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SUMMARY

The chemistry and pharmacology of choline analogues has been reviewed.

Three series of choline analogues have been synthesised, namely

(a) hemicholinium (HC-3) analogues, (b) long-chain choline analogues, and
(¢) cyclic hydroxypiperidinium analogues. All the analogues have been
screened pharmacologically to investigate their action on (i) pre- and
postjunctional sites at the neuromuscular junction, (ii) cholinesterase
enzymes, (iii) choline acetyltransferase (ChAc) and (iv) transport of
choline into synaptosomes. Conclusions have been made on the possible
mechanisms of action of the analogues which result in a prejunctional block.

Structure/activity relationships have been discussed with regard to the
acetylation in vitro of the analogues by ChAc. The optimum distance between
the two quaternary nitrogen atoms in the BC-3 analogues for enzymatic
acetylation in vitro was found to be 14X. From a study of the hydroxypipe-
ridinium analogues it has been concluded that the alkyl chain of the choline
molecule may itself bind to the ChAc Zn vitro. The structure of acetylated
HC-3 as synthesised by ChAc in vitro appears to be mostly in the cyclic
form and it seems likely that this product is monoacetylated.

[14 ]—HC 3 and 3-hydrcxy—§ L;4 ]-methyl-N—methylpiperidinium have been
synthesised chemically. -HC-3 has been shown to be transported into
synaptosomes by a low affinity transport mechanism (K_=52.2pM) but there
was.no evidence of enzymic acetylation of HC-3 by synaptosomes. 3-hydroxy-
Er[_ CJ—methyl-Eymethylpiperidinium has been shown to be transported into
synaptosomes by both a high and low affinity transport mechanism (KTH=6.7uM;
KTL=192.9uM and was enzymatically acetylated im situ by synaptosomes.

3- hydroxy-N-[l4 ]-methykN—methylpiperidinlum has also been shown to be
-transported into the phrenic nerve-endplate region of a mouse hemidiaphragm
in vitro where it was enzymatically acetylated and the acetylated product

released as a cholinergic false transmitter.
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1. INTRODUCTION




T n TR S S L R e N ey

1. INTRODUCTION

1l.1. CHOLINE AND THE SYNTHESIS OF ACETYLCHOLINE IN CHOLINERGIC NEURONS

Choline(l) is the trivial name for (2-hydroxyethyl)-
trimethylammonium chloride. Chemical Abstracts, however, names
this campound 2-hydroxy-N,N,N-trimethyl-ethanaminium. Choline (1)
is an essential substrate for the synthesis of acetylcholine (ACh) (2)
in neurons. The last stage of ACh(2) synthesis proceeds according

to the equation:-

(CH

w" *
(C33)3NCHZCHZOH + COA-SCOCH3 3)3ﬁCH2CH20COCH3 + CoA-SH

choline (1) acetyl- acetylcholine(2) coenzyme A
coenzyme A
The synthesis is catalysed by the enzyme now known as choline
acetyltransferase (ChAc, acetylcoenzyme A:choline-O-acetyltransferase,
EC2.3.1.6.), Nachmansohn and Machado, (1943)
ACh serves as the transmitter of nerve impulses at cholinergic

synapses (for a review see Kuhar, 1976). 1In man and homeothermic
animals ACh effects transmission from motor nerves to skeletal muscle,
from preganglionic parasympathetic and sympathetic fibres to neurons
in the autonomic ganglia and adrenal meéulla, from postganglionic
paraé?mpathetic fibres to the heart, and from postganglionic
parasympathetic and some postganglionic sympathetic fibres to the
glandular and smooth muscle cells. ACh is also the transmittef at some
synapses in the central nervous system. A certain (but varying) quantity

of ACh is released from the presynaptic nerve ending by each nerve impulse.



The released ACh diffuses into the synaptic gap and reacts with the
cholinergic receptor protein, located in the postsynaptic membrane.
The reaction with the receptor starts the chain of events resulting
in the excitation or inhibition of the postganglionic cell.

Although choline is, chemically, a simple compound and is
essential for the life of cells, it appears that the cells of nervous
tissue are unable to synthesise it. The main source of choline in
the animal body is the liver, (for a review of choline synthesis see
Ansell and Spanner, 1975), where choline is synthesised not as a free
compound, but as the choline moiety of phosphatidylcholine. Choline
is released from phosphatidylcholine mainly via the steps lysophos-
phatidylcholine to glycerylphosphorylcholine to choline. Choline
circulates in the blood and is supplied to the brain both as free
choline and as choline bound in phospholipids. Additional free choline
may be formed in the brain from phosphatidylcholine by the pathway
described above. It is the free cho}ine, found in the plasma bathing
the nerve cells, which is utilised in the synthesis of ACh.

Most investigators have reported the plasma concentrations of
unesterified choline in various animal species to be in the range
5-25uM (for a review see Tugek, 1978). However, Spanner, Hall and
Ansell (1976) found that the choline concentrations in rat and human
blood plasma_are less than luyM. The choline concentration in the
cerebrospinal fluid of various animals has been found to be between
0.4 and 5.1pM (Tuek, 1978). The concentration of free choline in the
rat brain has been found by Mann and Hebb (1977) to be 8.7nmol/g in the
cerebrum and 14.9nmol/g in the cerebellum.

The problem now arises as to how the free choline, a positively

charged molecule, present in the plasma bathing all cells gains access



to the site of ACh synthesis which takes place inside the nerve célls.
It appears that most cells have the ébility to transport choline. A
specific carrier mediated transport system for the uptake of choline
has been described in the giant axons of the squid (Hodgkin and Martin,
1965), brain slices (Schubeth, Sundwall, sorbo and Lindell, 1966)
and in nerve endings (Potter, 1968). Choline transport has also been
reported in kidney slices (Sung and Johnstone, 1965},_erythrocytes
(Martin, 1968), heart (Buterbaugh, Figge and Spratt, 1968), small
intestine (Sanford and Smyth, 1969), cervical ganglion (Collier and
MacIntosh, 1969) and in the diaphragm (Chang and Lee, 1970 and Potter
1970). 1In general the transport systems show a varying requirement for
sodium ions, exhibit Michaelis-Menten kinetics and are inhibited by
drugs such as hemicholinium-3.

Yamamira and Snyder (1972 and 1973) and Haga and Noda (1973)
showed that there are at least two transport systems for choline in
the membranes of brain cells, differing in their affinity for the
transported substance. This has been confirmed by many other workers
(for a review see Kuhar and Murrin, 1978). The affinity of the carrier
for the transported substance may be expressed by the value K% (the
apparent Michaelis constant for transport and corresponds to the
concentration of substrate which provides one half of the maximal
velocity of transport available). The high affinity transport of
eholine into brain synaptosomes has a KT<10uM while the low affinity
transport system has a KT of >10{iM (usually between 40-100uM). The high
affinity carrier differs from the low affinity carrier by its greater

dependence on the presence of sodium ions, by its greater sensitivity to




metabolic inhibitors, e.g. cynanide, dinitrophencl and ouabain (although
results are conflicting) and by its greater sensitivity to the
inhibitory action of hemichelinium-3.

Kuhar, Sethy, Roth and Aghajanian (1973) have shown in rat brain
that the high affinity transport system is a feature of cholinergic
nerve terminals only, as was originally suggested by Haga (1971).

Chang and Lee- (1970) made a similar observation in the rat phrenic
nerve-hemidiaphragm. Therefore, it seems that the high affinity
transport system for choline is specific for cholinergic nerve terminals
whereas the low affinity transport system is probably present in all
nerve cells and glial cells.

The low affinity transport of choline into synaptosomes most
probably represents an example of facilitated diffusion, i.e. of
carrier mediated transfer proceeding along the electrochemical gradient
independant of an eﬁergy supply. The high affinity transport of choline
could elther be sodium dependent active transport (i.e. transport
against the electrochemical gradient and dependent upon a supply of
energy) or sodium dependent facilitated diffusion. None of the studies
on choline transport to date have analysed this problem,

It has been suggested that for the synthesis of ACh cholinergic
neurons can use both free choline, supplied by the extracellular plasma
bathing the neuron and endogenous choline released inside the neuron
from larger molecules (e.g. phospholipids), Collier, Poon and
Salemoghaddam (1972). However Aquilonius, Flentge, Schuberth, Sparf
and Sundwall (1973) administered IV radiocactively labelled choline and
found that the labelled atoms very rapidly appear in the brain ACh, so

rapidly that it seemed as though free choline in the blood plasma is



used for the synthesis of ACh immediately it enters the cholinergic
neurons. Collier and Katz, (1974) found that 50% of the choline
formed as a product of cholinesterase enzyme action on neurally
released ACh was re-utilized for the synthesis of new ACh. This
evidence suggests that the high affinity carrier for choline in the
membranes of the cholinergic nerve terminals plays an important if
not an entirely specific role in ensﬁring the shpply of choline for
the synthesis of ACh.

Therefore it seems that free choline is transported into
cholinergic nerve terminals by a low and high affinity transport system.
Once inside the nerve termingls it can be acetylated by ChAc to ACh,
the acetyl group being supplied by acetylcoenzyme A (AcCoA).

The properties of ChAc have been recently reviewed by Haubrich
(1976), Bradshaw (1976) and Rossier (1977). Chac is a water soluble
globular protein and it has not yet been isolated in pure form. 1In
some animal spe;ies ChAc is. probably present in several molecular
forms. ChAc is synthesised within cell bodies of cholinergic neurons
and 1s subsequently transported along their axons to choline;gic nerve
terminals, (Hebb and Waites, 1956), where it is highly concentrated
along with the neurotransmitter (Hebb, Krnjevié and Silver, 1964). Most
studies indicate that the reaction catalysed by ChAc, that is the
synthesis of ACh, followslthe Theorell - Chance mechanism.

AcCoA binds first followed by choline, the first product that is
released is ACh followed by CoA. Evidence availlable indicates that one
of the active groups at the active centre of the enzyme is imidazole.

A thiol group is also present in the active centre, but it does not

directly participate in the binding of reaction substrates or products.



The enzyme 1is not strictly specific for AcCoA and choline as a number
of compounds with a similar structure can also serve as its substrates.
The activity of ChAc is lower in media of low ionic strength. Most
observations support the view that the presence of ChAc is specific
for cholinergic neurons. However, extraneural ChAc is present in the
placenta of some species, sperm, corneal epithelium and peossibly also
skeletal muscles (Tufek, 1973) and blood platelets.

AcCoA supplies the acetyl group for the synthesis of ACh. For
a review see Barker (1976) and Browning (1976). Quantitatively the
most important sources of AcCoA in the cells are oxidative decarboxylation
of pyruvate and the B-oxidation of fatty acids; in both cases the AcCoA
is formed in the mitochondria. It is not clear how the acetyl ‘groups
of the AcCOA pass out of the mitochondrial matrix into the cyto-
plasm where the synthesis of ACh is thought to occur.

Although some ACh is synthesised in all parts of the cholinergic
neuron, most of it is produced in close proximity to the sites from
which it is released, il.e. in most neurons, the terminal parts of the
axon. ChAc is mainly dissoclved in the cytoplasm of the nerve' endings,
but a proportion of it could be adsorbed to the cytoplasmic side of the
surface membrane and of other membranes in the nerve terminals. ACh
appears to be localised in the cytoplasm and some is membrane bound.
Most features of ACh storage and release in synapses can be explained
by the 'vesicular hypothesis' although there are objections to this
hypothesis. For a review see Jones (1975). It should be noted here
that Gray (1977) has proposed that synaptic vesicles are merely artifacts

of the preparative procedure for electron microscope work.
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Haubrich and Chippendale (1977) have reviewed the regulation of
ACh synthesis in nervous tissue. Continuous slow synthesis of ACh
proceeds in the cholinergic neurons even at 'rest'. When the rate of
ACh release is increased by nerve impulses the rate of synthesis is
also increased so that the concentration of ACh is relatively constant
under physiological conditions (Collier and MacIntosh, 1969). Recently
synthesised ACh is preferentially released during synaptic activity
(Collier, 1969; Potter, 1970). Several hypotheses have been proposed
to explain the mechanism of the control of synthesis. These:include
control based on the law of mass action, i.e. feed back inhibition
of the rate of synthesis by the products (ACh and/or AcCoA). It has
alsoc been suggested by Guyenet, Lesfresne, Rossier, Beaujouan and
Glowinski (1975) and others, (see Haubrich and Chippendale, 1977) that
there is a close functional link between the high affinity choline
transport and the enzyme ChAc, and that the high affinity transport of
choline plays an important role in the regulation of ACh synthesis.
This view is in good agreement with experimental results showing the
presence of membrane bound ChAc in the nerve terminal and results
indicating the re-utilization of choline which has been formed by the
action of cholinesterase enzymes on neurally released ACh. (Collier
and MacIntosh, 1_969: Potter, 1970; Collier and Katz, 1974).

Postsynaptically, choline has qualitatively similar pharmacological
actions to ACh but is much 1es§ active (Goodman and Gilman, 1970).

In ;ummaryrcholine plays an important role in the synthesis of
ACh. Free choline is transported from the extracellular fluid into
cholinergic neurons by a low affinity and a sodium dependent high
affinity transport process. Once inside the nerve terminal it can be

acetylated by the enzyme ChAc to ACh. The necessary acetyl group being
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supplied by AcCoA. ACh so formed can then be released as the
cholinergic transmitter. It is possible that a close functional link
exists between the sodium dependent high affinity transport of choline

and the synthesis of ACh.

1.2 ANALOGUES OF CHOLINE

Long and Schueler, (1954) and Schueler, (1955) reported an
investigation into the anticholinesterase activity of a number of
bis-quaternary ammonium salts. One of the compounds, orginally called
a,a'~dimethylethanolamino-4,4'~-biacetophenone (now known as seco-HC-3)
(3), had little anticholinesterase ac;ivity but it was found to exhibit
an unusual type of delayed toxicity in laboratory animals. Seco-HC-3(3)
contains two choline like moieties and Schueler, (1955) showed that it
underwent spontaneous hemiacetal formation (Fig. 1.l) to give a compound
(4) with four choline like moieties. Schueler then coined the name
hemicholinium and the cyclic form of seco-HC-3(3) has since been known
as hemicholinium-3 or HC-3(4). Chemical Abstracts, however, names this
compound 2,2'-[l.i'—biphenyl] 4,4'-diylbis[2—hydroxy-4,4—dimethyl
morphoiinium] dibromide. (4).

