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ABSTRACT

Indirect evidence (Blaber, 1963) has suggested that facilitatory
drﬁgs may potentiate the muscle twitch and antagonize tubocurarine without
inhibiting acetylcholinesterase (AChE). In the present study the indirectly
stimulated cat anterior tibialis muscle was used; drugs were injected close
arterially (5 micrograms) and intravenously (250 micrograms). At the
height of the facilitatory effect, DFP was injected intravenously in doses
which completely inhibited AChE in control experiments. The femoral
artery and vein were subsequently ligated. One hour later, the muscle
was removed and stained for AChE using the Koelle technique. The pre-
sence of stain indicated AChE protection by the facilitatory drugs and
enzyme inhibition at facilitatory doses. Analogous in vitro studies were
performed. Small doses of neostigmine and edrophonium, given close
arterially, and larger doses of edrophonium, given intravenously,
facilitated neuromnscuiar transmission without inhibiting AChE.
Ambenonium, given close arterially, and ambenonium and neostigmine,
given intravenously, inhibited AChE. Methoxyambenonium produced
slight inhibition given intravenously or close arterially. Alternate
theories to the anticholinesterase theory of the mechanism of action of

these compounds are discussed.
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INTRODUCTION




I. ANATOMY AND PHY SIOLOGY

The mechanism of action of facilitatory drugs at the neurqmuscular
junction is not yet agreed upon. Disagreement exists as to whether or not
the drugs in question inhibit cholinesterase. The drugs, neostigmine,
edrophonium, ambenonium and methoxyambenonjum are reversible inhibitors
of acetylcholinesterase and the degree of inhibition in vivo produced by a
facilitatory dose is controversial. The experiment s described in this thesis
were performed with the objective of obtaining more information on this
point. A short account of the anatomy and physiology of the neuromuscular
junction precedes a review of the present state of the problem.

A. Junctional Morphology

s. Gross

The motor nerve to the anterior tibialis muscle consists of fibers
1-20 microns in diameter. An impulse travels in this type of fiber at a speed
of 5-120 meters per second with a spike duration, including the absolute and
relative refractory periods in the order of 0. 4-0. 5 milliseconds. The nega-
tive after potential ranges from 12 to 20 milliseconds and represents 3-5% of
the spike height. The positive after potential is 40-80 milliseconds in dura-
tion and represents approximately 0. 2% of the spike height (Gasser, 1941).
The nerve divides approximately seven times and innervates in the order of
120 muscle fibers comprising a motor unit (Sherrington, 1925; Clark, 1931).

The units are not compact but are spread throughout the entire muscle. In
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most mammalian muscles there is a one to one ratio between nerve branches

and muscle fibers; that is, each muscle fiber is innervated by only one nerve
branch. The tibialis anterior muscle of the cat has been used for the experi-
mente discussed in this thesis and consists of such focally innervated muscle
fibers. At the terminal the axon loses its mylinated sheath (Wagner, 1847).
Hubbard and Schmidt (1961) have shown that in the motor nerve terminal the
time course of the action potential is 1. 3-3 milliseconds, the negative after
potential is 15-30 milliseconds, and the positive after potential is 50 milli-
gseconds. These resemble closely the properties of the main axon.

b. Ultrastructure

The study of the fine structure of the re uromuscular junction is of
considerable interest for only in the last decade has it been possible, with
the use of the electron microscope, to find new elements of structure which
begin to provide a morphological basis for the newer understanding of junc-
tional function.

The diagram (fig. 1) illustrates the more important anatomical
features of the neuromuscular junction as studied with the aid of the electron
microscope. Each of the nerve fibers terminates or lies in a synaptic gutter
of the muscle which is made up of a series of foldings called "junctional
folds'" (Couteaux, 1944). The receptors for the transmitter as well as the
enzyme necessary for transmitter destruction are believed to be located in

the junctional folds (Koelle and Friedenwald, 1949; Waser, 1959).




FIGURE 1
Schematic drawing of a neuromuscular junction as seen with the aid of the

electron microscope.
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Synaptic veaiéles are found in the prejunctional or axonic endings.
These are hollow spherical elements of about 500 A° in diameter and by
chemical methods it can be shown that the transmitter acetylcholine and the
choline-acetylase system for the production of acetylcholine are concentrated
in the subfraction containing the synaptic vesicles (De Robertis, Pellegrino
de Iraldi, Rodriguez de Lores Arnaiz, and Salganicoff, 1962; De Robertis,
Rodriguez de Lores Arnaiz, Salganicoff, Pellegrino de Iraldi, and Zieher,
1863). The vesicles are postulated to flow toward the axoni¢ terminal mem-
brane and discharge the chemical mediator into the intermembranal cleft.

