unstimuilated preparations were significantly
less myopathic than their stimulated counterparts.
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development and may also have maintained the progression of
myopathy following the removal of nerve stimilation 30 mimtes
after BOO administration in vivo (9.3.1).

However, owing to the extensive nature of the myopathy
developed in preparations unstimulated for 2 hours 30 minutes
following an in vivo exposure to ECO of 30 mimutes (9.3.1), it
seens more feasible that the development of ECO-induced myopathy
was initiated during the first 30 mimte exposure to BCO in vivo
such that its further progression in vitro was irreversible
thereafter by subsequent removal of nerve stimulation. Possibly,
the subsequent development of myopathy may have been exacerbated
by nonquantal plus spontaneously released ACh.

The present experiment is considered to be an improvement on
the denervation experiments performed by other workers (Ariens et
al., 1969; Fenichel et al., 197Y2; Kawabuchi et al., 1975;
Laskowsli et al., 1975; Wecker & Dettbarn, 1977; Hudson et al.,
1078; Wecker et al., 1978; Salpeter et al., 1979) since it is
uncomplicated by

a) the decrease in susceptability of AChE to
inhibition by OP agents, or

b) the increased rate of enzyme recovery, both
shown to occur in dennervated hemidiaphragms (Wecker et al.,
1978b), and both possible reasons for the reduced myopathy
development observed.

Having established that ECO-induced myopathy is at least
partially nerve mediated an experiment was performed to

investigate the requirement of a functional AChR (9.2.3).
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0.3.3.1. Contraction records.

Control preparations, stimulated in normal ILileys saline
exhibited strong contractions throughout the incubation period
(figure 9.4), declining finally during the “wash® in Ca-reduced
saline.

Preparations stimulated in the presence of tubocurarine
demonstrated a gradual decline of the ECO-induced contractions,
stopping altogether, within 20 mimites of exposure to tubocurarine
(figure 9.4).

0.3.3.2. Histological examination of preparations.

Both sets of preparations were severely myopathic at their
junctional regions, the nonjunctional regions being comparatively
unaffected (table 9.3) ie. application of tubocurarine did not
affect the progression of EQO-induced myopathy in normal Lileys
saline. The result suggests elther that myopathy may have been
initiated during the first 30 mimte period in vivo, such that it
was irreversible by inactivation of AChRs, or that the AChRs are
not involved in the development of ECO-induced myopathy at all.
The second alternative seems unlikely in the light of evidence
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1]

Table 9.3 % Procion stad.ning-of preparations stimilated in

normal Lileys saline(NL)/9uM tubocurarine (dte) in vitro following

a 30 mimite exposure to BQO in vivo:- the results represent the
mean +_ standard error of 7 experiments.

% Procion staining
NI, saline OpM dte in NI saline
Junctional 18.92+3.86 19.6115.21
nonjunctional 1.1640.52 1.0840.29

Using Students-paired-‘t’~test, no significant difference was
fourd to exist between the two sets of preparations, at elther the
junctional or the nonjunctional regions.
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that the AChR is integrally :anolved in the development of other
antiChE-induced myopathies (Ariens et al., 1968; Salpeter et al.,
1979; Leonard and Salpeter, 1979, 1980).

Although preparations were exposed to tubocurarine 30
minutes after ECO administration, the actual access of the
receptor blocker to the neuromuscular synapse is likely to have
been delayed by the diffusion of the drug through the tissue.
Infact the contraction records indicate that complete neuro-
muscular block was not obtained until approximately 20 minutes
after application of tubocurarine (9.3.3.1). Possibly therefore,
the development of BOO-induced myopathy had been instigated before
tubocurarine actually reached the neuramuscular synapse.

An earlier administration of tubocurarine was investigated
in order to determine whether the complete block of AChR in

phrenic nerve-diaphragm preparations, prior to exposure to ECO,
would affect the subsequent development of myopathy in vitro.