The keto-hemiacetal (open chain-ring) tautomerism which gives the
cyclic hemiacetal structure(4) is common in tertiary aminoalcohols
(Cromwell an& Tsou, 1949) and it has been reported for quaternary amines
(Lutz and Jordan, 1949). Haarstad and Schueler (unpublished data, cited
by DiAugustine and Baarstad, 1970) have provided direct evidence of the
instability of seco-HC-3(3) and the persistance of HC-3(4) in the cyclic

form, in aqueous and. alecoholic solutions.
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"HC-3 was crystallised from ethanol/ether (Long and Schueler, 1954)
giving colourless crystals with mp 179-180°. However, Long (1961)
stated an alternative mp of 220° which he suggested was due to either
a different isomer or a different crystalline form, although bioclogical
assay indicated no difference in the activity. HC-3, like most
guaternary amines, was very hygroscopic, especially when first made
and it has been found to crystallize in variable hydration states
(unpublished data cited by Thampi, Domer, Haarstad and Schueler, 1966).
The water of crystallization was very difficult to remove.

Most of the pharmacological studies on HC-3 have been carried out
on whole animals, nerve-muscle preparations and cholinesterase enzymes.
Very little biochemical work has been done. This is because the interest
in HC-3 was at its highest in the 1950's to 1960's, and the techniques
now available in the 1970's, especially the radiochemical techniques,
were then unavailable.

In all species the onset of action of HC-3 ig rather slow. With
minimal lethal IV doses of HC-3, death results from a gradual failure
of respiration. 1In general the larger the animal, the larger the minimal
lethal dose on a body weight basis, and the longer the time to death
kSchueler, 1955). This is an unusual observation, as with most drugs
toxicity is greatest in larger animals because they metabolise drugs
more slowly. bery large doses of HC-3 produce immediate respiratory
paralysis which, like that produced by tubocurarine, is reversed by
physostigmine (Schueler, 1955). A curare-like action of HC-3 might be
expected from its structure, and the fact that large doses do produce
this type of action has beeﬂ confirmed using nerve-muscle preparations

(Reitzel and Long, 1959b;Bowman and Rand, 1961; Marshall, 1969; Takagi,
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Kojima, Nagata and Kurcmi, 1970). However, the delayed respiratory
paralysis produced by small doses is only slightly, or not at all
reversed by anticholinesterase drugs (Schueler, 1935; Thies and Brooks,
1961), suggesting that it is due to a different mechanism from that
giving rise to the abrupt paralysis with large doses. The delayed
toxicity of HC-3 is however markedly antagonised by choline (Schueler,
1955; Giovinco, 1957; Thies and Brooks, 1961) but its abrupt curare-like
effect is not.

Many studies (Schueler, 1955; Reitzel and Long, 1959b;Wilson and
Long, 1959; Chang and Rand, 1960; Evans and Wilson, 1964; Gardiner and
Sung, 1969; Marshall, 1969; Takagi, Kojima, Nagata and Kuromi, 1970;
DiAugustine and Haarstad, 1970; Maggio-Cavaliere, 1976j have shown that
small doses of HC-3 both Zn vZvo and in vitro produce a.slowly developing
block of neurcmuscular transmission in nerve-skeletal muscle preparations
of guinea pigs, rats, rabbits, cats, dogs and chickens. The block is
dependent on the frequency of stimulation of the motor nerve; in general
small doses are ineffective at frequencies of stimulation below 1 Hz
and effectiveness increases as the frequency is increased. The neuro-
muscular bleck is antagonised by choline but.not by physostigmine.
Similar effects of HC-3 and choline have been demonstrated at some
autonomic cholinergic neuro-effector junctions (Rand and Ridehalgh, 1965;
Everett, 1968; Appel and Vincenzi, 1970) and in sympathetic ganglia
(Birks and MacIntosh, 1961l; Bhatnagar, Lam and McColl, 1965). Direct .
bioassay of the ACh released into the fluid bathing isolated nerve-
muscle preparations shows that HC-3 reduces the ACh output evoked by nerve
stimulation (Matthews, 1966), indicating that small doses of HC-3 produce:'a

presynaptic block at the neuromuscular junction.
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Intracellular recording techniques at the neurcmuscular junction
have confirmed that HC-3 possesses both pre- and postjunctional actiens.
Initial studies showed that HC-3 in large doses blocks neuromuscular
transmission and rleduces the amplitudes of end plate potentials (e.p.p.s.)
and miniature end plate potentials (m.e.p.p.s.). These effects were
associated with a reduced sensitivity to applied ACh, showing that the
site of action was postjunctional. The block was reversed by physostig-
mine but not by choline (Martin and Orkand, 1961; Thies and Brooks, 1961)

Elmgvist and Quastel (1965) performed similar experiments except
that the preformed transmitter was rapidly released either by nerve
stimulation or by potassium chloride. Under these conditions the
amplitudes of the e.p.p.s. and m.e.p.p.s. were again reduced by HC-3 but
by lower concentrations and in this case the changes occurred in the
absence of any decrease in postjunctional chemosensitivity, showing that
the effect was located in the nerve endings and was due to a reduction |
in size of the ACh quanta.

These results suggest that the respiratory paralysis produced by
low doses of HC-3 is due to a presynaptic block of transmission at the
neuromuscular junctions of the respiratory .muscles, and there is strong
evidence to support this (Longo, 1958, 1959). However some workers have
maintained that HC-3 also depresses respiration through an action in the
central nervous system (Kasé and Borison, 1958; Borison, 196l1).

Intraventricular administration of HC-3 causes a reduction in brain
ACh levels which is prevented by previous administration of choline
(Rodriguez de Lores Arnaiz, Zieher and De Robertis, .1970), Gomez, Domino
and Sellinger (1970) found that intraventricular HC-3 reduced the synthesis

of ACh but enhanced choline conversion to phosphorylcholine and cytidine
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diphosphocholine. This observation was supported by Spanner and Ansell,
(1973) but Ansell and Spanner (1974) found that in vitro HC-3 inhibited
choline kinase the enzyme responsible for the conversion of choline to
phosphorylcholine, suggesting that in vZvo the increase of synthesis of
phosphorylcholine by HC=3 was not due to a direct action on the enzyme.
However, it is possible that intraventricular HC-3 somehow enhances

the synthesis of phosphorylcholine at the e#pense of ACh thereby causing
a depletion in transmitter stores, resulting in a failure of transmission
of cholinergic neurons which could lead to respiratory depression.

However, a central action of HC-3 after systemic administration,
seems unlikely in view o§ the well known inability of gquaternary ammonium
compounds to penetrate the 'blood-brain barrier'. This is supported by
the findings of Domer and Schueler (1960) who synthesized radicactively
labelled [14c]—HC—3 and found that tissue distribution studies failed
to show any sites of loEalisation in various organs including the brain.

It is important to note here that Domer and Schueler (1960) using
[14C]—HC—3 conducted 24 hr, metabolism studies with rats and found that
HC-3 is rapidly excreted in the urine and faeces. There appears to be
no biotransformation.

The dependence of the transmission failure produced by HC-3 on the
frequency of nerve stimulation suggests an explanation of the variation
in toxicity among different species; toxicity is greatest and quickest
in onset in the smaller animals, possibly because small animals breath
at a faster rate than large animals. - However, other factors probably
also play a part and cobvious possibilities are the activity of the animals
and the circulating level of free choline which is an antagenist to the

action of HC-3.
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Several analpgues of choline have been tested for their ability
to reverse the neuromuscular transmission failure produced by small
doses of HC-3 (Giovinco, 1957; Reitzel and Long, 1959a). All were
ineffective except for N,N dimethyl,N,ethyl-aminoethan-2-ol (MEC) (27).
ACh and some other esters of choline were also effective antagonists but
only by virtue of their rapid hydrolysis with the production of choline.

The specific antagonistic action of choline suggested that HC-3
causes transmission failure at cholinergic junctions by intgrfering with
choline metabolism in nervous tissue which leads to a decreased synthesis,
and hence a decreased output of ACh. Choline, however, possesses a weak
postjunctional depolarising action at the neuromuscular junction and it
has been reported by Hutter, (1952) to have some action in increasing the
release of prefofmed ACh. Both of these additional effects could
.contribute to restoration of the transmission failure. Therefore it is
important to realize that reversal by choline is not by itself a reliable
indication of a prejunctional block, although if the reversal is complete
and long lasting it must be a strong indication that the transmission
failure did arise from such a mechanism. !

HC-3 was found by MacIntosh, Birks and Sastry, (1956) to inhibit
the synthesis of ACh in the superior cervical ganglion of the cat and
in minced brain tissue, but it had negligable direct inhibitory action
on ChAc obtained from acetone~dried brain powders. MacIntosh, Birks
and Sastry, (1958) postulated that HC-3 inhibited ACh synthesis in intact
‘nervous tissue by competing with choline for the specific system necessar&
to transport extracellular choline to the intracellular sites of
acetylation. Gardiner, (1961) supported this suggestion when he found

that HC-3 inhibited ACh synthesis in minced guinea-pig brain and by
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mitochondrial fractions of homogenates of the same tissue. This
inhibition was antagonised by choline. However, ACh synthesis was
unimpaired by HC-3 in homogenates which had been pretreated with ether.
Ether is believed to disrupt membranes surrounding the synthesising
enzyme, ChAc, (Hebb and Smﬁllman, 1956), thus in the latter case ChAc is .
solubilized.

These observations have since been supported by several workers.:
HC-3 has been shown to inhibit ACh synthesis in minced mouse brain
(Bhatnagar and MacIntosh, 1961; MaclIntosh, 1961 and Bhatnagar, Lam and
McColl, 1965) and in guinea-pig brain homogenates (Gardiner and Sung,
1969; DiAugustine and Haarstad, 1970 and Hemsworth, 197lal. There was no
significant inhibition by HC-3 of solubilized ChAc from mouse brain
(Bhatnagar, Lam and McColl, 1965; Domino, Mohrman, Wilson and Haarstad,
1973 and Hemsworth and Cholakis, 1978) and of ChAc solubilized from-
guinea-pig brain (BEemsworth, 1971a).

HC-3 has been found to inhibit the active secretion of choline
by avian kidney tubules (MacIntosh, Birks and Sastry, 1958; Maclntosh,
1961; Trimble, Acara and Rennick, 1974) and to inhibit choline transport
into erythrocytes (Martin, 1968, 1969), giant axon of the squid (Loligo)
(Hodgkin and Martin, 1965), isolated perfused rabbit hearts (Buterbaugh,
Figge and Spratt, 1963) and isolated-synaptosomes (Marchbanks, 1968; Potter
1968; Diamond and Kennedy, 1969; Hemsworth and Bosmann, 1971; Hemsworth,
Darmer and B;smann, 1971; Diamond and kilfay, 1972; Guyenet, Lefresne,
Rossier, Beaujouan and Glowinski, 1973a; Barker and Mittag, 1975; Simon,
Mittag and Kuhar, 1975; Collier, Lovat, Ilson, Barker and Mittag, 1977;
Hemsworth and Cholakis, 1978) and isclated synaptic vesicles (Hemsworth,

Darmer and Bosmann; 1971).
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These results support the original hypothesis of MacIntosh, Birks
and Sastry (1958) that HC=3 inhibits ACh synthesis in intact nervous
tissue by competing with choline for the choline transport system and
thereby inhibiting the transport of choline into cholinergic nerve

terminals.

Although it appears that in vitro, HC-3 does not inhibit soluble
ChAc it was suggested that, like choline, HC-3 could itself act as a
substrate for ChAc and be acetylated (Rodriguez de Lores Arnaiz, Zieher
and ‘De Robertis, 1970; Hemsworth, 1971a).This could be an alternative
explanation of the presynaptic inhibitory action of HC-3 at the
neuromuscular junction, as acetylated HC-3 could be released as a false
transmitter by the cholinergic nerve.

However, Diamond and Milfay (1972) could f£find no evidence for the
acetylation of HC-3 by ChAc in vitro. But Bradshaw and Hemsworth (1976)
found that the method of isolation of the acetylated HC-3 used by
Diamond and Milfay (1972) was at fault and that HC-3 is acetylated by
soluble ChAc isolated from rat brain by about 27% compared to choline:
100%. Barker and Mittag (1975) and Mann and Hebb (1975) have also found
that HC-3 is acetylated by ChAc, the latter workers found that HC-3 is
a competitive substrate.

In order for HC-3 to be acetylated by ChAc in vivo it must, like
choline, be transported from the extracellular medium into the cholinergic
nerve terminal. Collier (1973) performed experiments with [--C]-HC-3
on the cat superior cervical ganglion and failed to show the transport
of HC-3 into the ganglion during nerve stimulation. He also found that

compared to choline very little [14Cﬂ-ﬂc-3 is transported into mouse

synaptosomes. However Guyenet, Lefresne, Rossier, Beaujcuan and Glowinski
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(1973b) showed that in rat synaptosomes HC-3 had an affinity for the
carrier mechanism which was one hundred times greater than the affinity
of choline itself. Sellinger, Domino, Haarstad and Mohrman, (1969)
administered [14C]—HC-3 intraventriculary and they found that
mitochondrial filled nerve endings, containing 30% of the acetylchol-
inesterase (AChE), had a high affinity for HC-3. Slater and Stonier,
(1973) found that rat brain cortex slices accumulated HC-3 but it appeared
to be by a different uptake mechanism compared to that of choline. These
results seem to indicate that HC-3 can be transported into cholinergic
neurons.

In conclusion the hypothesis propsed by MacIntosh, Birks and
Sastry, (1958) is that the main action of HC-3 is to compete with choline
for the transport mechanism in the nerve terminals with the result that
ChAc is deprived_cf its substrate for ACh synthesis.\ Transmission failure
becomes evident when the preformed stores of ACh have been partially
exhausted by frequent nerve impulses and when synthesis is inhibited to
the extent that it cannot keep up with demand. Excess choline then
probably overcomes the transmission failure by competing more favourably
with HC-3 for the transport mechanism and so restoring substrate to
synthesising enzyme.

However, over the last decade it has been shown that HC-3 can itself
act as a substrate for ChAc in vitro. If this occurs in vivo, the
acetylated=HC-3 could be released as a false neurotransmitter and so
attenuate the natural transmitter (ACh) released at the neurcmuscular
junction. An increase in the frequency of the nerve impulses would increase.
the rate of transport of HC-3 into the cholinergic nerve and the rate of
acetylation of HC-3. Choline would antagonise this process. However, it

has yet to be shown conclusively that HC-3 can be transported into intact
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cholinergic nerve tissues. The false transmitter hypothesis provides
an additional mechanism to that originally proposed by MacIntosh, Birks
and Sastry, (1958).