The nerve terminals and muscle fibers are separated by continuous
membranes (Couteaux, 1960). These membranes show specialization con-
sisting of patches of high electron density called "active points" (Couteaux,
1961). The junctional cleft between the opposing membranes at these points
is up to 600 A® wide (Andersson-Cedergren, 1959). The postsynaptic mem-
brane is depressed at regular intervals into folds that run at right angles to
the fiber axis and communicate with the external space at both sides of the
nerve terminals. These junctional folds were named the "subneural
appératus" by Couteaux (1947). These folds are certainly a device for
increasing considerably the surface of the subsynaptic membrane. This
increase has been calculated to be of about 4-5 times (Andersson-Cedergren,
1858). In the frog, the longitudinal spacing of the folds is rather regular and

it has been emphasized that the contacting portions of the postsynaptic




membrane stain more heavily (Birks, Huxley, and Katz, 1960). They
postulate that a special protein layer may be attached to large parts of this
membrane. It would be tempting to identify this postsynaptic density as the
locus of chemoreceptive function, but without further proof its role remains
obscure.

Koelle and Friedenwald (1949) first showed histochemically the
existence of a high cholinesterase activity at the level of the motor end-plate.
The exact localization was, however, obscured by diffusion artifacts.
Couteaux and Taxi (1952) obtained a more accurate localization by slight
changes in the technical procedure and found that the structures stained by
the acetylthiocholine method are identical with the subneural apparatus
previously identified with supravital methods. They concluded that the
subsynaptic membrane contributes the major portion of the total cholines-
terase activity. However, recent histochemical studies using electron
micrographs have shown some cholinesterase to be present presynaptically
in the membrane and vesicles (Barrnett, 1962),

Interesting studies have been carried out on the neuromuscular
junction with the use of radioactive drugs that will bind specifically the
receptors normally occupied by the transmitter. Waser (1859), using
radioactive curarine, has calculated that one end-plate contains about 107
receptors which would occupy only about 2% of the highly folded subsynaptic
membrane. These receptors might be localized at certain points of this

membrane and not dispersed throughout it.




B. Junctional Transmission 7

a. Acetylcholine

It is now generally accepted that acetylcholine is responsible for the
transmission of the excitation from the nerve endings to the motor end- plate.
Brown, Dale and Feldberg (1936) discovered that acetylcholine was involved
in transmission at the neuromuscular junction by identifying it in the perfu-
sion fluid after stimulating the nerve to the hind limb muscles of the cat.
Injection of acetylcholine into arteries supplying the gastrocnemius muscle
caused a quick contraction of the muscle. It has been confirmed that
stimulation of motor nerves in isolated muscle preparations causes the
release of acetylcholine (Straughan, 1960). Microelectrode techniques have
shown the quantity of acetylcholine necessary to produce a response is 1.5 X
10715 g, (Krnjevié and Miledi, 1958), which because of the narrow gap at
the junction is a concentration of approximately 1 X 1073 M,

Cholinergic fibers contain an enzyme, choline acetylase, which in th¢
presence of adenosinetriphosphate forms acetylcholine by transferring
acetate from acetyl coenzyme A to choline (Nachmanson and Machado, 1943).
There is more than enough choline in the nlasma to support this synthesis
no matter how heavy the traffic of nerve impulses. Choline being a
quaternary compound is unable to penetrate nerve axons by passive diffusion
8o the nerve endings must extract the choline from the extracellular fluid.
Birks and MacIntosh (1961) have postulated a choline carrier in the terminal

axonal membrane. The release of the transmitter accelerates its formation




but the mechanism of this ié not understood. Choline acetylase is found all
along the nerve trunk., Acetylcholine and choline acetylase are stored in the
synaptic vesicles {(De Robertis and Bennett, 1955). Even in the absence of
nerve impulses there is a spontaneous release of acetylcholine from the nerve|
endings giving rise to minute voltage fluctuations in the region of the motor
end-plates; miniature end-plate potentials, about 1% of a full end-plate
potential (Fatt and Katz, 1952). On the arrival of a nerve impulse there is a
simultaneous release of a large number of quanta of acetylcholine. This is
caused by a depolarization of the terminal causing an influx of calcium which
alters the properties of the vesicles or the axoplasm just inside the membrang
so that the vesicles spill their contents into the synaptic gap (Birks and
Macintosh, 1857). Depletion of calcium reduces the output of acetylcholine
and the frequency of miniature discharge. Magnesium ions have the opposite
effect; an increase in magnesium ion concentration decreases acetylcholine
output (Del Castillo and Engbaek, 1954; Hubbard, 1961).

The combination of acetylcholine with its receptors makes the end-
plate permeable to all free anions and cations on either side of the membrane
so that the local potential in this region tends toward an equilibrium level.
This localized end-plate negativity is known as the end-plate potential. When
the end-plate potential reaches a threshold level (about 1/2 resting value in
the frog (Nastuk, 1953) or 1/4 resting value in the cat (Boyd and Martin,

1956) ) the membrane is short circuited and surrounding areas of the muscle




membrane, still in the resﬁng state, discharge into this current sink and a
muscle action potential is initiated and propagates away from the end-plate
region (Eccles, Katz, Kuiffler, 1941). The amount of acetylcholine released
is in excess of what is needed to reach threshold (Brown, 1937), and yet it
disappears quickly allowing the end-plate to repolarize before the end of the
refractory period of the muscle fiber.