0.3.4.1. Contraction records.

Application of ECO to stimulated preparations elicited a
gradual potentiation of the contractions followed by a gradual
decrease in contraction magnitude to a size much less than that
originally induced by stimulation of the preparations in normal

~240-



'UOTFRIFSTUTWPE 00X I93F° USAD POPIOOSI 9IoM SUOTIORIZUCO Snostrejuods

Mm m ym [TI TRWIOU UT mcoap.m,nmnmsm 03 OOF JO UOTAROTIddY ‘v

( S9jnuiur) 2wl uoryeqnouy

007 _— Ow\u 01

N ‘Sojnujw Q02 UTYITA ATO9ITaud mpan.mmmmdmwﬁn ‘opn3Tuseu UOF3O0RIFUOD
IT SUTTOSP PTdeI ® posned sutresS SASTTT Teurou eseTnuwtas suotaeredaxd o3
uTa oo:ﬁp Jo uo L.mo ddy g ‘quowsoueyqua ro.Bom.Bnoo J0 potaed peureIsSns

Tl DPOAOTTOSF ‘SUOT3ORIFUOD JO UOTAETIUS930d DOATT-1IOUS ® POITOTIO
‘¢'6 om3Td

—- L dfede ceames M atnadatenean, /0 o = g N T g et Ty

:__

o | #

JUTILINSOqN |

( So)nutur) Wl uorjeqnouj

=

|
|
|

|
DR

fa[17] [eUION

=

061 | _bm— 0zL, 0F 0€,

QR i %_E

AT [BWION

1

(wo)
W31y uoIdeIIN0

®,
-243-

( w 3) lqmaq HUPRIANIY)



Lileys saline. Finally, the contraction magnitude increased again
to a level greater than that induced prior to ECO exposure (figure
9.5).

However, following administration of tubocurarine (o),
the contractions elicited in preparations stimulated in normal
lileys saline decreased rapidly and disappeared entirely within 20
minutes of tubocurarine adminlstration. No spontaneous
contractions were recorded throughout the incubation period, even
following BOO administration (figure ©.5).

9.3.4.2. Histological examination of preparations.

Preparations stimulated in 500nM ECO were myopathic at their
junctional regions, the nonjunctional regions being unaffected
(table 9.4).

Preparations stimulated in the presence of tubocurarine
(o) prior to ard during exposure to ECO showed signs of only
slight myopathy, Procion staining and hypercontractions being
minimal (table 9.4) ie. pretreatment of preparations with
tubocurarine significantly reduced the development of BECO-induced
myopathy in vitro (table 9.4: P« 0.01).

It is concluded that ECO-induced myopathy requires the
involvenent of a responsive AChR for the initiation of its
development, and that inactivation of the receptor at this stage
may reduce myopathy. However, once the myopathy has been
initiated (in this case within 30 mimites of the intoxication),

application of tubocurarine was ineffective and myopathy
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- Table 9.4 % Procion sta.i;ﬁ.ng of phrenic nerve-diaphragm

preparations stimilated for 3 hours in S00nM BECO, with or without

added tubocurarine (9uM):- the results represent the mean +
starmdard error of 6 experiments.

% Procion staining
500mM BOD  OpM tubocurarine in 500nM BOO

junctional — 9.70+3.40 0.7140.53
nonjunctional 0.22+0.09 0.0640.02

*** indicates that, using Students-paired-'t’-test, a significant
difference exists, at the 0.1% level, between the results of the
two sets of preparations ie. tubocurarine, when administered prior

to BEQO significantly reduced subsequent myopathy development.
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developed as usual (figure 9.6). Again this could be explained by
the suggestion that myopathy might have been instigated during the
30 mimute period in vivo such that its further progression in
vitro became irreversible by application of tubocurarine.
However, the delay of access of tubocurarine to the neuromuscular
synapse does provide a viable explanation for its inefficiency
against the development of myopathy when applied 30 minutes after
BECO in vivo.