1.2.2. Hemicholinium analogues

Several workers have studied structure-activity relationships
in the hemicholinium series. Most of the studies have invoclved
alterations at the cationic head, or in the biphenyl nucleus. For a
summary of the hemicholinium analogues shown to have a presynaptic
blocking actioﬁ on cholinergic neurcns see Table 1l.1. Most of the
pharmacological results obtained using the hemicholinium an;logues have
been from whole animals, isclated nerve muscle preparations and
cholinesterase enzyme studies.

Schueler, (1955) showed that HC-15(5) which is exactly one half of
the molecule of HC-3 exhibited no toxic activity in mice in doses up to

50mg/kg, (compared to LD o in mice of HC-3 of 0.02mg/kg). Bowman,

5
Hemsworth and Rand, (1967) found that the primary action of HC-15 and other
monoquaternary analogues of HC-3 on neuromuscular transmission is a
postjunctional tubocurarine-like action. However, more recent studies
have suggested that HC-15 may have a presynaptic action on cholinergic
neurons. Hemsworth, (1971la) showed that HC-15 at low doses gives a
presynaptic block in the rat phrenic nerve-hemidiaphragm when stimulated
at 1Hz. He also showéd. that HC-15 inhibited ACh synthesis in éuinea-pig
brain homoge;ates but had no effect on synthesis where the membranes
surrounding the ChAc are broken down (BC-3 had a similar action, Hemsworth,
1971a) Hemsworth, Darmer and Bosmann, (1971) showed that HC-15 is almost
as active as HC-3 in inhibiting the uptake of [14d]—choline into synapto-

somes. However, Diamond and Milfay, (1972); Barker and Mittag, (1975);

Holden, Rossier, Beaujouan, Guyenet and Glowinski, (1975); and Simon,
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Mittag and Kuhar, (1975) showed that HC-15 had a weaker inhibitory effect
than HC=-3, the;e results are probably more interesting as only the high
affinity transport of choline was determined. HC-15 was found to be
acetylated by soluble ChAc (Hemsworth, 197la; Barker and Mittag, 1975)

but at about half the rate of the acetylation of HC-3. 1In conclusion,
HC-15 seems to have similar actions to HC-3 but is less potent.

Marshall and Long, (1959) showed that the introduction of an ether
(6) or methylene (7) linkage between the two phenyl rings, produced
compounds which gave a presynaptic block but which were less potent than
HC-3. Other studies have shown that the biphenyl moiety may be replaced
by a hexamethylene chain (8) which approximates to the length of a
biphenyl nucleus (Powers, Kruger and Schueler, 1962), one phenyl ring
(norphenyl-HC-3) (9) (Thampi, Domer, Haarstad and Schueler, 1966) or three
phenyl rings {ferﬁhenyl-Hc-3)(10) (Gardiner and Sung, 1969) without
appreciable loss of the characteristic HC-3 like activity in the nerve-
muscle experiments conducted. Terphenyl-HC-3 (Gardiner and Sung, 1969)
caused an HC-3 like blockade of neuromuscular transmission and inhibited
ACh synthesis in guinea-pig brain mince (organised tissue). Barker and
Mittag, (1975) showed that terphenyl-HC-3 was equipotent to HC-3 in
inhibiting high affinity choline transport into synaptoscmes.

However, the slight decrease in activity observed with most
alterations of the biphenyl nucleus may indicate that in HC-3 the distance
between-the éwo guaternary nitrogens is optimal for maximal HBC-3 like
activity.

Schueler, (1955) in his original study found the characteristic
HC=-3 like activity, with regard to its toxic action in whole animals, only
in those compounds containing an unmasked B-hydroxyl group with respect

to the nitrogen centre. BHe ‘concluded that the ethanolic group is necessary



OH

HC-15 (5)

OH

(6)

OH

Cl'l2

(7)

21



(8)

n=1 norphenyl-HC-3 (9)

n=3 terphenyl-HC-3 (10)

23



- R T

but not sufficient and suggested that such compounds undergoc hemiacetal
formation (Fig. l.l). sStudies on a',u}, aa-tetramethyl-HC-3 (Di Augustine
and Haarstad, 1970) which can exist in both open chain (seceo) (11) and
cyclic hemiacetal forms(l2), depending upon the experimental conditions,
showed that the characteristic HC-3 like activity on nerve-muscle
preparations is much more pronounced in the hemiacetal form(l2). The
open chain compound(ll) inhibited ACh synthesis in minced mouse brain
(organised tissue) to a lesser extent that the hemiacetal(l2) though both
had HC-3 like actions and both were less effective than HC-3. These
workers concluded that the hemiacetal structure of this compound(l2) is
not essential for the inhibition of ACh biosynthesis but this structure
appears to give a more potent HC-3 like compound on nerve muscle prepar-
ations and in inhibiting the synthesis cf ACh.

Many oéen chain (seco) analogues of HC-3(3) have been synthesised
and some seem to have HC-3 actions. For example, Blase, Loomis, Collins
and Sommer, (1974) found that an open chain analogue of nerphenyl-HC-3
(13) still retained HC-3 like activity in the intact tibialis muscle
preparation of t£e rat. Acetyl-seco-hemicholinium=-3 (Ac-seco-HC-3) (14)
is prevented from cyclising by the acetyl group which has replaced the
hydrogen of the hydroxyl group on the ethanolic moiety, which is necessary
for tautomerism to occur. Ac-seco-HC-3 has been studied by Domino,
Mohrman, Wilson and Haarstad, (1973); Maggio-Cavaliere, (1976); Haarstad,
Domer, Chihal, Rege and Charles, (1976); Domer, Chihal, Charles and
Rege, (1977) and recently by Hemsworth and Cholakis, (1978). Ac-seco-
HC-3 produced a toxicological picture similar to.that of HC-3 and
was first thought to be a ChAc inhibitor (Domino, Mohrman, Wilson and
Haarstad, 1973). It depressed respiration, gave a slow progressive

inhibition of neuromuscular transmission, which was reversible with choline
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and inhibited the biosynthesis of ACh by minced mouse brain, all of
which resemble the pharmacology of HC-~3. Ac-seco-HC-3 has some
characteristic actions of its own, (Mﬁggio—Cavaliere, 1976). Hemsworth,
and Cholakis, (1978) found that Ac-seco-HC-3 was de-esterified to a very
small extent by cholinesterase (ChE) or acetylcholinesterase (AChE)
and concluded that Ac-seco-HC-3 had an action of its own on neuro-
muscular trasmission and that the pharmacological effects were not
due to de-esterification of the compound to HC-3. This was supported
by Haarstad, Domer, Chihal, Rege and Charles, (1976). Hemsworth and
Cholakis, t1978) showed that Ac-seco-HC-3 was equipotent to EC-3 in
inhibiting choline uptake into synaptosomes. They also showed that
Ac-seco-HC-3 was equipotent to HC-3 in inhibiting synthesis of ACh
in organised brain tissue and that both Ac-seco-HC-3 and HC-3 had
no inhibitorf action on ChAc. The different results with regard to ChAc
inhibition compared to Domino, Mohrman, Wilson and Haarstad, (1973) was
explained as being due to species difference and/or purity of ChAc.
These results indicate that Ac-seco-HC-3 inhibits neuromuscular
transmission by inhibiting the transport of choline into cholinergic
nerve endings.

Other derivatives of HC-3 have been made (15, 16, 17, 18, 19,)
by Haarstad, Domer, Chihal, Rege and Charles, (1976) and by Domer,,
Chihal,IChar;es and Rege, (1977) but little pharmacological study has been
carried out. In toxicity studies all are much less toxic than HC-3 except
for thio-Ac-seco-HC-3(18) which is equally toxic to HC-3 and Ac-
seco-HC-3 and causes death by respiratory failure. It was found
that thio-Ac-seco-HC-3(18) is broken down by ChE to a cyclic form of a
sulphur analogue of HC-3(20). It was therefore suggested that thio-Ac-

seco-HC-3(18) was active due to the -action of its cyclic metabolite (20)
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whereas thio-seco-HC-3(19) was less toxic as it was in an open chain
form.

Bowevér, as open chain analogues of HC-3 have been found to inhibit
ACh synthesis, it can be concluded that the cyclic hemiacetal form of
the hemicholiniums is not essential for a presynaptic block at the
cholinergic neuron, though HC-3(4) itself may act in this structural form.

In most studies, the effect of modifying the position of the
B-hydroxyl groups and the alkyl substituents on the quaternary nitrogens
of HC-3 produced marked changes in pharmacclogical activity (Schueler, 1955;
Marshall and Long, 1959; Long, Evans and Wong, 1967). Long, Evans and
Wong, (1967) were able to show different types of pharmacological activity
by slightly varying the structure at the quaternary nitrogen. Long, Evans,
and Wong, (1967) also noted that the N-methyl-piperidine analogue of HC-3
(21) exhibited HC-3-like activity on nerve-muscle preparations.and toxicity
studies. . Subsequent studies (Benz and Long, 1969a, 1969b, 1970) have
confirmed that various heterocyclic compounds lacking a B~hydroxyl
substituent are active in this respect notably 3-methylpyridinium(22) and
4-methylpyridinium (23) derivatives. In addition Benz and Long, (1969Db)
have calculated that in the last three named compounds, the terminal methyl
groups ars separated from the quaternary nitrogen by a distance of 3.7 2
and have concluded that in the bisphenacyl quaternary salt an interonium
distance of 14 A is important for HC-3 like activity in neuromuscular
preparations and toxicity studies and that this activity can be enhanced
if the compound has a non-polar space-filling group 3.7 % from the quaternary
nitrogen. '

Long, Evans and Wong, (1967) first synthesised a,a'-bis-(dimethyl-
ammoniumacetaldehydeIdiethylacetal)—p,p'-diacetylbiphenyl bromide

(DMAE) (24) and found that it resembled cocaine in that it potentiated
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catecholamines and sympathetic nerve stimulation. However, Chiou and
Long, (1969) have shown that DMAE produces a biphasic block similar
to that produced by tubocurarine followed by a secondary block of long
duration which is reversible by choline. Aas the EDSO's of the drugs are
similar it was suggested that DMAE could be converted into HC-3
in vivo, with a concomitént inhibitien of ACh synthesis. Volle, (1973)
showed that DMAE reduced the quantal content released from a frog
cholinergic nerve during rapid rates of stimulation and explained this
in terms of a prejunctional action. However, he observed several
differences between DMAE and HC-3 suggesting that DMAE has an action of
its own on cholinergic neurons.

Many_analogués of HC-3 have been synthesised and many have been
shown to have a presynaptic blocking action of cholinergic neurons
(see Table 1l.1). 1In most cases insufficient research has been carried
out to allow the precise site of aétion to be determined. The aqtual
mechanism of action may vary from analogue to analogue, several analogues
have been shown to inhibit choline transport, but some have a free
hydroxyl group which could be acetylated by ChAc and the resultant
acetylated product could then be released as a false transmitter. At
the moment there is insufficient data to say that all the HC-3 analogues

have an HC-3 like action, especially as there is some conflict over the

precise mechanism of action of HC-3 itself.

1.2.3 Triethylcholine

Triethylcholine (TEC) (25) is the trivial name for
N,N,N,-triethylethanolamine. Chemical Abstracts, however, names this

compound, 2-hydroxy-N,N,N,~-triethylethanaminium(25).
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H2CH3
CH3CH2:T-C32CH20H TEC (25)
CHZCH3
Initially most of the work on TEC was concerned with its ability
to replace choline in nutrition, (Jukes and Welch, 1942; Stekol and
Weiss, 1950). TEC was found to inhibit the growth of rats, and this
effect was reversible with chpline. The first pharmacological
investigations were carried out by Hunt and Taveau, (1909), who found

that in sufficient amounts TEC is acutely toxic (LD._ in mice = 340 mg/kg).

50
Keston and Wortis, (1946) showed that TEC gave rise to muscular weakness,
convulsions and death and that protection against these symptomes is
afforded by the injection of choline, given simultaneously with TEC.
These workers suggested that TEC might interfere with ACh formation.
Bowman and Rand, (1961) extensively investigated the actions of TEC, with
regard to its general pharmacology. They found that in conscious animals,
TEC caused a slowly developing muscular weakness which was more severe
after exercise and which was reversed by an IV injection of choline.
However, IV neostigmiqe did not reverse the muscular weakness. Toxicity
tests in mice and rats showed that death was due to respiratory paralysis.
The toxicity of TEC was antagonised by choline. TEC was also found to
have a blocking action at ganglia (Rand and Ridehalgh, 1965) which is
perhaps not surprising as it is structurally similar to tetraethyl-
ammonium (TEA)(26)-
CH2CH3
cH.CcH, IN-cH_CH

372 I 2773 TEA (26)

CHZCH3
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The effect of TEC on nerve-muscle preparations was alsc investigated
by Bowman and Rand, (1961). TEC caused a slow reduction in muscle
contraction in response to nerve stimulation of cat and rabbit tibialis,
cat soleus and rat diaphragm muscles, although total block was not shown.
This action was found to be selective for muscle contractions elecited by
a high rate of nerve stimulation (lHz). This slowly developing,
frequency dependent neuromuscular block was antagonised by choline while
anticholinesterases caused only a small increase'in the twitch tension.

At these high rates of stimulation the first effect of IV TEC on
the nerve-muscle preparations was to produce a small transient increase
in twitch tension which Qas followed by the usual more slowly developing
and longer lasting paralysis as previously described. Bowman, Hemsworth
and Rand (1962) concluded that this first effect of TEC was not due to
a depolarizing or an anticholinesterase action but due to an increase in
the quantity of ACh released by each nerve impulse. TEA(26) is much more
powerful than TEC in this respect. It is unlikely that this effect of
TEC is of any significance in conscious animals,

Bowman and Rand, (196l1) found that in the presence of TEc.muscles
responded normally to direct electrical stiﬁulation which indicateé that
the block is not due to an effect on the contractile mechanism of the
muscle. Conduction in the motor nerve trunk is also unaffected since nerve
action potentials were unchanged in shape and size. Bartels, (1962) and
Bowman, Hems;orth and Rand,‘(1962) showed that large doses of TEC can
produce a postsynaptic neuromuscular blockade due to depressed sensitivity
of the motor end plates, but the amounts of TEC required were approximately
thirty times greater than those which selectively depressed twitches

elicited by nerve impulses at a rate of lHz.
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Bowman and Rand, (1961) compared TEC to HC-3. HC-3 was about
twenty times more potent than TEC in giving a frequency dependent
neuromuscular block which in both cases was antagonised by choline.