Cholinesterase is responsible in part for the rapid disappearance of
acetylcholine but the end-plate potential is still short-lasting in the presence
of cholinesterase inhibitors (Eccles, Katz, Kuffler, 1942), Other mechan-
isms for the rapid removal of acetylcholine, such as rapid diffusion to
subthreshold concentration (Ogston, 1955) or resynthesis to a chemical
precursor (Abdon and Bjarke, 1945) have been suggested. The presence of
cholinegterase may be merely an emergency mechaanism for the removal of
abnormally excessive amounts of acetylcholine. However, the artificial
conditions of some animal experiments may be what cause it to appear
unnecessary., (Blaber, 1962).

b. Cholinesterase

The cholinesterases constitute a group of esterases which hydrolyze
choline esters at a higher rate than other esters. All esterases which show
this specificity are inhibited by 10”9 of eserine (Richter and Croft, 1042)
and are much more seunsitive to quaternary ammonium ions than are other

esterases. This outstanding affinity of cholinesterases for cationic
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substrates and inhibitors is the most characteristic feature of these enzymes,

and suggests that the active center of cholinesterases, in contrast to other
esterases, includes a negative group ("anionic site") in addition to the ester-
binding group ("esteratic site') (Wilson and Bergmann, 1950).

The existence of an enzyme responsible for the destruction of the
humoral transmitter was suspected by Loewi (1921) early in his studies of
the "vagusstoff” and later demonstrated by Loewi and Navratil (1926). Later
studies showed that those portions of skeletal muscle that had a high concen-
tration of motor end-plates also contained the most acetylcholinesterase
(Couteaux and Nachmansohn, 1940). The classic investigation by Marnay and
Nachmansohn (1937) demonstrated that there was enough acetylcholinesterase
in the end-plate region of the frog to hydrolyze, during the few milliseconds
of the refractory period, the amount of acetylcholine calculated to be
released from the nerve terminal. Similar studies led to the same conclu-
sions for the toad (Feng and Ting, 1938). Nerve degeneration experiments
led to the conclusion that whereas there was some acetylcholinesterase
activity in the terminal nerve branches, most of the enzyme activity was
localized in the subneural region (Sawyers, Davenport, Alexander, 1950;
Brooks and Myers, 1952). Refined microchemical investigations have
confirmed earlier conclusions that acetylcholinesterase is intimately

associated with motor end-plates (Couteaux and Nachmansohn, 1940).
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Considerable work has been devoted to the localization of cholines~

terase in muscles. When pure histochemical techniques are applied to
normal muscle, cholinesterase is found at the following sites as summed up
by Beckett and Bourne (1857),

1. Small classical end-plates arranged in straight rows across n:uscle fiber
or in groups. The cholinesterase in the end-plates is of two kinds, predomi-
nantly acetylcholinesterase but also butyrocholinesterase (Denz, 18353;
Holmstedt, 1957). Most of the acetylcholinesterase at the junction is post-
synaptic and belongs to the so-called subneural apparatus. Very little is
presynaptic (Zacks, 1864),

2. Plates composed of narallel gutters arranged as a ''cake frill" or
palisade, the gutters being oriented in the same direction as the long axis of
the muscle fiber (Couteaux and Taxi, 19852).

3. Large cap-shaped areas situated over the ends of inuscle fibers, with
gutters arranged in parallel or in a somewhat reticular sattern. These
endings are, in fact, situated at the nmusculo-tendinous junctions (Gerebtzoff,
1959). They are also found where muscle fibers end in the middle of a
bundle. The possibility exists that these may not be n.otor end-plates but
stretch receptors--if this is so, then the sresence in them of acetylcholin-
esterase is of some interest,

4. Cholinesterase is also present in muscle spindles, both in the end~plates

of the intrafusal fibers and in the fibers themselves (Coers and V" oolf, 1859).
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Gerebtzoff (1959) has shown that the speed with which a muscle

contracts is dependent more upon acetylcholine sensitivity than upon the
amount of cholinesterase present.

Koelle and co-workers have indicated that the total neuronal
acetylcholinesterase consists of a "functional" portion external to a
relatively impermeable cellular membrane and an internal portion. It has
been suggested that the internal or "reserve' portion represents the source
for the replacement of the functional enzyme of the cell surface and could
possibly be identical with the endoplasmic reticulum (Fukuda and Koelle,
1959).

Cholinesterases may be coneentrated at some distance from the
acetylcholine-releasing structures; these enzymes are not inevitably con-
cerned with hydrolysis of acetylcholine; and a parallelism between acetyl-
choline amounts and cholinesterase activity is not always present(Gerebtzoff,
1959).