It has been suggested (Bowman, 1980) that, as well as
blocking the postsynaptic AChR sites, SuM tubocurarine may act
presynaptically, reducing the release of ACh by interfering with
its mobilisation from the nerve terminal. Such an effect may also
interfere with the development of an ACh-mediated.myopathy,
although other reports sugdest that tubocurarine, in a paralytic
dose, does not affect the output of ACh from the motor nerve

terminals at all (Fletcher & Forrester, 1975).

Neither phrenic-nerve stimulation nor neuromuscular-AChR

involvenent were required for the progression of ECO-induced
myopathy in vitro following a 30 minute exposure to the
organophosphate in vivo, However, both parameters were vital to
the initiation of the myopathic process. It seems that, within 30
minutes after ECO administration, the subequent progression of
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myopathy becames irreversible by the removal of nerve stimulation
or AChR involvement. It is unlikely that, within the first 30

mimites in vivo, sufficient Ca®' enters the muscle to initiate
severe myopathy since an earlier experiment (8.2.2.1) demonstrated

that the reduction of extracellular Ca,2+. 30 minutes after ECO
administration did infact reduce the development of myopathy
(8.2.2.1). However, in the case of the nerve stimulation

experiments, it is possible that the nonquantal plus spontaneously

released ACh (9.3.1.1) may have allowed ca®* influx to continue
and promote the development of a more extensive myopathy. In the
case of AChR involvement however, tubocurarine blocked all

contractile response to nerve stimulation, both stimulated and

spontaneocus (9.2.2.1): thus, further entry of ca®* may therefore
have been prevented. However, when tubocurarine was applied to
the bath, 30 mimtes after ECO administration in wvivo , the 20
minute delay of neuromuscular block may have allowed further

Ca?" influx, sufficient to initiate the development of a severe
myopathy. Indeed, previous experiments have shown that a 60

mimite exposure to extracellular Ca®*induced severe myopathy (8.3
& 8.4), hence the total 50 minute period before tubocurarine
actually blocked the AChRs may have allowed a comparable influx of

ca®* and hence induced a comparable degree of myopathy.

An alternative explanation for the development of severe
myopathy in preparations exposed to ECO for 30 mimutes in vivo,
prior to removal of nerve stimulation or AChR involvement, may be
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that, following a 30 minute exposure to BOO, the Ca?' chanmels
became "locked” in a permanently open state thereby allowing a

continual influx of Ca®' (Kuba et al., 1974) despite the removal
of neurconal stimulation or the blocking of AChRs. However, assays

2

of the Ca*’ content of the preparations would be necessary to

confirm the contimial influx of ca®t following neuromuscular block
or the removal of nerve stimulation and infact Katz & Miledi

(1975) refuted the idea of “locked open” Ch.2+—chamels.
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CHAPTER 10
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Progressive myopathies have been observed with
administration of OP antiChEs such as DFP (Toth et al., 1983) and
paraoxon (Ariens et al., 1969; Fenichel et al., 1974; ZLaskowski
et al.,1975,1977; Wecker et al., 1978a%b) to rats. Intoxication
with these compounds can cause death by respiratory paralysis
(Grob ¥ Harvey, 1953; Durham & Hayes, 1962), and since OP
compounds are used in everyday life, it is necessary to have
access to antidotes or prophylactics against their toxic effects.
The most successful therapeutic agents for OP poisoning have been
shown to be the oximes and hydroxamic acids (Durham & Hayes, 1962)
whilst, prophylactically, several carbamates, reversible
inhibitors of AChE have been shown to be effective against OP
intoxication (Berry & Davies, 1970; Dirnhuber & Green, 1978;
French et al, 1979; Dirnhuber et al, 1979) .