BC-3 unlike TEC, did not give a transient increase in twitch tension..

Bowman and Rand, (196l) concluded that the "chemical similarity
of TEC to choline, together with the fact that choline reverses the
effects of TEC make it likely that TEC interferes with the metabolism of
choline at the nerve endings, probably by interfering with the synthesis
of ACh. The slow onset of the paralysis and its dependence upon high
activity in the motor nerves support this view, since the preformed
depots of ACh must be ;xhausted before transmission fails . . . The
substance appears to resemble HC=-3 in its mechanism of acticen . . . "

Bownman and Hemsworth, (1965b)studied the effects of TEC on the
release of ACh from the isolated phrenic nerve-hemidiaphragm preparation.
‘They found that the slight initial potentiation of the muscle twitches
in the presence of TEC was accompanied by an increase in the amount of
ACh released. This finding is similar to that previously reported by
Bowman, Hemsworth and Rand, (1962) and discussed above. However, when the
slowly developing neuromuscular block was at its peak, ACh output was
depressed by 66-81%, but the release of ACh was not totally blocked.
Addition of choline to‘the_incubating medium restored ACh release to
72-90% ‘of normal, whereas washing out the TEC restored ACh release to
82-100% of normal. These experiments indicate that TEC(25) has an
inhibitory action on the synthesis of ACh from the cholinergic neuron.

This conclusion is supported by Matthews;-(l966) who studied the
effects of TEC on presynaptic ACh turnover in the perfused superior cervical
ganglion of the cat. He showed that TEC inhibited ACh synthesis which

was demonstrated by a declining output and a depletion of ganglionic stores
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of ACh. The effect could be reversed by choline.

Elmgvist and Quastel, (1965) using intracellular recording
techniques at the neurcmuscular junction showed that in the presence
of TEC the e.p.p.s. declined in amplitude this being due to a decrease
in quantum size. This effect is similar to that shown for HC-3 by these
workers and indicates that the amount of ACh released per impulse is
decreased in the presence of these two choline analogueg.

A further comparison between TEC and HC-3 was made on the
frog rectus abdominis muscle (Bowman and Rand, 1961). BHC-3 (150ug/ml)
caused a 50% reduction in response to ACh, but TEC (5Smg/ml)did ﬂot reduce
responses tg ACh.

It can be concluded from these pharmacological experiments that the
primary action of TEC is a presynaptic block at the neurcmuscular junction
probably due to interference with the synthesis of ACh in the nerve
terminals. It is also possible to conclude from these results that TEC
has a weak, transient blocking action at the ganglia, similar to that
produced by TEA(26), and appears to have little, if any, postsynaptic
block at the neurcmuscular junction.

Bull and Hemsworth, (1963) found that TEC inhibited the synthesis
of ACh by subcellular fractions of rabbit brain homogenate. However, when
the homogenate was treated with ether (a process which activates ChAc due
to breakdown of the membranes enclosing the system) the inhibition was
much smaller than that obtained with untreated particulates. In both
cases the inhibition was antagonised by choline. The%e workers suggested
that TEC acts by competing with choline for access to ChAc through a
membrane. They also suggested that the results showed that TEC may possess
a direct inhibiting action on ChAc. This latter effect of TEC was supported

by Howard-Butcher, Cho and Schaeffer, (1974).
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At high concentrations TEC has been found to inhibit choline and
ACh transport across the renal tubule (Acara, Kowalski, Rennick and
Hemsworth, 1975). TEC has also been found to inhibit choline transport
into the rabbit heart (Buterbaugh, Figge and Spratt, 1968), the giant
axon of the squid, (Loligo) (Hodgkin and Martin, 1965), brain synapto-
somes (Potter, 1968; Hemsworth, Darmer and Bosmann, 1971; Howard-Butcher
Cho and Schaeffer, 1974; Barker and Mittag, 1975; Holden, Rossier,
Beaujouan, Guyenet and Glowinski, 1975; Simon, Mittag and Kuhar, 1975)
and synaptic vesicles (Hemsworth, Darmer and Bosmann, 1971).

Hemsworth and Bosmann, (1971) "also found that [BH]-TEC was itself
incorporated into synaptosomes and synaptic vesicles, but the experiments
were performed under conditions favouring the low affinity transport
system. Ilson, Collier and Boksa, (1977) found that minced rat cerebral
cortex accumulated [14CJ—TEC. They also found that when the cat superior
cervical ganglia were perfused with Krebs solution containing [14CJ—TEC
the ganglia accumulated TEC. Electrical stimulation of the ganglia
increased the accumulation of [14CJ -TEC. Collier and Ilson, (1977) found
that this increased accumulation was not reduced by tubocurarine or by
atropine, but it was blocked by choline and HC-3. When the calcium
concentration was reduced the accumulation of [14c] -TEC into resting
ganglia was not altered but the increased accumulation into stimulated
ganglia was reduced. Bowever, changes in the magnesium concentration
which depressed ACh release by amounts comparable to those induced by
altered calcium concentrations did not alter the uptake of [14QJ-TEC. It
was concluded that the transport of [l4cﬂ—TEc is not regulated by trans-
mitter release but that stimulation itself increases the qptake of
[1403 -TEC by a calcium dependent mechanism.

It can be concluded from these experiments that TEC(25) inhibits
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both the low and high affinity transport of choline into synaptosomes.
TEC is itself incorporated into synaptosomes by a low affinity process.
Experiments to show a high affinity transport mechanism for TEC have not
been conducted. TEC is also transported into the cat superior cervical
ganglion. Stimulation of the ganglion increases the accumulation of TEC.

Burgen, Burke and Desbarats-Schonbaum, (1956) found that a partially
purified extract of ChAc from rat brain acetylated TEC, in vitro, by 95%
compared to choline 100%. However, Dauterman and Mehrotra, (1963) found
no evidence of acetylation of TEC. Using partially purified, choline free
ChAc from bovine caudate nucleus Hemsworth and Smith, (197(b)measured the
rate of acetylation of a range of concentrations of TEC. They found that
TEC was acetylated and at a constant concentration of AcCoA calculated
the apparent Michaelis Menten constant (Km} from a Lineweaver = Burke,
(1934) plot. The Kﬁ for TEC was 0.26mﬁ, compared to the Kh for choline
which was 0.19mM. Chiou, (1974) extracted ChAc from rat brain and found
that TEC was acetylated 24% compared to choline 100%. Mann and Hebb,
(1975) prepared.ChAc from acetone dried powders of rat brain and removed
endogenous choline. They found that TEC had a Rh of 50mM (The K, for
choline was 0.6mM). Barker and Mittag, (1975) prepared sclubilized ChAc
from rat forebrain and found that TEC had a Km of 25mM. (The K for
choline was 0.17mM). N.V.P.H.(40), a ChAc inhibitor, inhibited the
acetylation of TEC by 70% compared to choline 95%. It is therefore
possiﬁle thaé TEC is acetylated by another enzyme present in the extract
other than ChAc (Bradshaw, 1976).

Ilson, Collier and Boksa, (1977) found that about 4% of the total
[14Cﬂ—TEC gccumulated by resting superior cervical ganglia of the cat was
[14

acetylated to cﬂ-acetyltriethylcholine ([14C]-ACTEC)- Preganglionic

4
nerve stimulation not only increased the uptake of [1 d]-TEC but also
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increased the acetylation of [14C]-TEC to 11% of the total [14C] -TEC

now accumulated. However, stimulated and unstimulated ganglia
phosphorylated similar amounts of [14Cﬂ-TEC. In their experiments

with minced mouse brain they found that the [}4C]-TEC accumulated by

this tissue was acetylated by 3% and phosphorylated by 9%. Howard-Butcher
Cho and Schaeffer, (1974) found that TEC was transported into and
acetylated in synaptosomes.

Ilscn, Collier and Boksa, (1977) preloaded the cat superior cervical
ganglion with [14CJ -TEC. After a 30 min. wash out period the preganglionic
nerves were stimulated. Nerve stimulation was found to increase the
efflux of radiocactivity from ganglia. Radiocactivity was released from
non-stimulated ganglia and this was shown to be 95% [14C]—TEC, whereas all
of the extra radiocactivity released by nerve stimulation was [14CJ—ACTEC.
No [14C]-AcTEC was detectable in the ganglia at the end of the experiments.
Thus the total amount of [14C]-AcTEc measured in these experiments as
releasable [14C3—ACTEC was similar to the total amount of [}4Cﬂ-AcTEC
synthesised by ganglia. These workers also found that the rate of release
of 14Cﬂ—AcTEC was frequency dependent and calcium dependent.

Ilson, Collier and Boksa, (1977) preloaded minced rat brain withl
[14¢]-TEC and the preparation was stimulated by a high concentration of
potassium ions. The efflux of radiocactivity was increased. The radicactiv-"
ity released.from non stimulated tissue was almost all [14C] -TEC whereas
the extra rédioactivity released on stimulation was [14('.‘] ~AcTEC. The
release of [14C]-ACTEC was calcium dependent.

It can be concluded from these experiments that TEC is transported
into the ganglia, is acetylated to AcCTEC which is then released as a

false transmitter. Experiments conducted on AcTEC (Holton and Iﬁg, 1949;
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Bowman, Hemsworth and Rand, 1962) indicate that this compound has a
weak nicotinic action and is much less potent than ACh. AcTEC will
therefore attenuate the quanta of transmitter released at the ganglia.
Whether this is the main mechanism by which TEC affects cholinergic
transmission is not clear.

Thus the presynaptic block of TEC on cholinergic. neurons could
result from a blockade of the transport of choline into nerve terminals
and/or inhibition of acetylation of choline by ChAc and/or release of a

false transmitter.

1.2.4, Monoethylcholine

Monoethylcholine (MEC) (27) is the trivial name for N,N,dimethyl-
N-ethylethanolamine. Chemical Abstracts, however, names this compound
2-hydroxy-N,N dimethyl-N ethylethanaminium(27).

CH2CH3
cnfrr-cazcnzoa © M.E.C.(27)
CH3

Bowman and Rand, (1962) investigated the action of MEC on the
tibialis anterior muscle of the cat and the rat phrenic nerve-
heﬁidiaphragm. MEC caused a paralysis which was rapid in onset and
occurred in both rapidly and slowly stimulated muscles although the former
was more ustally affected. The block was shown to be due to a postsynaptic
action on the motor end plates, since the response to close-arterially
injected ACh was abolished. MEC showed the characteristics of a depolar-
ising substanée in that it caused contraction of the tibialis anterior
muscle of the cat on close intrarterial injection, spastic paralysis of

the chick and contracture of the frog rectus abdominis. These workers

concluded that MEC gives a depolarising block at the neuromuscular junction.
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Reitzel and lLong, (1959%a)found that MEC, unlike all the other
choline analogues they tested, partially restored neuromuscular trans-
mission which had been depressed by HC-3. Holton and Ing, (1949) found
that the acetyl ester of this analogue (AcMEC) possessed weak ACh like
activity and it is possible that MEC's limited action against HC-3 could
be due to the formation of a false transmitter.

Burgen, Burke and Desbarats-Schonbaum, (1956) found that MEC was
acetylated in vitro by ChAc extracted from rat brain 143% compared to
choline 100%. MEC was also shown to inhibit the synthesis of ACh over and
above that which can be accounted for as being due to its acetylation.
Dauterman and Mehrotra, (1963) also found that MEC was acetylated in vitro
by ChAc extracted from rat brain and determined a xh of 3.3mM (choline
in the same experiments had a Kh of 1l.6mM). Using partially purified,
choline free ChAc from the bovine caudate nucleus Hemsworth and Morris,
(1964) found that MEC was acetylated 25-50% compared to choline 1l00%.
Hemsworth and Smith, (1970b)later determined that MEC had a KE of 0.5mM
(choline had a X of 0.19mM. Barker and Mittag, (1975) prepared solubilised
ChAc from rat forebrain. They determined that MEC had a Km of 1.26mM
(choline had a Em of 0.l6émM). NVPH (40), a ChAc inhibitor, inhibited
acetylation by 95% indicating that MEC is acetylated by ChAc (compare with
similar experiments with TEC (see page 49).

Barker th Mittag, (1975) found that MEC competitively inhibited
the high affinity transport of choline into synaptosomes isolated from
rat forebrain. These workers also found that[?ﬁ]-MEc was itself transported
into synaptosomes, ﬁaving a KTH of 2.75uM (KTH is that concentration of
substrate which provides one half the maximal velocity of uptake, with regard
to the high\éffinity transport mechanism) and a vmax equal to that of choline.

Barker and Mittag, (1975) found that choline and HC-3 inhibited this high
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affinity transport. These workers also showed that about 45% of the
total amount of EBﬁJ-MEC transported into synaptosomes is acetylated
the maximal rate of acetylation of [BH] -MEC being the same as for
E%ﬂ-choline. There was no evidence of any other metabolite other than
[(PH) -acyec.

When Collier, Barker and Mittag, (1976) perfused the cat superior
cervical ganglion with Krebs solution containing [BHJ-MEC they found that
the stimulated ganglion accumulated radiocactivity. The spontaneous
efflux from the preloaded ganglia was shown to be unchanged [3H]-MEC,
but nerve stimulation increased the amount of radicactivity released.

All of this increased radiocactivity was due to[BQJ-acetylmcnoethylcholine
([3ﬁ]—AcMEC). This release was calcium dependent. The sum of the amounts
of the EBﬁJ-AcMEC released from and retained in the ganglia was about
63pmole, the sum of EBHJ—ACh was 75pmole, therefore, under the conditions
of the experiment described by Collier, Barker and Mittag, (1976), choline
and MEC are similar substrates for ChAc in sftu. Thus the difference

in the rates of acetylation of choline and MEC as seen in vitro, was'

less clear in situ. These workers also reported that ACh and AcCMEC are
equally available for release by nerve impulses.

These experiments show that MEC can be transported into cholinergic
neurons, acetylated to AcMECIwhich can then be released on nerve stimulation
as a false transmitter. AcMEC has been shown to behave as an agonist
on nicotinic.and muscarinic receptors, but is much less active compared
to ACh. (Holton and Ing, 19493. Large and Rang, (1978 a,b) preloaded the
phrenic nervé of the rat with MEC and using electrophysiological techniques
they found that AcMEC waé released as a false transmitter at the

neuromuscular junction.
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Although MEC has not been shown to have a presynaptic blocking
action at the neuromuscular junction, it does appear to interfere with
the synthesis of acetylcholine. Therefore it is possible that the
presynaptic block of MEC has presumably been masked by its postsynaptic

depeclarising action.