1&

I. PHARMACOLOGY
Numerous compounds capable of facilitating nauromuscula: trans-

mission have been synthesized. Many of these have been shown to possess
anticholinesterase activity and it was natural to ascribe the effects of these
compounds on skeletal muscle to inhibition of the enzyme at the neuromus-
cular junction with the consequent preservation of the transmitter. In recent
years the lack of correlation between the ability of certain of these compounds|
(See Fig. 2) to facilitate neuromuscular transmission and to inhibit cholines-
teraee in vitro has led to research which shows that some of these compounds
cause at least a part of their facilitating action via other mechanisms
(Randall, 1950; Wescoe and Riker, 1951; Riker, 19563; Karczmar, 1957;‘
Blaber, 1960; Blaber and Bowman, 1962; Blaber, 1863).

A. Neostigmine

Neostigmine is a synthetic anticholinesterase which was developed as
an outcome of the studies of the cholinesterase-inhibiting properties of
physostigmine. Although there is little difference between the in vitro
potencies of neostigmine and physostigmine to inhibit cholinesterase in
various species (Nachmansohn, Rotherberg and Feld, 1948), the anticurare
and twitch potentiating action of the former drug is much more rapid in
onset than that of the latter (Riker and Wescoe, 1946). The rapidity of action
of neostigmine compared to that of physostigmine can probably be ascribed

simply to a more rapid rate of combination with the receptors (Blaber, 1962).
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In the rat diaphragnﬁ, neostigmine antagonizes not only the neuro-
muscular paralysis by curare but also paralysis by depolarizing blockers
such a8 decamethonium (Secher, 1951). This antagonism of depolarizing
blockade does not hold true in the cat though, for an increase of the blockade
is observed (Bowman, 1962), Neostigmine is known to have a direct action
at the neuromuscular junction in addition to its anticholinesterase action
(Riker and Wescoe, 1946), but this has been shown to be too weak to contri-
bute to its action at the neuromuscular junction (Smith, Cohen, Peliken, and
Unna, 1952; Hobbiger, 1952; Blaber, 1962). Eerman-Reisberg (1957)
showed that neostigmine inhibited choline-acetylase but 8 X 103 M was
necessary to cause 50% inhibition which is strikingly different from the
potency to inhibit acetylcholinesterase, 50% inhibition being produced by
2.8 X 10°7 M, i.e. at a concentration of approximately 40,000 times less.
The finding that drugs of this type potentiate the action of applied acetyl-
choline is merely 2 demonstration that in sufficient concentration they
possess an anticholinesterase action. The question of whether this is the
sole, or even the main mechanism of action of these compounds in the
usual effective doses is not answered.

B. Edrophonivm

The compound edrophonium is a particularly interesting substance
because it reveals some of the weaknesses in the experimental methods. It

is a quaternary compound which inhibits the engyme reversibly by combining
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with {t only at the anionic syite, and thus blocks attachment of the substrate
{Holmstedt, 1958).

The rapid onset and short duration of action of edrophonium with
respect to neostiginine has been noted by a number of investigators (Cowan,
1988; Macf arlane, Pelikan and Unna, 1950; Riker, 1953; Wilson, 1955), Thﬂ
ability of this compound ¢ reverse the neuromuscular blecking action of
tubocurarine is well known also, but the earliest experiments indicated that
it was only a feeble anticholinesterase, about one-hundredth as potent as
neostigmine (Randall, 1350; Hobbiger, 1952). It was of interest to compare
the time course of action and potency of this compound in vitro and in vivo,
since it had been presumed that the anticurare and acetylcholine potentiating
properties of edrophonium and neostigmine are primarily the result of their
anticholinesterase activity, Smith, Cohen, Pelikan, and Unna (1952)
obtained results which indicated that edrophonfum was as much as one-quar-
ter as active as neostigmine. These same workers found that there was no
positive correlation between the relative potencies of the compound as an
anticholinesterase and its ability as potentiator of acetylcholine on the
frdg rectus muscle. The inhibition of cholinesterase by edrophonium was
reversed by the addition of substrate too rapidiy for the time course to be
measured with the manometrie technique. The evidence obtained neither
directly confirmed nor negated the thesis that the potentiation of acetyl-

choline and antagonism of tubocurarine produced by this compound is the
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result of its inhibition of cholinesterase (Smith, Mead, and Unna, 1957).

Wilson showed (1955) that for the acetylcholinesterase of electric eel
at 20° C, K; for edrophonium wes 3 X 10”7 as opposed to 10°7 tor
neostigmine. The rate of formation (and of dissociation) for the complex
with edrophonium, was much greater than that for neostigmine. Contrary
to observations with neostigmine, potentiation of response to acetylcholine
is maximal after an exposure to edrophonium for only two minutes or less
and decreases subsequently over a period of 10 to 20 minutes until it
reaches an equilibrium value. The formation of the enzyme-inhibitor
complex in the absence of substrate is completed in 12 seconds. The
reverse reaction proceeds rapidly also (one-half dissociation was not more
than 30 seconds). The one-hsalf time dissociation for neostigmine is about
12 minutes (Wilson, 1955). If the experiments were performed in equili-
brium conditions this should not affect the results, but if the association and
dissosiation of neostigmine does not have time to reach equilibrium, it may
appear very much more powerful than edrophonium; in these circumstances
it is, in fact, behaving as a non-competitive "irreversible" inhibitor
(Wilsen, 1935).