Oximes have been shown to successfully reactivate AChE if
applied soon after its inhibition by an OP compound (Lipson et
al., 1969; Fischer, 1970; Murtha et al., 1970; Laskowski &
Dettbarn, 1977; Wecker et al., 1978a). Oximes act by making a
. neucleophillic attack on the phosphorous atom of the enzyme-
inhibitor complex: the OP moiety is split off and hydrolysed,
then the oxime residue undergoes a further reaction to regenerate
the active enzyme (Durham & Hayes, 1962).
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Pyridine-2-aldoxime methiodide (2PAM) is one of the most
effective oximes in the treatment of OP p‘oisc;r.xing. aPAM is a
white, odourless, crystalline solid of high_wa.ter solubility
(Iipson et al., 1969; Durham & Hayes, 1962) and low mammalian
toxicity (Durham & Hayes, 1962). It has been found to prevent the
developnent c.af ﬁyopathi&c :sziuoed by paracxon (Laskowski et a.l .
1977; Wecker et al, 1978a &b), parathion, phosdrin (Brachfeild &
gavon, 1065) and DFP (Ariens et al., 1968, 1969) but is relatively
ineffective against soman (Loomis & Salafski, 1963; Hellbron &“‘
Tolegen, 1965; Murtha et al., 1070).

\ / °

) =CH

Pyridine-2-aldaxime methiodide

(2pAM): (Grob & Johns, 1958).

Jewel and Lehman (1958) showed that 2PAM, when administered
similtaneously with EQO in vivo, completely protected mice against
23x the lethal dose: the oxime diacetylmonoxime provided no
protection, whilst atropine was effective against the muscarinic
but not the nicotinic effects of ECO. However, no study has been

made, to the authors knowledge, to assess the therapeutic

effectiveness of 2PAM against myopathy induced by ECO.

Carbamates, the reversible inhibitors of cholinesterase,
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have been implemented in the prevention of OP poisoning (Dirnhuber
¥ Green, '1978; Gordon et al., 1978; Wecker et al., 1978a¥b;

Dirnhuber el al., 1979; French et al., 1979). The beneficial
action of carbamates is due to their ability to reversibly inhihit
AChE (Berry & Davies, 1970; Dirnhuber & Green, 1978), ard to the
fact that tissues contain more AChE than is necessary for normal
functioning (Hobbiger, 1976). Once AChE has been inhihited by a
carbamate the irreversible binding of an OP is no longer possible
(Berry ¥ Davies, 1970). Eventually, the carbamate dissociates
from the enzyme, freeing it from inhibition completely (Durham &
Hayes, 1962; Berry ¥ Davies, 1970). For a carbamate to prevent
the hinding of OP to the AChE molecule 1t must be administered
prior to the OP. However, the carbamate should not be
administered too far in advance of the OP since, once the
carbamate-AChE camplex begins to dissocliate, the AChE is no longer
protected from irreversible OP poisoning.

One of the more commonly applied carbamates is
pyridostigmine bromide which does not pass the blood-brain barrier
(Birtley et al, 1968).

‘l”’:sﬂ‘-"
N+

pyridostigmine bromide

Z
N

OO (CH,),,

-253-



Pyridostigmine bromide is used clinically in the treatment
of myaesthenia gravis and has also been shown to be effective in
preventing the neuromuscular block normally produced by soman
(Dirnhuber & Green, 1978; French et al., 1979; Dirnhuber et al.,
1979) and against soman poisoning (Berry & Davies, 1970; Gordon
et al., 1978). It has been shown to reduce the myopathy normally
induced by other OP campounds (Dirnhuber et al., 1979).

The aims of the experiments described in the present chapter

were:—

1. To investigate the therapeutic effectiveness in vivo, of 2PAM
in the treatment of ECO-induced myopathy in the diaphragms of
mice.

2. To investigate the prophylactic effectiveness in vivo, of

pyridostigmine bromide in the prevention of ECO-induced myopathy
in the diaphragms of mice.
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Eight groups of 6 mice were used:-

Group a: injected with atropine only (2.2).

Group b: injected with 30mgKg L 2PAM (in 0.9% NaCl).
Group ¢: injected with BOO (+ atropine) (2.2).

Group d: injected with BOD (+ atropine) (2.2) followed, 15
mimtes later, by 2PAM (3QmgKg 1.