1.2.5. Diethylcholine

Diethylcholine(28) is the trivial name for N,N,~diethyl-N-
methylethanolamine, Chemical Abstracts names this compound 2-hydroxy-

N,N-diethyl-N-methylethanaminium(28).

Et
+1

Me—l\II—CH2 CH,OH DEC (28)
Et

Bowman and Rand, (1962) showed that DEC had a presynaptic action at
the neuromuscular junction. DEC caused a slowly developing paralysis of
the more rapidly stimulated tibialils anterior muscle of the cat and
diaphragm of the rat but was without effect on the maximal twitches of
the slowly stimulated muscles. During the block in the cat, contractions
of the muscle produced by close-arterially injected ACh were not depressed
showing that the block was presynaptic. Chiou, (1974) showed that DEC had
no effect on the dose response curve of ACh on the contraction of the
guinea-pig ileum and'frog rectus abdominis muscle. He also showed that
acetyldiethylcholine (AcDEC) 1s a weak competitive antagonist on these
tissues. Holton and Ing, (1949) showed that.AcDEC was 300 times less ;otent
than ACh on the frog rectus abdominis muscle.

Burgeﬂ, Burke and Desbarats-Schonbaum, (1956) showed that DEC was

acetylated in vitro by (hAc extracted from rat brain 102% compared to
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choline 100%. However, Dauterman and Mehrotra, (1963) also using ChAc
extracted from rat brain could find no evidence for the acetylation of
DEC in vitro. But, Hemsworth and Smith, (1970b)using partially purified
choline free ChAc from bovine caudate nucleus found that DEC was
acetylated, having a Kﬁ of 7.5mM (compared to choline 0.1%9mM). Chiou,
(1974) using partially purified ChAc from rat brain found that DEC was
acetylated 67% compared to choline 100%., He also found that DEC is
acetylated 61% by minced rat brain compared to choline 100%.

Barker .and Mittag, (1975) found that DEC was acetylated by ChAc
solubilised from rat forebrain having a Km of 9.66mM (compared to choline
O.leM): NyPH, a ChAc inhibitor, inhibited the acetylation by 92%

(compared to TEC see page 49).

Barker and Mittag, (1975) and Simon, Mittag and Kuhar, (1975) showed
that DEC inhibited the high affinity transport of choline into synaptosomes.

There has been no further work carried out on DEC to determine
whether it is transported into the cholinergic neuron, therefore the precise
mechanism of DEC's presynaptic block is unknown. However, it has been
shown at least that it blocks the transport of choline into cholinergic
nerve terminals and it is possible that DEC acts as a substrate for ChAc

in vivo.

1.2.6. Homocholine
Homocholine (29) is the trivial name for 3-trimethylamino-l-propanol.
Chemical Abstracts however names this compound 3-hydroxy-N,N,N-trimethyl-

propanaminium(29).

Té
Me-——"'li!—- CH, CH,CH, OH Homocholine (29)
Me
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Bowman and Rand, (1962) showed that homocholine had a postsynaptic
depolarising blocking action at the neuromuscular junction. It produced
a paralysis in the cat tibialis anterior muscle and in the rat diaphragm
which was rapid in onset and occurred in both rapidly and slowly stimulated
muscles although the former was usually the more affected. The response
to ACh injected close-arterially in the cat muscle at the height of the
block due to homocholine was abolished. Homocholine caused a contraction
of the tibialis anterior muscle of the cat on close-arterial injection,
spastic paralysis of the chick and contracture of the frog rectus abdominis
muscle. Homocholine has not been shown to possess a presynaptic blocking
action at cholinergic neurons.

No evidence of any acetylation of homocholine Zm vitro by ChAc could
be found by Burgen, Burke and Desbarats-Schonbaum, (1956); Dauterman and
Mehrotra, (1963); Currier and Mautner, (1974); Barker and Mittag, (1975)
and Collier, Lovat, Ilson, Barker and Mittag, (1977).

Simon, Mittag and Kuhar, (1875) and Collier, lLovat, Ilson, Barker
and Mittag, (1977) showed that homocholine inhibits the high affinity
transport of choline into synaptosomes, '

Collier, Lovat, Ilson, Barker and Mittag, (1977) found that [ H]-
homocholine was itself transported into synaptosomes. The uptake could
be resolved into two components one had a high affinity (KT =3uM) and the
other a low affinity (KT =14.5uM). [ H]-choline was shown to have a KT
of 2.8uM in this systmm. The total uptake of [Iﬂ-homocholine is 60%
that of [ H]-choline. HC-3 and choline reduced the accumulation of [ H]-
homocholine. It seems as though homocholine is transported by the same
mechanism as choline. Collier, Lovat, Ilson, Barker and Mittag, (1977)

found that 32% of the [3ﬁ]—homocholine accumulated by synaptosomes was
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acetylated compared to 50% of the [BB]-choline, and 64% of [3H]-homocholine
which was accumulated by the high affinity transport system was acetylated,
compared to 72% of the I?H]-choline. These workers showed that acetylation
was confined to the nerve terminals.

Collier and Ilson, (1977) perfused the cat superior cervical ganglion
with Krebs containing [33]—homocholine. Electrical stimulation of the
ganglia increased the amount of radicactivity accumulated by the ganglia.
This increased accumulation was not reduced by. tubocurarine, but it was
completely blocked by choline and HC-3. When the calcium concentration
was reduced the accumulation of [3H]-homocholine into resting ganglia was
not altered but the increased accumulation into stimulated ganglia was
reduced. However, changes in the magnesium concentration which depressed
ACh release by amounts comparable to those induced by altered calcium
concentrations did not alter the uptake of I?H]-homocholine. It was con-
cluded that the transport of [331-homocholine is not regulated by trans-
mitter release but that nerve stimulation itself increases the uptake of
[3H_'|-l:wmochbline by a calcium dependent mechanism.

Collier, lLovat, Ilson, Barker and Mittag, (1977) showed that in
ganglia the proportion of accumulated [BH]-homocholine converted to [35]—
acetylhomocholine was much less than in synaptosomes; resting and stimulated
ganglia acetylated 2.5% and 7.l1% respectively: (which takes into consideration
the increase in the uptake of [3H]-homocholine into the nerve terminals
during electrical stimulation) of the accumulated [3§]-homch01Me. Stim-
ulation did not increase the amount of L3H]-phosphory1homocholme formed.
It is possible that uptake and acetylation are less closely coupled in
ganglia than in synaptosomes.

bollier, Lovat, Ilson, Barker and Mittag, (1977) preloaded the cat
superior cervical ganglion with [_315[] ~homocholine. They found that [3H]--

homocholine was released from resting ganglia, however, on stimulation the
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efflux of radiocactivity was markedly increased. [3ﬁ]—acety1homocholine
accounted for approximately 85% of the extra radicactivity released-by
electrical stiﬁulation. These workers suggest that most of the other 15%
consists of £3H]-homocholine derived from hydrolysis of [BH]-acetylu
homocholine. These results show that acetylhomocholine is behaving as a
false cholinergic transmitter.

Barras, Brimblecombe, Rich and Taylor, (1970) found that acetyl-
homocholine is much less activelthan ACh on muscarinic receptors.. A
variety of actions has been reported for its nicotinic activity.

Collier, Lovat, Ilson, Barker and Mittag, (1977) found that the
amount of homocholine acetylated by stimulated ganglia was not enough to
replace all of thée ACh released by nerve stimulation under their
experimental conditions, probably indicating that the rate of acetylation
was limiting, because stimulation enhanced the accumulation of unchanged
homocholine. - Their results showing the acetylation of homocholine by
brain synaptosomes and sympathetic ganglia but not by ChAc in vitro suggest
that either ChAc has different substrate specificity in &itu compared to
in vitro or their exists another enzyme which acetylates the choline
analogues, but which does not survive isolation in an active form.

Although homocholine has not been shown to have a presynaptic blocking
action at the neuromuscular junction it does appear to interfere with the
synthesis of -acetylcholine. Therefore, the presynaptic block of homocholine

has preéumably been masked by its postsynaptic depolarising action.
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1.2.7. Pyrrolcholine

Pyrrolcholine (PC) (30) (Pyrrolidinecholine) is the trivial name for
N-2-hydroxyethyl-N-methyl-pyrrolidinium. Chemical Abstracts however,
names this compound l1l-(2-hydroxyethyl)-l-methyl-pyrrolidinium(30).

HC ﬂH
CH
Hc\ﬁ/ PC(30)
CH, CHZBH2
Many agents influencing the actions and metabolism of ACh have been

OH

found to impair passive avoidance learning in rats. PC administered I.V.
was found to do this (Glick, Craine, Barker and Mittag, 1975). This \
effect of PC was antagonised by choline and HC-3. These workers concluded
that the results are consistant with the hypothesis that PC inhibits
contral cholinergic pathways by a presynaptic mechanism.

von Schwarzenfeld and Whittaker, (1977) showed that PC has a direct
neurcmuscular blocking action on the rat gastrocnemius muscle.

PC was acetylated in vitro by ChAc extracted from rat forebrain by
53% compared to choline 100% (Barker and Mittag, 1975), squid optic lobe
(Barker, Dowdall and Mittag, 1975) and electric organ of the Torpedo
(Dowdall, unpublished data cited by Von Schwarzenfeld and Whittaker, 1977)

PC has been found to inhibit the high affinity transport of choline
into synaptosomes from raﬁ brain (Barker and Mittag, 1975; Simon, Mittag,
and Kuhar, 1975) synaptoscmes from the electric organ of the Torpedo
(Dowdall, unpublished results cited by Von Schwarzenfeld and Whittaker,
1977), ana synaptosomes from the squid optic lobe (Barker, Dowdall and
Mittag, 1975).

f%ﬂ-Pc was itself shown to be transported into synaptosomes by Barker
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and Mittag, (1975). The KT was calculated as 5.5uM (compared to the KT
for choline 2.5uM). BHC-3 inhibited the high affinity uptake of [_H]-PC :
The V__  for [3H:|-PC and [H]—choline was the same.

Barker and Mittag, (1975) found that ["H]-PC is acetylated to [H]-
acetylpyrrolcholine {[BH]:-ACPC). About 45% of the total uptake of [3n]-pc
tranéported by the high affinity transport process was acetylated (similar
values were found for‘[BH]-choline). The maximal rate of acetylation of
[BH]-PC is the same as that for [BH]-choline. There was no evidence of
any other metabolite other than the acetyl ester. Barker, Dowdall and
Mittag, (1975) showed that [33]-Pc was transported into squid (Loligo) optic
lobe synaptosomes by a two component uptake system. The KT for [ Hﬂ-PC
was 35.7uM (compared to the KT for [ H]-choline 37.5uM), the KT for
[BHJ-PC was 5.2pM (compared to the KI‘ for [H]-choline of 2. 7}1!4} The
Voax °f [ H]-PC was the same as the Viax ©F [ H]-choline. In squid
synaptosomes only 30% of [?H]-PC taken up by the high affinity transport
process was acetylated, this was less than the amount of choline which was
acetylated after being transported by the high affinity process.

Collier, Barker and Mittag, (1976) showed that the electrically
stimulated superior cervical ganglion accumulated [?ﬂ]—PC. The spontaneous
efflux of radicactivity was almost all due to unchanged [?ﬁ]—PC, whereas
nerve stimulation released [3H] -AcPC. [P'H] -AcPC accounted for about 99%
of the extra.radiocactivity released on nerve stimulation. This release
was calcium dependent. [?ﬁ]-hch and [?H]-Acpc appear to be equally available
for release by nerve impulses. The sum of the amount of [3H]—AcPC released
from and retained in ganglia was 50pmoles (compared to 75pmoles of [BH]—ACh).
Thus [BH]-choline and [3H]-PC are similar substrates for ChAc, in situ.

Dowdall, Fox, Wachtler, Whittaker and Zimmerman, (1975) perfused a
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single motor nerve trunk of Torpedo with [3H]-PC. They showed that
[BH]-PC was transported into the nerve and that [3H]-AcPC was released
on nervous stimulation.

So it has been shown that AcPC can behave as a false transmitter at
the ganglia of the cat. Collier, Barker and Mittag, (1976) showed that
AcPC is about 29 times less active than ACh on the guinea-pig ileum.

Cho, Jenden and Lamb, (1972) showed that AcPC is 1l times less active than
ACh on the nicotinic receptor of the frog rectus abdominis muscle and is
hydrolysed by rat braim cholinesterases 70% as rapidly as ACh is hydrolysed.
Von Schwarzenfeld and Whittaker, (1977) showed that AcPC is a full cholr
inoceptor agonist with _dose response curves parallel to that of ACh.

AcPC is a more potent muscarinic drug than nicotinic. Equipotent Molar
Ratio (ACh = 1) of AcPC to cause contracture of leech muscle is 28, frog
rectus 15, and guinea~-pig ileum 3,6.

However, Kilbinger, Wagner and Zerban, (1976) found that AcPC was
only four times less potent on the frog rectus muscle and suggested that
AcPC as a false transmitter does not modify transmission at the neuromus-
cular junction. : : . )

Thus the presynaptic block%ng action of PC on the chelinergic neuron

could be due to the inhibition of the transport of choline and/or the

release of a false transmitter.

1.2.8. Morpholinecholine

Morpholinecholine (MC) is the trivial name for N-2-hydroxyethyl-N-
methyl-morpholinium. Chemical Abstracts names this compound 4-(2-hydroxy-

ethyl)-4-methyl morpholinium (31).
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j MC(31)
vl \

CHq CH CH OH

Very little work has been carried out on this analogue. M.J. Dowdall,
unpublished results cited by Ven Schwarzenfeld and whittaker, (1977), found
that MC(31) was acetylated 16% compared to choline 100% by ChAc extracted
from the electic organ of the Torpedo.

MC has been shown to inhibit the high affinity transport of choline
into synaptosomes isolated from rat brain (Simon, Mittag and Kuhar, 1975),
synaptosomes isolated from squid (Loligo) optic lobe (Barker, Dowdall and
Mittag, 1975) and synaptosomes isolated from the electric organ of the
Torpedo (Dowdall, unpublished results cited by Ven Schwarzenfeld and
Whittaker, 1977).