C. Oxamides

Ambenonium chloride (Mytelase; WIN 8077) and methoxyambenonium

chloride (WIN 8078) are members of a series of bisquaternary oxamides

synthesized in the Sterling-Winthrop laboratories and first reported by




Arnold, Soria and Kirchner (1854). Both are synergistic with neostigmine in
mice and both facilitate transmission and oppose blockade in the autonomi®
nervous system (Karczmar and Howard, 1955). Both compounds have been
shown to be reversible inhibitors of acetylcholinesterase (Karczmar and
Howard, 1853; Koelle, 1957; Blaber, 1960). In this regard it was found that
ambenonium is more than 100 times as active as methoxyambenonium,
Ambenonium dissociation occurs extremely slowly excepting in the presence
of relatively high concentrations of certain cations (Koelle, 1857). Ambeno-
nium potentiates the response to the indirect single shock stimulation of cat
muscle and antagonizes curare blockade. Although a powerful anti-curare
agent, methoxyambenonium does not potentiate the maximal twitch tension
(Lands and Karczmar, 1955; Blaber, 1960). Ambenonium will elicit twitch
responses on close arterial injection and augment the excitatory and
paralyzing action of acetylcholine, succinylcholine and decamethonium on the
cat's tibialis muscle. Karczmar (1957) showed that methoxyambenonium
produced reversal of the action of succinylcholine ani decamethonium on the
cat's tibialis muscle. Also, since methoxyambenonium antagonizes paralysis
by curare and depolarizing agents as well, Karczmar stressed in his discus-
sion that the current theories on the mode of action of the depolarizers
offered an inadequate explanation for the properties of methoxyambenonium,
Blaber (1960), finding that both amubenonium and methoxyambenonium
antagonized the paralysis of curare and depolarizers, arrived at the conclu-

sion that larger doses than those required to antagonize curare are needed
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to restore transmission from paralysis by decamethonium. Blaber also
found at these higher doses, oxamides produced a neuromuscular block
resembling in many ways that caused by curare. Accordingly, he suggested
that the antagonism of depolarizers was due to the curaremimetic properties
of the oxamides.

The complexity of the detailed mechanism of action of oxamides is
apparent; there is no correlation between the relative potency of these agents
to antagonize curare paralysis and their cholinesterase inhibitor potency in
vitro and while the neuromuscular block by oxamides resembles that by
curare in that it is antagonized by tetanic stimulation and depolarizing agents,
it is unlike that produced by curare in that it is not antagonized by neostig-
mine or edrophonium (Blaber, 1960).

D. DFP

Anticholinesterases, such as neostigmine and edrophonium, inhibit
the enzyme ''reversibly' by combining with it and blocking attachment of the
substrate. Careful kinetic studies have since shown that only negligible
amounts of an inhibitor of this type are released reversibly from the enzyme;
indeed, neostigmine is hydrolyzed extremely slowly by cholinesterase
(Wilson, 1855).

The concentrations of organophosphorus compounds which produce an
effect similar to those of substances such as eserine or neostigmine are

much more persistent and are not reversed by washing the preparation
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(Koster, 1946). With the isopropyl group on the enzyme virtually no hydro-
lysis occurs and the return of cholinesterase activity depends on the forma-
tion of a new enzyme (Wilson and Bergmann, 1950). Their action is often
described as "irreversible, " but this is slightly misleading. Augustinsson
and Nachmansohn (1949) observed that the inhifbitton of cholinesterases by
DFP was not competitive; the reaction can be regarded as being roughly
a non-competitive one. This only implies, however, that the stability of
the enzyme-substrate comples is so great that it is unlikely to be broken
up in vivo. The affinities of the organophosphorus compounds for the active
center are not very different from those of the ''reversible'' inhibitors,
such as eserine or neostigmine (Davison, 1955; Burgen and Hobbiger, 1951;
Hobbiger, 1954; Tammelin, 1958). It is apparent that the terms ''reversible"
and "irreversible' as applied to these two types of anticholinesterases reflec
only quantitative differences, and that both classes of drugs react with the
enzyme in essentially the same manner as does the natural substrate.

DFP (diisopropyl phosphorofluoridate) was synthesized by McCombie
and Saunders in 1946 and is considered an "irreversible" anticholinesterase.
After DFP treatment recovery of blood and tissue cholinesterase depends
on alkyl radicals and new enzyme synthesis (Blaber and Creasey, 1960a, b;
Koenig and Koelle, 1961). Recovery of erythrocyte cholinesterase is
4.4% per day for the first 15 days and thereafter it is decreased tp

approximately 0. 8% per day (Oberst and Christensen, 1956). Studies
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indicate that 50 to 80% of thé total cholinesterase of nervous tissue or
effector organs must be inactivated before pharmacological actions are
noted (Koelle and Gilman, 1946; Riker and Vi escoe, 1949; Kamijo and Koelle,
1952). Cause of death in DFP poisoning is respiratory failure and in this
regard it has been shown that impairment of neuromuscular transmission
occurs first, with failure of the central mechanism immediately following
(Wright, 1954),