Group e: injected with BOO (+ atropine) (2.2) followed, 30
mimtes later by 2PAM (30mgKg 1).

Group f: d4njected with BOO (+ atropine) (2.2) followed, 45
mimtes later by 2PAM (30mgKe o).

Group g: injected with BOO (+ atropine) (2.2) followed, 60
mimites later by 2PAM (30mgKg 1).

Group h: injected with ECO (+ atropine) (2.2) followed, 75

mimites later by 2PAM (30mgKg 1).

NB. All injections were administered subcutaneously between
the shoulder blades.
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Mice were anaesthetised 3 hours after ECO administration (a
time when myopathy has been shown to be extensive: 3.3.2), and
blood was obtained from the femoral artery for estimation of serum
CK (2.10). Those mice given atropine or 2PAM only were
anaesthetised 3 hours after their single injections.

Mice were killed whilst anaesthetised, and their diaphragms
were removed and cut into hemidiaphragms (2.3). One hemidiaphragm

was assayed for Ca®' influx at the junctiomal region (2.9) ard the
other was assessed for myopathy using the Procion technique (2.7).

Statistical comparisons were made between the eight groups
of mice using Students-unpaired-"t"-test and, in this way, the
therapeutic effectiveness of 2PAM against BCO-induced myopathy was
evaluated.

Eight groups of mice were used:-

Group a: injected with atropine omly (2.2).

Group b: injected with 100ugRg * pyridostigmine hromide
(made up in 0.9% NaCl saline).

Group o: injected with BCOO (+ atropine) (2.2).

Group d: injected with pyridostignine bromide (100ugKe *)
then, 15 mimtes later, by BEQO (+ atropine) (2.2).

Group e: injected with pyridostigmine hromide )100ugKg 1)
then, 1 hour later, by ECO (+ atropine) (2.2).
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Group £: injected with pyridostigmine hromide (100pgKg 1)
then, 2 hours later, by B0 (+ atropine) (2.2).

Group g: injected with pyridostigmine bromide (100ngKg 1)
then, 4 hours later, by BCO (+ atropine) (2.2).

Group h: injected with BOO (+ atropine) (2.2) then, 15

mimites later by pyridostigmine bromide (10@:gxg'1)

All injections were administered subcutaneously, between
the shoulder blades, and the dose of pyridostigmine bromide

(10@.131{{1) was chosen because it has been reported to be “sign
free" and effective in the prophylactic treatment of OP-induced
myopathy (Dirnhuber et al, 1979).

- 3 hours after BOO administration, (when myopathy is known to
be extensive: 3.3.2), mice were anaesthetised and blood was
obtained from the femoral artery for analysis of serum CK (2.10).
Mice administered atropine or pyridostigmine bromide only were
anaesthetised 3 hours after thelir respective single injections.
Mice were killed under anaesthesia, and their diaphragms were
removed and cut into hemidiaphragms (2..3). One hemidiaphragm was

assayed for Ca®* influx at the junctional region (2.9) and the
other was stained with Procion and assessed for myopathy using the
Procion technique (2.7).

Students-unpaired-*t“-test was used to compare the eight
groups of mice and the prophylactic effectiveness of pyrido-
stignine bromide against BEOO-induced myopathy was evaluated.
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10.3.1.1. Behavioural response.

An injection of BECO provoked overall ataxia plus body tremor
due to the fasciculations of individual muscles including the

diaphragn. However, subsequent administration of 2PAM (30mgKg )
within 30 minutes of ECO, terminated such effects within 10-18
mimites and the mice resumed a normal pattern of behaviour. 2PAN,
administered later than 30 mimtes after BOO, became progressively
less effective, a delay of greater than 60 minutes no longer
relieving the behavioural effects of BCO. Administration of 2PAM,
or atropine only, caused ‘no noticeable behavioural changes in
mice.

10.3.1.2. Histological examination of hemidiaphragms.

Diaphragms of mice injected with ECO developed severe
myopathy at the junctional region only, the nonjunctional region
being comparatively unaffected (table 10.1).