Acetylmorpholinecholine (AcMC) was shown to be a full cholinoceptor
agonist by Von Schwarzenfeld and Whittaker, (1977) but was far less potent.

n . va

1.2.9. Polymethylene bis (hydroxyethyl) dimethylammonium salts.

{3 by

+ +|
— — c — Y —
HUCHZCI-I2 II\I ( HZ)n N CHZCHZUH

CH CH

3 3

n =3(C3,33), 4(04,34); 5{C5,35): 6(C6,36}; ?(C7,3?);

n =8(C8,38); 9(C9,39); 10(Clo,32).
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Bowman and Hemsworth, (1965a)studied several of these analogues,
C4(33), C4(34), c5(35), C6(36) and c10(32)' of which 010(32) was the most
potent. Clo(32) showed evidence of having a depolarising action at the
neurcmuscular junction as it produced a contraction of the non stimulated-
tibialis anterior muscle of the cat on close-arterial injection, spastic
paralysis of the conscious chick on I.V. injection and contracture of the
isolated frog rectus abdominis muscle. These results support the findings
of Barlow and Zoller, (1962).

However, c10(32) was shown to have a two phase blocking action in
the cat, (Bowman and Hemsworth, 1965a). On I.V. injection of 010(32) there
was a decrease in the amplitude of the maximal indirectly elicited twitches
which rapidly followed an initial small potentiation. This first phase
of block occurred in both rapidly (1Hz) and slowly (0.lHz) stimulated
" tibialis anterior muscles and exhibited characteristics of block by
depolarisation as produced by decamethonium in this muscle. Close arterially
injected ACh during this first phase of block had no effect, confirming
010(32) has a postjunctional block.

In the muscle stimulated at O.lHz recovery was usually complete
within 15-20 minutes after injection of Clo(32). However, with the more
rapidly stimulated muscle the recovery was interrupted by a second phase
of block. Recovery from this secénd phase of block was prolonged and
occurred 1l-2 hrs after injection. Choline slightly enhanced the first
phase of block which occurred in both muscles but antagonised the second
phase of block which occurred séiectively in the more rapidly stimulated
muscles, (Bowman and Hemsworth, 1965a).

The first effect of clo(32) after I.V. injection into conscious chicks

was to cause a spastic paralysis (like that produced by deplarising
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blocking drugs). On recovery the chick stood up and looked normal,
however, if the chick was placed on its back to elicit its righting
reflex a pronounced muscular weakness developed, (Bowman and Hemsworth,

1965a)

These results suggest that the first phase of block produced by C10

(32) at the neuromuscular junction was due to depolarisation of the motor
end plates while the second phase, occurring during higher frequencies of
stimulation and reversible by choline appeared to be a presynaptic block.

Bowman and Hemsworth, (1965a)investigated the action of Clo(32) on
the isolated phrenic nerve—diéphragm preparation of the rat. This
preparation is much less sensitive to a block by depolarisation than the
cat tibialis anterior muscle and consequently the first phase of block was
less obvious in this tissue. Cl°(32) produced a slight potentiation of
the twitches followed by a slowly developing depression which occurred
selectively in the diaphragm stimulated at 1 shock/sec. These workers
showed that the amount of ACh was reduced during this block. Twitches were
restored by the addition of choline, and at the same time ACh output was
restored to 65 to 90% of the control output. These results support the
hypothesis that c1°(32} has a presynaptic blocking action at the
neurcmuscular junction.

The derivatives C3(33), C4(34), 05{35), and C6(36) did not produce
effects characteristic of a depolarising drug in the cat and the chick as
described above. In the chick C4(34), c5(35) and CGt36) produced an
immediate flaccid paralysis.

All of the dicholine compounds (32 to 39) were found to block the
effect of ACh on the nicotinic receptors of the frog rectus abdominis muscle.

05(35) was the most potent analogue in this respect, (Hemsworth, 1976).
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Hemsworth, (1976) also showed that all the dicholine compounds were more
effective as inhibitors of acetylcholinesterase than cholinesterase.
However, in both cases a decrease in chain length decreased activity.
This is in agreement with the findings of Barlow, (1955).

In the isolated rat diaphragm C5(35), C6(36), C7(37), C8(38) and
C9(39) had similar effects to Clo(32). They produced a presynaptic block
which was frequency dependent and reversible with choline. C4(34) on
this preparation caused a slight depression in the more rapidly stimulated
muscle which was reversible with choline and C3(33) was found to have no
effect in the concentrations used. (Bowman and Hemsworth, 1965a;Hemsworth,
1976).

Hemsworth, Darmer and Bosmann, (1971) showed that the dicholine
compounds (32-36) inhibited choline transport into the synaptosomes and
synaptic vesicles. The result for Clo(32) was supported by Holden, Rossier,
Beaujouan, Guyenet and Glowinski, (1975). Bowman and Hemsworth, (1965a)
showed that C, . (32) inhibited the synthesis of ACh by the mitochondrial
fraction of the rabbit brain. Hemsworth, (1971b) showed -that the
inhibition only occurred in intact synaptosocmes and that 010(32) had no
effect on the synthesis of ACh when the membranes surrounding the ChAc were
broken down.

Burgen, Burke and Desbarats-Schonbaum, (1956) could find no evidence
that C3(33} and CS(BS) were acetylated in vitro by ChAc extracted from rat
brain, - _.However, .they. showed that 010(32) was acetylated. Hemsworth, (1971b)
showed that C3(33), C4(34) and c5(35) were acetylated in vitro by Chac by
negligable amounﬁs, whereas C6(36), and Clo(32) were acetylated by large

amounts. 32) was acetylated 100% compared to choline 100%. Hemsworth,

clo(
(1976) showed that C7{37J. C8(38) and c9(39) were also acetylated by very
high amounts.

Hemsworth, (1976) noted that the rate of acetylation of these dicholine
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compounds (32-39) paralleled the activity of these analogues at the
prejunctional site at the rmuroguscular junction, suggesting that part
of the pharmacological activity of these compounds may be due to their
incorporation into cholinergic nerve endings, where they could be
acetylated and released as false transmitters.

Barlow and Zoller, (1962) investigated the postjunctional activity
of some of the acetylated derivatives. They were weaker than ACh on the

tissues used.

1.2.10. Other analogues of choline

Several other analogues of choline have been investigated, but only
limited pharmacoclogical testing has been carried out. Some of these
analogues have been shown to have a presynaptic blocking action on nerve-

muscle preparations:

+
[B]s_'"'—[c"z];m Bowman, Hemsworth and Rand, (1967)

[Et]rﬁ—[CHZ];DH Bowman, Hemsworth and Rand, (1967)

+
[Et]a—N—-—-fH—CH-ﬂH Bowman and Rand, (1962)
R R '

R=CH3, R' = H

R =H ,R'=CH3
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Other choline analogues have been shown to be substrates for
ChAc, in vitro, and are acetylated (Table 1.2) and/or inhibit the high

affinity transport of choline into synaptosomes (Table 1.3).

1.2.11. In vitro acetylation of choline anlogues by choline
acetyltransferase

Table 1.2. is a review of the choline analogues that have been
investigated as possible substrates for ChAc in vitro, (see references
for experimental details). Choline is the natural substrate for ChAc,

From Table 1.2, it can be seen that an increase in the length of
the methylene chain separating the quaternary nitrogen from the hydroxyl
group in the choline molecule results in a decrease in the rate of
acetylation by ChAc ©n vitro. Homocholine (29) was acetylated by less
than 5% in five studies and the four carbon analogue was acetylated by
less than 5% in two studies, altﬁouqh in one study it was acetylated by
29% compared to choline 100%. This suggests that the ethyl chain in the
choline molecule is essential for its high rate of acetylation by ChAc
in vitro.

Methyl substitution on the a carbon of the ethyl chain, however,
gives an analogue which if in the DL form can be acetylated by ChAc
in vitro, although it has a low affinity for the enzyme. A certain amount
of stereospecificity exists since the Da isomer is a better substrate than
the La isomer. Methyl substitution on the B carbon of the ethyl chain
resulted in analogues which in one study were acetylated by less than 5%
compared to choline 100%., However, in another study the D-B methyl
substituted choline analogue was found to be acetylated although it had

a low affinity for the enzyme,
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A cyclic choline moiety in a pyridine ring was acetylated by
ChAc in vitro at less than 5% the rate of choline. However, HC-3(4)
is acetylated by about 27% and BEC-15(%) by about 15% compared to
choline 100%. It therefore appears as though in vitro ChAc can
acetylate a cyclic form of choline as found in the latter two analogues
but it cannot acetylate the anlaogue in which the choline skeleton is
part of an aromatic ring. It is not known which of the choline moieties
of HC-3 and HC-15 are acetylated. Alkyl substitution on the morpholine
ring of HC-15 resulted in analogues which were acetylated at a lower rate

compared to HC-15. The substitutions were made on the ether choline

moiety possibly indicating that ChAc combines with this moiety. Barker

.and Mittag, (1975) suggested that the cyclic forms of HC-3 and HC-15

being hemi-acetals might open up to the straight chain (seco) tautomer

on the enzyme surface so rendering the now terminal hydroxyl group free

to be acetylated. However, the cyclic forms of HC-3 and BC-15 are §.
substituted choline analogues and it is interesting to observe that in

one study a D-B-substituted analogue of choline, discussed above, was
acetylated but it had a low affinity for ChAc. It is possible that the
cyclic form of the D-f-substituted choline moiety as found in the HC-3 and
HC-15 molecules could confer some favourable rigidity to this moiety.

The rate of the in vitro acetylation by ChAc of the dicholine
compounds (32-39) increased with an increase in the lengtﬁ of the methylene
chain separating the two quaternary nitrogen atoms. It appears as
though the distance between the two quaternary nitrogen atoms is important
in determining the rate of acetylation of these analogues.

Replacement of one, two or all three of the N-methyl groups in
choline by an hydroxy ethyl chain reduced substrate activity by 21%, 37%
and 84% respectively compared to the acetylation of choline. However,

if two hy&roxy ethyl groups are attached to a quaternary nitrogen atom
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which is either in a piperidine ring or in a morpholine ring no
acetylation of these analogues by ChAc occurs.

The quaternary nitrogen in the choline molecule can be replaéed
by a positively charge'sulphur ion (having three groups attached to
it unlike the quaternary nitrogen atom which has four) giving a choline
analogue, +thiocholine, which was acetylated by the incubation medium
used in the Im Vitro experiments, but its acetylation was not inhibited
by NVPH (40), a ChAc inhibitor, suggesting that it represented non-
enzymic acyl exchange between AcCoA and thiocholine.

Replacement of the quaternary nitrogen in the choline molecule
for a tertiary nitrogen resulted in a compound which was acetylated
by ChAc by 100% in one study, but only by 6% in another study, compared
to choline 100%., However, it does seem that as the number of groups
attached to the nitrogen was decreased from four (quaternary amine;
choline) to one (primary amino derivative of choline) there was a
decrease in the rates of acetylation.

Substitution of one of the N-methyl groups in -the choline molecule
by an ethyl group resulted in an analogue, monoethylcholiné(Z?). which
can be acetylated im vitro by ChAc at a rate at least equal to that of
choline. When one of the N-methyl groups was replaced by a longer
n-alkyl chain then provided the number of carbons in the chain did not
exceed ten, the resultant analogues were acetylated having Vmax.s
equal-to that of choline although their affinity for ChAc was about
five times less than that of choline., When the number of carbons in
the n-alkyl chain increased from eleven to sixteen the rates of acetyl-

ation of these analogues drastically decreased.
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Substitution of one of the N-methyl groups in the choline
molecule by an isopropyl group resulted in an analogue which according
to two studies was a poor substrate for im vitro ChAc. Similarly,
the introduction of more bulky b;anched alkyl chains on the nitrogen
atom led to analogues which were poorly acetylafed.

Replacement of one of the N-methyl groups in the choline molecule
by a phenyl group resulted in an analogue with a very low rate of
acetylation (Vmaxa@proximately equal to 4% that of choline). The
introduction of an alkyl chain between the phenyl group and the
guaternary nitrogen gave analogues which were still poor substrates for
ChAc in vitro, When one of the N-methyl groups was substituted for a
pyridinium group the resultant analogue had a low rate.of acetylation.
However, the introduction of an alkyl chain between the quaternary
nitrogen of the pyridinium group and the quaternary nitrogen of the
choline moiety of these analogues led to analogues which were better
substrates for ChAc. The dicholine compounds (32-39), discussed above,
also followed this trend, in that as the distance between the two
quaternary nitrogens increased so the rates of acetylation increased.
Sollenberg, Stensioc and sgrbo, (1979) concluded that the improved
substrate properties obtained with these two classes of compounds by
elongation of tﬁe polymethylene chain is due to electrostatic kinding
of the second cationic head in the substrate to an anionic group
located outside the active site of the enzyme.

Progressive substitution of the N-methyl groups in the choline
molecule with ethyl groups resulted in analogues which were acetylated
by ChAc in vitro at progressively decreasing rates., However, even when

all three of the N-methyl groups were replaced by Ne-ethyl groups the
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analogue, trigthylcholine(ZS), was still acetylated. When one, two
or all three of the N-ethyl groups in the triethylcholine molecule(25)
were feplaced with propyl or butyl groups the resultant analogues,
according to one study were not substrates for the enzyme ChAc.

If the quaternary nitrogen of the choline moiety is part of a
pyrrole (pyrrolcholine, 30) or morpholine (morpholinecholine, 31) ring,
the analogues were poorer substrates than choline but were acetylated
to some extent <im vitro by ChAc,

One study has shown the importance of the hydr;xyl group in the
choline molecule., Replacement of this group with an -SH group resulted
in an analogue which was not acetylated in vitro by ChAc., However,

replacement of this hydroxyl group with an =NH, group resulted in an

2
analogue which was acetylated at about 50% the rate of choline.
Presumably the acetyl group (from AcCoA)‘has a greater affinity for the
oxygen atom due to its greater electrconegativity, compared to sulphur
or nitrogen. The -NH2 derivative is still capable of beiﬁg acetylated
to some extent as nitrogen is fairly electronegative, more so than sulphur.
Any incongruities in the results from the different studies could
well be due to methodelogy which includes the use of different sources
of ChAc enzyme, different enzyme purification techniques, different
concentrations of AcCoA, differences in the ionic strengths of the
incubation media and different methods of isolating and quantitatively
measuring the acetylated products.
It is apparent from a number of studies (Barker and Mittag, 1975;

Collier, Barker and Mittag, 1976; Collier, Lovat, Ilson, Barker and

Mittag, 1977) that the rate of acetylation of the choline analogue in vViV0
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may be much different to that found in vitro, This is possibly due

to a coupling of the transport and acetylation processes and/or due

to differences in the iconic strengths of the acetylating enviroﬁment
in vivo as compared to im vitro (Mann and Hebb, 1975; Hersh, Barker
and Rush, 1978) or it could be that the enzyme purification procedures

in some way change the behaviour of ChAc.

1.2.12, Inhibition of transport of choline into synaptosomes by
choline analogues.