Koelle (1850, 1951, 1955, 1237) has used DFP for the purpose of
determining cholinesterase inhibition by so-called ''reversible inhibitors, "
Using cytological localization of the enzyme as a technique he has shown that
the "'reversible’’ compounds will protect the enzgyme {rom attachment with
an "irreversible’ compound such as DFP. If the reversible compound
inhibits the enzyme, it protects against DFP and upon dilution the enzyme
can be localized. If the test compound does not inhibit cholinesterase it will
not protect against DFP and an irreversible inhibition is obtained and the
enzyme cannot be localized. In short, if 8 compound does not protect the

enzyme against DFP it is not considered a ''reversible’ anticholinesterase.
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I, HISTOCHEMISTRY

There are two general approaches to the cytological localization of
sites of drug action: 1) to demonstirate at the cellular level the distribution
of the active drug following its administration or 2) to demonstrate changes
in a specific group or compound with which the drug is known to act. Because|
the compounds we are interested in are reported to have an anticholinesterase|
action we shall choose the second approach.

As an example of the cytological approach to pharmacoelogy, the
anticholinesterase agents rcpreéent a particularly favorable class of drugs.
The primary mechanism of action of these agents is the inhibition or
inactivation of cholinesterase. The thiocholine method of Koelle, when
properly controlled, is both highly specific and extremely sensitive for the
localization of cholinesterases. The exact site of cholinesterase, in relation
to the structural elements of various tissues, had been a matter of uncer-
tainty before Koelle's technique became available. Acetylthiocholine, used
as the substrate in this technique, was first synthesized by Renshaw (1938)
who noted that its pharmacological actions were similar to those of acetyl-
choline but of briefer duration. It is known that it is hydrolyzed at a more
rapid rate than acetylcholine by cholinesterases, because of the weaker
linkage of the ~-C-S- than the -C-O- bond. The present experiments will not
attempt to differentiate between the different types of cholinesterases because|

in the area that is under study, the neuromyal junction, the amount of
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acetylcholinesterase represents approximately 95% of the cholinesterase

present in the area (Giacobini and Holmstedt, 1960).
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IV. PURPOSE

Blaber (1963), comparing the same drugs as used in the present work,
found that their ability to potentiate the muscle contraction produced by a
close-arterial injection of acetylcholine was closely correlated with their
in vitro anticholinesterase potency. However, there was no correlation
between in vitro anticholinesterase potency and their ability to potentiate
the muscle twitch elicited by the stimulation of the nerve, or with their
anti-curare activity. It was concluded that some action, in addition to
inhibition of cholinesterase, contributed to their facilitation at the neuro-
muscular junction, and it was suggested that this action may be at the
prejunctional site.

The purpose of the present work is to try and provide more direct
evidence on the ability of these compounds to inhibit cholinesterase at the
dose levels Blaber used by observing their effect on muscle twitch, removing
the muscle and staining for cholinesterase using the 1951 acetylthiocholine

method of Koelle.




MATERIALS AND METHODS
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I. IN VIVO PREPARATION

Forty-two adult cats were used in these experiments ranging in weight
from 2.0 to 3.5 kg. The animals were anesthetized with choloralose
(80 mg/kg) intraperitoneally, fastened to the operating table in a supine
position and the trachea cannulated. A polyethylene cannula was placed in the
left femoral artery and connected to a Stratham pressure transducer for the
purpose of recording blood pressure. To prevent clotting this cannula was
filled with heparin solution (200 units per ml.). Blood pressure was recorded
to provide an index of the animal's condition during the experiment.

A. Preparation For The Administration Of Drugs

The left femoral vein was cannulated for intravenous drug administra-
tion. The polyethylene cannula was connected to a three-way stopcock and
clamped to a support of the operating table. Since both left femoral vessels
were cannulated, the left anterior tibialis muscle received none of the drugs
administered and acted as a control muscle. In experiments requiring close
arterial injection of the test drugs, Blaber's (1960) modification of Brown's
(1938) method was used. The artery to the anterior tibialis muscle was
cannulated and the polyethylene cannula filled with heparin solution (100 units
per ml.), plugged until ready for use and fastened to a support of the oper-
ating table. The right femoral artery and vein were exposed and a string
passed around the artery. For close arterial injections the femoral artery

was occluded as the drug was injected thereby assuring the drug did pass
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into the tibialis muscle. In all experiments the string was used to ligate both
the femoral artery and vein shortly after all drugs had been administered.

B. Recording Of Mechanical Response

The right anterior tibialis muscle was exposed from mid-calf level to
its' tendon insertion. The tendon was ligatured and cut from the bone of its’
insertion. The sciatic nerve on the right side was exposed and cut high in the
thigh. This was for the purpose of eliminating reflex responses during
muscle twitch recording. The nerve to the tibialis was then exposed on the
outer border of that muscle. Drills were inserted into the lower end of the
femur and the lower end of the fibula and tibia and the limb was rigidly
clamped in a horizontal position to the operating table. The ligature around
the tendon of the muscle was connected to a Grass Model FT-10 force dis-
placement transducer for the purpose of recording mechanical twitch. A
shielded platinum electrode was placed on the tibial nerve distal to the
severed scistic nerve and connected to a Bioelectric Instrument isolator
which received pulses from a stimulator consisting of a Textronix Type 162
waveform generator and a Type 161 pulse generator. The cathode of the
electrode was placed nearest the muscle and a rectangular pulse of 50 micro
seconds duration and twice the strength needed for maximal stimulation was
used at a frequency of once every 10 seconds. A temperature probe was
placed in the belly of the muscle and the muscle covered with a surgical

sponge moistened with mineral ofl. The muscle was maintained at 37°C
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with heat lamps.

C. Experimental Procedure

The blood pressure, muscle twitch, and temperature weré all moni-
tored on an Offner Type R Dynograph. There was a 30 minute control period
of muscle twitches prior to the injection of drugs. After the control period a
reversible facilitatory agent was given. The drugs were given either 250
micrograms intravenously or 5 micrograms (total dose) close-arterially.

All drugs injected, including DFP, were dissolved in 0. 9% saline solution.
Saline was also used to wash intravenous injections into the femoral venous
cannula, Close-arterial injections to the anterior tibialis were administered
retrogradely into the central end of the ligated tibial artery below the anterioyg
tibialis muscle. At the moment of injection the femoral artery was occluded.
The ligature around the femoral artery was released following the injection
of the drug and the cannula wag washed through with heparin solution (100
units per ml. ir(1) '1*?;./%:‘1). DFP was always given intravenously (15 mg/kg).
The DFP was dissolved in 0. 9% saline in a concentration of 10 mg/ml and the
solution prepared within one hour of its injection. In the case of those drugs
which augmented the muscle twitch, the 15 mg/kg dose of DFP was injected
at the point of greatest augmentation and if there was no increase in muscle
twitch the DF P was given intravenously 30 seconds after the reversible
facilitatory agent had been injected. At tﬁe peak of augmentation of the

muscle twitch caused by DFP the right femoral artery and vein were tied off
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and the stirnnulus to the anterior tibialis stopped. (This procedure wag to

make certain the drugs were not completely washed out of the muscle into
the circulation). The muscle was then maintained at 36-33°C for one hour.
After the one hour incubation period of the muscle in situ it was removed,
immediately placed in a glass container, covered and placed in the freezer
compartment of the refrigertor. The animals which survived the organo-
phosphate toxicity were sacrificed by the injection of 30 cc of air into the
femoral vein. The left anterior tibialis muscle was removed and frozen
in the same manner as the right muscle.

2. Histochemistry

a. Preparation of Sections

After the muscle was completely frozen a trapezoidal cross-section
of the distal one-half of the muscle was removed and placed on a micro-
tome planchet. A few drops of water were added to the planchet and the
planchet with the muscle on it was then placed into the freezing microtome
so that the muscle would become fixed to the planchet. The muscle was
then sectioned in the microtome in 10-15 micron sections and placed on
glass slides which had previously been frozen in the microtome. The slides
with the muscle sections on them were placed at room temperature until
thawing caused adherance of the muscle sections to the glasse. This usually
was 15 to 30 seconds. They were then ready to be placed in the incubation

solution.
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b. Staining Procedure

The histochemical approach for the determination of anticholinester-
ase potency in the present study is based on Koster's (1946) observation that
a reversible inhibitor can prevent the lethal action of DFP by transient
competitive combination with the enzyme (Koelle, 1946). The technique
outlined below is Koelle's 1951 method. As developed originally (Koelle and
Friedenwald, 1949), it consists in incubating fresh frozen sections in a
medium containing acetylthiocholine and copper glycinate; as the substrate is
hydrolyzed by acetylcholinesterase the thiocholine liberated is precipitated
as a mercaptide salt, e.g., copper thiocholine sulfate. The initial concen-
tration of the substrate (acetylthiocholine) of 5 X 10~3 M, is the optimal
concentration of acetylcholine for gpecific cholinesterase (Augustinsson,
1949). Immersion in ammonium sulfide converts the white precipitate of
copper thiocholine to a dark brown precipitate of copper sulfide which can

then be viewed with an ordinary microscope.

+ (AChE)
(CH3)SNCH,CH,SCOCH; o =0 HSCH,CH,N (CHg)g
Acetylthiocholine ion Thiocholine ion
' (plus copper glycinate)
(NH 4)28 + __
Cus < (CuSCHCH,N(CHg)3)s04~

Copper thiocholine sulfate
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REAGENTS

1. Copper-Glycine: 3.75 gm. glycine, 2.50 gm. copper sulfate q. 8.
100 mls.

2. Maleate Buffer: 9.60 gm. sodium maleate, 52.2 mls. sodium
hydroxide, q.s. 100.0 mls.

3. Sodium Sulfate: 40 per cent sodium sulfate (W/V), adjusted to

pH 6. 00, stored at 38°C.
4. Magnesiyum Chloride: 9.52 gm. magnesium chloride, q.s. 100.0 mis.