Table 1l.3. is a review of the choline analogues that have been
shown to inhibit the high affinity transport (except where noted
otherwise in the table) of choline into synaptosomes, (see references
for experiemental detail;). Choline is the natural substrate for the
transport system and in most studies the concentration of choline was luM.

From Table 1.3. it can be seen that an increase in the length of
the alkyl chain separating the quaternary nitrogen from the hydroxyl
group in the choline molecule by one methylene group gavé an analogue,
homocholine (29), which inhibited the high affinity uptake of choline.
Homocholine had a Ki(recipro;al of enzyme=-inhibitor affinity)equal to
the KTH (substrate concentraticn which provides one half of the maximal
velocity of transport of the substrate into synaptosomes with regard to
the high aff%nity process) of choline., Methyl substitution of the alkyl
chain in the a or B position gave analogues which had some inhibitory
activity against the high affinity choline transport systeg. The D=~
methylcholine analogue was a weak inhibitor (Icso = 240uM), whereas the

DL-a-methylcholine analogue was a much stronger inhibitor {IC5 = 6=18uM).

o]
This is a similar trend to that seen with the iZm vitro acetylation of
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these analogues by ChAc, where the @ analogue was acetylated at a
greater rate than the:B analogue.

HC-3(4) is a very powerful inhibitor of the high affinity choline
transport system (Ic50 = 50 to 10OnM). Terphenyl-HC=-3(1l0) seems just

as potent but HC=15(5) (IC.. = B to l5uM) is much less potent,

50
An ipcrease in the length of the alkyl chain separating the two
quaternary nitrogen atoms in the dicholine compounds (32~36) did not
seem to alter the inhibitory potency of these compounds on the transport
of choline although in this case only the low affinity transport of
choline was determined (see Table l.3.,). This is a different situation
to that seen when the 77 vitro acetylation of these analogues was
determined since an increase in the polymethylene éhain separating the
two nitrogens resulted in analogues which were acetylated at a
correspondingly increasing rate,
When the quaternary nitrogen of the choline molecule was part of
a pyrrole ring then the analogue, pyrrolcholine(30), was quite a potent
inhibitor of the high affinity choline transport system (IC50 approximately
equals 5uM). However, the potency was decreased by about ten times when
the quaternary nitrogen was part of a morpholine ring (morpholinecholine,
31). Tertiary choline analogues were very weak inhibitors of choline
transport {icso greater than lmM).
Progressive substitution of the N-methyl groups in the choline
molecule by ethyl groups (mono di- and triethylcholine 27, 28, 25) did
not affect the potency of these analogues too much as inhibitors of high

affinity choline transport system. They were all potent inhibitors

'(IC50 approximately equal to 2 to 5uM).
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Replacement of the hydroxyl group in the choline molecule with
an -SH group resulted in a marked reduction in the inhibitory potency

of the analogue (IC.. = 75uM). Esterification of the hydroxl group

50
also reduced the inhibitory potency of the choline analogue against
the high affinity choline transport system although ACh(2) had some

inhibitory activity (IC.. = 1l2uM),

50

Choline analogues, some bis quaternary, others monoquaternary
with no hydroxyl group have been shown to be potent inhibitors of the
high affinity choline transport system (see Table 1.3.). The bis
quaternary analogues showed an increase in inhibitory potency as the
n-alkyl chain separating the two quaternary nitrogens increased. A
similar trend is seen with the in vitro acetylation of bis quaternary
choline analogues by ChAc. As the distance between the two nitrogens
increases, the rates of acetylation increase. Many other compounds have
been shown to inhibit choline transport to some extent.

In conclusion it éppears that there is very little structural
specificity for the inhibitors of the high affinity choline transport
system. This is a different situation to that found with the choline
analogues which act as substrates for ChAc in vitro, since in this case
the structure.is very important. (See Table 1l.2.). The most powerful

inhibitors of choline transport that have been studied are HC-3 and

terphenyl-HC~3.

1.3. INHIBITION OF CHOLINE ACETYLTRANSFERASE

The ability of styrylpyridine analogues to inhibit ChAc was first
demonstrated in in Vitro experiments by Smith, Cavallito and Foldes, (1967).

Quaternary pyridinium analogues such as N-hydroxyethyl-4-(l=-naphthylvinyl)
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pyridinium (NVPH) (40) are the most potent of the styrylpyridine
inhibitors, however, they are also potent inhibitors of AchE. The
tertiary nitrogen analogues such as 4- (l-naphthylvinyl)=-pyridine
(NVP) (41) and certain hologenated strylpyridines (e.g. 4-chloro-
stilbazole, CS) (Baker and Gibson, 1971;1972), are more selective

in their ability to inhibit ChAc,

cu=cu—©—cn2cnznu NVPH (40)

CH=CH . N NVP (41)
‘ Q

Studies have been effected on the binding of these inhibitors
to ChAc in vitro which have led to suggestions for the chemical structure
of the active site of this enzyme. Baker and Gibson, (1972) suggested
that the inhibition of ChAc by these compounds involves an interaction
between a nucleophilic residue on the enzyme and the positive partial
charge on the vinyl bridge, White and Cavallito, (1970) suggested that
this nucleophilic residue is a catalytic imidazole group.

Biochemical studies suggest that NVP and CS inhibit brain Chac
in vivo (Krell and Goldberg,-197$).- NVP has been shown to cause a
reduction in the rate of ACh synthesis in the brain (Saelens, Simke,
Schuman and Allen, 1974), but neither NVP-norCS cause a reduction in

the concentration of ACh in the brain in vivo.
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NVP, iZn vivo, produces a depression of the central nervous system,
skeletal muscle weakness and death, however, the toxicity of NVP is
different to that of HC-3 (Hemsworth and Foldes, 1970). NyP does,
however, posess weak, anticholinergic activity (Hemsworth and Foldes,
1970). These workers showed that the neuromuscular block induced by
NVP might be related to the inhibition of ChAc, or a postsynaptic
block of the cholinergic receptors.

Haloacetyl derivatives of either ACh (Morris and Grewaal, 1969)

(42) or AcCoA (Roskowski, 1974) (43) are potent inhibitors of ChAc in vitro.

+
(BH3)§-N—(CH2)20 (:III(II'I2 Br

Bromoacetylcholine (42)

(:nA—S-—CUCHZBr

Bromoacetyl=CoA (43)

Some quinone derivatives are known to inhibit ChAc in vitro; the

most well known of which isojuglone (Haubrich and Wang, 1976) (44)

qulone(44)

OH 0

Several other compounds have been shown to have an inhibitory action
on ChAc in vitro, for example, halogenated aldehyde analogues of ACh
(Persson,larsson, Schuberth and Sgrbo, 1967) and both products of the
forward reaction of ChAc; CoA is about 1,000 times more potent than

is ACh (Kaita and Goldberg, 1969).
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l.4. POSSIBLE SITES OF ACTION FOR DRUGS THAT GIVE A PRESYNAPTIC

BLOCK AT CHOLINERGIC NERVE TERMINALS,

Since many choline analogues have been shown to give a presynaptic
block at cholinergic nerve terminals it is interesting to speculate as
to the possible sites of action of these compounds.

A presynaptic block, produced by a drug, at a cholinergic
synapse can be the result of one or more of the following actions:=-

1. Interference in the electrical conduction of the neurons.
2. Inhibition of the synthesis of the transmitter, ACh.

(a) interference with the supply of choline for ACh synthesis
by (i) an inhibition of the transport of choline from extra-
cellular sites into the neuron or (ii) by enhancement of an
alternative metabolic pathway at the expense of the pathway
involving the synthesis of ACh.

(b) interference with the supply of AcCoA by preventing its
synthesis in the neuron,

(c) impairment of ChAc by (i) preventing its synthesis or (ii)
by direct inhibition of the enzyme by the drug which may or
may not be acetylated to a derivative which could possibly
act as a false transmitter,

(d) interference in the subcellular localisation of choline,
AcéoA or ChaAc.

(e) interference with the control mechanism of ACh synthesis,

3. Interference with the subcellular localisation of ACh.
4. Impairment of the release of ACh by the action potential,
5. Release of a false transmitter which has.a weaker postsynaptic

action than ACh and therefore attenuates the quanta of transmitter

released.
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1.5 AIMS

Thirteen choline analogues have been studied which have been
classified into three series, that is, the hemicholinium analogues,
the long-chain choline analogues and the hydroxypiperidinium and
hydroxypyridinium analogues. Most of the analogues are commercially
unobtainable and therefore have had to be synthesised and their chemical
structure and purity has had to be confirmed.

The aim of the present study was to investigate the action of
these analogues at the cheolinergic synapse especially with regard to
their presynaptic action. To this end a variety of chemical,
pharmacological and biochemical technigues have been employed. In
addition structure/activity relationships have been studied and are

discussed.

1.6 NOMENCLATURE

Where appropriate the choline analogues have been initially
referred to by their trivial name, for example choline; their common
chemical name as found in chemical catalogues such as "Aldrich", for
example (2-hydroxyethyl) trimethylammonium and their chemical néme as
found in "Chemical Abstracts", for exﬁmple 2-hydroxy-N,N,N-trimethyl-
ethanaminium, They are thereafter referred to by their trivial name
only except ‘that in the chemistry sections all three names will be used
when appropriate. In general common chemical names have been quoted
for other reagents such as starting materials. Most of the cholipe
analogues and, where appropriate, some other compounds have been
numbered, the numbers referring to a chemical structure which has been
drawn out. In general these numbers are only used initially although

they have sometimes been used later for the sake of clarity.

89



2. MATERIALS

90



2. MATERIALS

2.1. RADIOCHEMICALS

ﬁrl4cj-hcetyl—Coenzyme A (59.5mCi/mmole). The Radiochemical Centre,
Amersham, England.

[1—1401-Acetyl-B-methylcholine lodide (3.2mCi/mmole diluted to
0.07mCi/mmole with non-labelled Ac-B-MeCh). New England
Nuclear, Winchester, Hants.

[1-*%c]-Butyrylcholine iodide (4.8mCi/mmole diluted to 0.12mCi/mmole
with non-labelled BuCh). New England Nuclear, Winchester, Hants.

[l—lqd]—Acetylcholine iodide (10.2mCi/mmole diluted to 2.7mCi/mmole
with non-labelled ACh). The Radiochemical Centre, Amersham,
England.

[hethyl—3H]—Choline chloride (6.4Ci/mmole). The Radiochemical Centre,
Amersham, England.

[14CJ—Methyl iodide (58mCi/mmole). The Radiochemical Centre, Amersham,

England.

2.2, COMMERCIAL ENZYME PREPARATIONS

Acetylcholinesterase; Acetylcholine hydrolase E.C.3.1.1.7. from bovine
erythrocytes (2.6units/mg of solid). Sigma
Chemical Co., St.Louis, Mo., U.S.A.

Cholinesterase; from horse serum. Type IV. (21.3units/mg of solid)

Sigma Chemical Co., St.Louis, Mo., U.S.A.
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2.3. ION-EXCHANGERS

e

Amberlite CG-50; 100-200 mesh. (RCOO Nae) Chromatographic grade.

Mallinkrodt Chemical Works, St.Louis,Mo., U.S.A.
Amberlite CG-120; 200-400 mesh. (RSoaeNae} Chromatographic grade.
Mallinkrodt Chemical Works, St.Louis,Mo., U.S.A.
Sephadex G-25; CM=-Sephadex C-50, SP-Sephadex C-25. Sigma Chemical
Co., St.louis,Mo., U.S.A.
Kalignost; (sodium tetraphenylboron) B.D.H. Chemicals Ltd.,
Poole, England.

Ammonium reineckate; ammonium tetrathiocyanodiammonochromate.

Schuchardt Chemical Co., Munich, Germany.

2.4. MATERIALS USED IN LIQUID SCINTILLATION COUNTING

PPO; 2,5 diphenyloxazole. Hopkin and Williams, Chadwell Heath,
Essex, England.

POPOP; 1,4 di (2—[5-phenyloxazolyi]} benzene. Hopkin and Williams,
Chadwell Heath, Essex, England.

Naphthalene; (scintillation grade). B.D.H. Chemicals Ltd.,

Poole, England.

- NE260; (Micellar Scintillator), Nuclear Enterprises Ltd.,
Sighthill, Edinburgh.

3eady-Solv,lSolution VI; Beckman, RIIC Ltd., Fife, Scotland.

Glass Microfibre Paper; (2.5cm) GF/A, Whatman, Maidstone, Kent, England.

2.5 MISCELLANEOUS

Bovine Serum Albumin; Sigma Chemical Co., St.Louis, Mo., U.S.A.
EDTA; disodium ethylenediaminetetra-acetic acid. B.D.H. Chemicals Ltd.,

Poole, England.

92



DTT; dithiothreitol, Sigma Chemical Co., St. Louis, Mo., U.S.A.

Tris buffer; (Tris [hydroxymethyl]aminomethane) Sigma Chemical Co.,
St.louis, Mo., U.S.A.

Triton X=-100; (scintillator grade). Hopkin and Williams, Chadwell
Heath, Essex, England.

Choline chloride; Hopkin and Williams, Chadwell heath, Essex, England.

Acetylcholine w«hloride; Sigma Chemical Co., St.louis, Mo., U.S.A.

Bemicholinium-3; Aldrich Chemical Co., Londeon, England.

Acetyl=-seco-hemicholinium~3; Eastman Organic Chemicals, Rochester,

New York, U.S.A.

93



3. METHODS

94



3. METHODS

3.1. RAT PHRENIC NERVE-HEMIDIAPHRAGM

In experiments on the isclated phrenic nerve-diaphragm
preparation of the riF (Bllbring, 1946) both hemidiaphragms were mounted
in the same bath in Erebs solution (Table 3.2.) at 37°. The muscles
were excited by supramaximal rectangular pulses of O.lmsec duration
applied to the phrenic nerves. One nerve was stimulated at 1Hz and the
other at 0.l1Hz. The muscle contractions were recorded isometrically by

means of a force displacement transducer on a Washington recorder.

3.2. FROG RECTUS ABDOMINIS MUSCLE

The frog rectus abdominis muscle was suspended in frog-Ringer
sclution (Table 3.2.)'at room temperature {20°). The frog-Ringer was
aerated with air. ACh (;r other agonists) were added at 4 min. intervals
and left in contact with the muscle for 30 sec. The preparation was
then washed twice with fresh frog-Ringer and allowed to relax to its
baseline position. In experiments investigating the inhibition of éhe
ACh induced submaximal muscle contraction the choline analogue was added
to the bath 1 min. before the next dose of ACh, which was given in the
presence of the analogue. Contractions were recorded isometrically by

means of a force displacement‘transducer and a Washington recorder.