5. Acetylthiocholine: 48 mgm. acetylthiocholine iodide, 2.4 mls.
water, 0.8 ml. 0.1 M copper sulfate; centrifuged;
supernatant decanted off and saved.

6. Copperthiocholine: Obtained by filtering incubation solutions immedi-
ately after removal of slides, storing at 38°C. foy
two to four days to permit spontaneous hydrolysis
of substrate, eollecting precipitate by centrifu-
gation and washing with water.

7. Incubation Solution: 0.6 ml. solution 1, 0.6 ml. water, 1.5 mls.
t solution 2, 10. 5 mls. solution 3, 0.6 ml. solu-
tion 4, 1.2 mls. solution 5, trace of solution 6.

8. Ammonium Sulfide: 25 mls. absolute alcohol, 4.5 mls. ammonium
hydroxide, 3 mls. water; saturated with hydro-
gen sulfide; tested for saturation with 1 drop
0.1 M copper sulfate; filtered just prior to use.
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All slides were marked with a diamond pencil for identification and
placed in the incubation solution for a period of 20 minutes. They were then
transferred to a rinse solution of 20% sodium sulfate for 5 minutes and then
immersed for 2 minutes in 10% sodium sulfate. This was followed by dip-
ping them in distilled water for 30 seconds and transferring them to the
ammonium sulfide developing solution for a period of 2 minutes. They were
then stained and dehydrated by one minute rinses in alcohol and eosin,
»alcohol. xylol, and another xylol solution. All the above solutions were
'saturated with the reaction product by adding a trace of copperthiocholine.
The saturation of the substiraie solution with the reaction product has the
advantage tiat diffusion of reaction product is greatly diminished or sup-
pressed. In order to minimize spontaneous hydrolysis of the substrate
(acetylthiocholine) it was added immediately before the incubation solution
was to be employed. The solution was stirred and filtered through Whatman
#1 filter paper into Coplin jars previously warmed in the incubator.

After the final xylol rinse the slides were mounted with Permount
(Fisher) and a cover slip. Slides were then viewed under a microscope at

80X and photographed. All photomicrographs were taken with the same

intensity of lighting, time of exposure, and not retouched.




II. IN VITRO PREPARATION

Adult cats were anesthetized intraperitoneally with choloralose
(80 mg/kg). The right anterior tibialis muscle was removed from the animal
and placed in a glass container, covered and frozen in the freezer compart-
ment of a refrigerator. After the muscle was completely frozen, a trape-
zoidal cross-section of the distal one-half of the muscle was removed and
placed on a microtome planchet . A few drops of water were added to the
planchet. and both the planchet and muscle were then placed in a freezing
microtome in order that the muscle would be fixed to the planchet . When
this had taken place ten-fifteen micron fresh frozen sections of the muscle
were cut on the microtome and placed on slides. As soon as the sections
had thawed and the excess moisture evaporated the slides were placed for 5
minutes in a Coplin jar containing a solution of the following composition:
24% sodium sulfate, 0.033 M magnesium chloride, and one of the reversible
facilitatory drugs in a molar concentration calculated to be that which was
in the animal's extiracellular fluid following its injection in the in vivo
preparation (assuming that a cat's extracellular fluid represents 15% of ﬁs
body weight). The reversible inhibitor was omitted from two sets of controls
All slides excepting one set of controls were then transferred to a solution
which contained the same components as above plus 104 M DFP. The slides
were incubated in this solution for 30 minutes at 38° C. and then placed in a

rinse solution (24% sodium sulfate, 0.033 M magnesium chloride) in which
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they were kept for 30 minutes at room temperature. This latter step was

repeated. All slides (including the first set of controls) were then ready to
be placed in the Koelle incubation solution and to follow the same procedure

as the in vivo muscle slides.




RESULTS
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Before the iuain experinients could be carried out it «as necessary to

find the in vivo concentration of DFP which would consistently inhibit cholin-
esterase to such an extent that no staining of the enzyme could be demonstra-
ted. The in vitro concentrations ~hich have been used in this method for
inhibition of specific esterases range from 1 X 10~1 M (Koelle, 1951) to

1 X 1074 M (Koelle, 1957). Ve would expect the in vivo concentration to be
similar. Using increasing doses of DFP it was found that 15 mg/kg i.v. was
the lowest dose of the organaéhos;:hate which would consistently inhibit
staining of cholinesterase (fig. 3). Assuming the extracellular fluid to ba'
15% of the body weight the in vivo molar concentration of DFP in the extra-
cellular fluid was 1 X 1074 M,

The histochemical approach to determination of the anticholinesterase
actions of ambenonium, neostigmine, edrophoniwr and niethoxyarmbenonium
is based on the observation that the reversible inhibitor, paysostigraine, can
protect cats from the lethal action of the irreversible a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>