3.3. GUINEA-PIG ILEUM

The terminal portion of the ileum, 2=-4cms in length, was removed

and suspended in Tyrode solution (Table 3.2.) at 37°. The Tyrode was

aerated with air. One of the acetylated hydroxypiperidinium compounds as
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synthesised in this study (Section 6.2.) was added to the bath at 2 min.
intervals and left in contact with the tissue for 30 sec. The preparation
was then washed twice with fresh Tyrode. Contractions were recorded

isotonically using a Washington recorder.

3.4. CHOLINESTERASE DETERMINATIONS

3.4.1. Preparation of cholinesterase €nzymes

Fresh rat brains were homogenised on ice in 0.1% Triton X-~100
containing 200mM KCl (1O0ml/g wet weight) using a glass homogeniser with
a Teflon pestle. The homogenate was centrifuged at 20,000 for 20 min.
and the supernatant containing the enzyme was used immediately or stored
at -20°.

Commercial preparations of acetylcholinesterase (AChE) and
pseudo-cholinesterase (ChE) were made up in distilled water to a

concentration of lmg of protein/ml.

3.4.2. Determination of activity

3.4.2.1. Radiochemical procedure

The method used was the radiochemical procedure described by

Siakotos, Filbert and Hester, (1969).

3.4.2.1.1. Incubation system

The rates of hydrolysis of [1qc]-labelled substrates (ACh, acetyl-
B-methylcholine and butyryl choline) in the presence of the choline
analogues were estimated by incubation with the cholinesterase prepar-
ations obtained as described abéve and by quantitative determination of

the radiocactive product of hydrolysis.
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The incubationmixture was placed in a 1Oml graduated test-tube
and contained 100yl of enzyme, 100ul of |?4C]—labelled substrate (3mM,
giving a final concentration of 1mM), 30ul of the choline analogue at
the appropriate concentration and 70Ul of the buffer - salt = detergent

mixture (containing NaCl 300mM, NaH PO4 20mM,; Na HPO, 80mM and 1Omls

2 2 4

Triton X-100 all made up to one litre with distilled water and adjusted
to pH 7.4). The mixture was incubated in a shaking waterbath at 37°
for 10 min. over which time the reaction followed a linear time course.
Controls contained 30Ml of distilled water in place of the choline

analogue. Blank values were determined in which the enzyme was replaced

with distilled water.

3.4.2.1.2. Isolation and determination of the radiocactive product of
hydrolysis

After incubationthe reaction was stopped by the addition of 5Sml |
of a resin-dioxan mixture (20g washed Amberlite CG-120, 200-400 mesh
in 100ml dioxan). Dioxan was then added to the test-tube up to a volume
of 10mls. The contents of the tube were mixed. After centrifugation
S5ml of the supernatant was added to 5mls of modified Brays (1960)
scintillation fluor and any radicactivity was detected by liquid

scintillation spectrometry.

3.4.2.2. Null-point titration method

The de~esterification of the acetylated-piperidinols, synthesised
in this thesis (Section 6.2.), by AChE and ChE were estimated im vitro
by a null-point titration method using a Radicmeter (Copenhagen) pH-
Stat unit (Burette unit ABUl2; Titration assembly TTA60; Tritrator

TTT2; pH Meter PHM22 and Recorder SBR3) with a 25ml water jacketed reaction
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chamber for automatic titration of N/200 NaOH from the 25ml burette.
The temperature was maintained at a7”,

Solutions of AChE and ChE (commercially obtained) were made up
in distilled water and 0.2ml of this solution was added to émls of a
modified Ringer solution (containing NaCl 153.7, KCl 4.02, CaC12 3.31mM).
Sufficient water was then added so that the final incubation volume
(after the addition of the substrate) was 1lOml. The incubation system
w&s left for 5 min. to equilibrate to 37° and the pH was then adjusted
to pH 7.4. The substrate was then added and the hydrolysis of the
compound was followed for 5 min. Various substrate concentrations were

used and blank values were obtained using denatured enzymes.

3.5 CHOLINE ACETYLTRANSFERASE (ChAc) DETERMINATIONS

3.5.1. Preparation of rat brain ChRc

Acetone-dried powders were prepared from rat brains by a similar
procedure to that used by Hemsworth and Morris, (1964). Freshly
dissected rat brains were placed in an ice-cold mortar and acetone,
pre-cocled to —200, was added in large excess. The tissue was disinte-
grated in the mortar using a pestle and was then filtered under suctiocn
in a Buchner funnel. After washing with cold acetone the powder was
left on the filter for 5 min. with suction and was then transferred to
0. at 4° for 4 hr.

2°5
When dry the powder was extracted following the method described

a dessicator and dried over P

by Mann and Hebb, (1975). The powder was extracted with O0.1M sodium
phosphate buffer (pH 6.5) containing lmM disodium EDTA and lmM DTT,
the concentration of the powder being 50mg/ml. The powder and buffer

mixture was frozen (-200) and 12 hr later thawed and centrifuged (Oo)
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at 80,0009 for lhr. The supernatant was run through a Sephadex G-25
coiumn to remove the endogenous choline; before use the column was
equilibrated with the extracting medium. The eluate containing the
ChAc contained little, if any, free choline and when stored frozen at

—20o for two months did not form further amounts of free choline.

3.5.2. Incubation system for the acetylation of choline and the choline

analogues

The rates of acetylation of choline and other substrates were
estimated by incubation with [}4CJ-ACCDA and ChaAc and by a quantitative
determination of the amount of labelled product formea.

The incubation mixture was placed in a plastic microfuge tube
(Beckman) and contained 5ul ChAc, 1lOul choline or other substrate at
the required concentration and 10ul of a buffer containing [l4q]—ACCOA
and other constituents (Table 3.1.). Blank values were determined
by replacing the substrate with distilled water.

All additions were made at O° and when'complete the tubes were
shaken and then transferred to a shakiﬁg waterbath at 37° and incubated
for 10min. The re‘action was stopped by transferring the tubes to an

ice-bath.

3.5.3. Incubation system for the measurement of the inhibition of ChAc

by the choline analogues

The inhibition of ChAc by the choline analogues was measured by a
quantitative determination of the amount of [}4C]-ACh formed by a reaction
of [14CJ—ACCOA and choline in the presence of the analogue compared to
control.

The incubation mixture was placed in a plastic microfuge tube
(Reckman) and contained 5ul Chac, 1lopl choline (14mM), 1lOul of choline

14
analogue (14mM) and 1lOul of a buffer containing [ C}-AcCoA and other
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Substance Added Initial Concentration, Final Concen-
mM tration in in-
cubation med-
ium, mM
acetyl=-| inhibit-
ation |{ion exp-
experi-| eriments
ments
NacCl 30 12 8.6
MgSO4 5 2 1.4
disodium EDTA 0.1 0.04 0.03
potassium phosphate (pE7.7) 15 6 4.3
bovine serum albumin (0.05%) (0.02%) (0.014%)
physostigmine sulphate 0.2 0.08 0.06
[l4c]-AcCoA (59.5mCi/mmole) 0.045 0.018 0.013

TABLE 3.1:

Buffer used in ChAc determinations
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constituents (Table 3.1). Control values were determined by replacing the

choline analogue with distilled water. Blank values were determined by

replacing both the substrate and choline analogue with distilled water.
Additions and incubation were effected as described above

(Section 3.5.2.).

3.5.4. 1Isolation of the acetylated product

The radiocactive [14C]-acety1—labelled product was routinely
extracted into the toluene based scintillation fluor as described by Fonnum,
(1975). Using this procedure the microfuge tube, after incubation,
was placed in the scintillation vial and washed out with 5ml of sodium
phosphate buffer (lOmM, pE 7.4) using a syringe. To the vial was then
added 2ml of acetonitrile containing lOmg of Kalignost (sodium tetraphenyl-
boron). The vial was shaken and 1Oml of toluene scintillation fluor was
then added. The vial was then shaken lightly for 1 min., and the [14c]-
acetyl-labelled product was thus extracted into the toluene phase whereas the
unreacted [14CJ-AcCoA was left in the aqueousphase. The amount of radio-
active acetylated product in the scintillation fluor was determined by
liquid scintillation spectrometry. The efficiency of the extraction
procedure and the counting efficiency were determined by adding a known.
amount of {14CJ—ACh of known specific activity to the incubation medium in
the absence of a choline analogue and extracted as described. The total
efficiency of both the extraction procedure and the counting procedure

was 85%.

3.6 TRANSPORT STUDIES WITH SYNAPTOSOMES

3.6.1. Preparation of synaptosomes

A crude synaptosomal fraction (Pz) was prepared from rat fore-brain

by a method similar to that described by Gray and Whittaker, (1962).
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A freshly dissected rat fore-brain was homogensied (30 up and down
strokes) in ice-cold 0.32M sucrose (lO0%w/v). The homogenate was then
centrifuged (Oo) at 1000g for 10 min. The pellet {Pl) was discarded
and the supernatant (Sl) wa: centrifuged again {oo) at 10,0009 for 20 min.
The supernatant (52) was discarded whereas the pellet consisting of the
crude synaptosomes was routinely resuspended in 4.5mls of ice cold 'Krebs
Ringer Phosphate', buffer (KRP), (NaCl 175mM;KCl 4mM; glucose 1OmM;

CaCl2 1mM; MgCl,.6H,0 2mM; sodium phosphate buffer lomM, pH 7.4) which
gave 30mg of original wet brain weight per 150ul. In some experiments
the synaptosomal fraction was resuspended with (a) KRP with NaCl replaced
by LiCl on a molar basis or (b) Tris-Krebs buffer (KCl 4mM, glucose lOmM;

CaCl, 1lmM; MgClz.Gﬁzo 2mM; Tris buffer 50mM; pH 7.4). The synaptosomes

2
were used within 1 hr of being prepared.

3:6:25 Incubation of synaptosomes

(a) 15011 of the synaptosome suspension in KRP buffer was added
to a 10ml test-tube containing [3H]—choline (luM, 0.55uCi/nmole) and
KRP buffer such that the final volume was lml. 1In inhibition experiments
the choline analogue was added at the appropriate concentration. In some
experiments [BH]-choline was replaced with [14&]-3-hydroxypipeﬁdinium
(11-509uM, 0.55uCi) and in some experiments using this compound metabolic
inhibitors were added to the KRP buffer and in other experiments the KRP
buffer was modified such that the NaCl was replaced with LiCl on a molar
basis. 1In the latter case the synaptosomes were resuspended in the
appropriate buffer (Section 3.6.l1.).

(b) 150pl of the synaptosome suspension in Tris-Krebs buffer was
added to a lOml test-tube containing, either [3H]-choline (1-1o0pyM; 0.55uCi)
and 5001 of NaCl (1M), or [14CJ—HC—3 (0.87-200.67uM, 0.160uCi) in NaCl

(1M) (as discussed in Section 4.3.6.2.) and Tris-Krebs buffer such that the

102



final volume was 2ml. In some experiments metabolic inhibitors were
added to the incubation medium.

All additions were made at Oo. The synaptosomes were always added
last. The tubes were gently shaken by hand and incubated in a shaking

waterbath at 370. Blank values were obtained by incubating at Oo.

3.6.3. _, Measurement of the transport of the radiocactively labelled

compounds into synaptosomes

After incubation the tubes were immediately placed in ice. They .
were then centrifuged at 2,000¢ using a bench centrifuge. The supernatant
was discarded and the pellets were washed once with the appropriate KRP solu-
tion. (5ml) at room temperature. The tubes were centrifuged once again and
the supernatant was discarded as before. 200ul of NaOH (1N) was added to
the remaining pellets and the tubes were mixed with a 'Whirlimixer'. The
contents of the tubes were pipetted onto glass fibre papers. The papers
were allowed to dry at room temperature and any radicactivity on them was
detected using a toluene scintillation fluor and counting in a liquid
scintillation spectrometer. Counting efficiencies were determined by counting
a known amount of [14C]-choline of known specific activity on a glass fibre

filter as described above. The counting efficiency was 90%.

3.6.4 Synaptosomal metabolism of [14c]—ac-3 and [14CJ-3—hgdxo§x-
pipendinium
Synaptosomes were incubated as previously described (Section 3.6.2)
in the absence of any metabolic inhibitors. After incubation the trans-
port was terminated by centrifugation and the pellets were washgd as
described in Section 3.6.3. except that the KRP solution contained
ph&sostigmine sulphate (0.5mM). After the final centrifugation the

Krebs-physostigmine solution was discarded and each pellet was extracted
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with 1lml of a 1:10 dilution of electrophoresis buffer (see Section 3.8.)
containing physostigmine sulphate (0.5mM). The extract was freeze dried
and dissolved in 20ul of methanol. The radio%ctively labelled coﬁpounds
present in the extract wereseparated and identified by electrophoresis

(Section 3.8).

3.7. MOUSE PHRENIC NERVE-DIAPHRAGM PREPARATION

Experiments with this preparation were based on the methods of
Potter, (1970).

The phrenic nerve endplate region was dissected out from a mouse
hemidiaphrégm (Fig. 3.1.) and was placed in a 10ml glass beaker containing
5ml of a mixture of Krebs solution (Table 3.2) and physostigmine sulphate
(30uM). This solution was vigorously bubbled with 5% co, in 0, delivered
from a fine glass pipette. The incubation medium was maintained at 3'7o
by mounting the beaker in a water bath. [3H]-choline (30uM; louCi/0.1l5umole)
or [14C]-3-hydroxypipeﬁdinium (36uM; 10uCi/0.l8umole) was added to the
beaker. Due to the purification procedure the latter compound is in a
solution of 300mM NaCl (Section 6.2.4.9.) and therefore in this case
the Krebs-physostigminesolution was modified so that the correct concentrat-
ion of NaCl was maintained. The phrenic nerve was held just out of the
incubation medium by a pair of fine platinum electrodes and the nerve was
kept moist by the splattering of fluid induced by the bubbler. Rectangular
pulses of O.lmsec duration were applied to the phrenic nerve at a voltage
initially required for vigorous muscle twitching (before dissection). The
nerve was stimulated at 1Hz for 30 min in the presence of the radiocactively
labelled compounds.

The preparation was then washed three times with fresh Krebs-
physostigmine solution and the tissue was finally incubated with 5 ml of

this solution. The tissue was left at rest for 10 min and then stimulated
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Fig. 3.1:- A stretched whole diaphragm from a mouse is shown
diagrammatically. Dots indicate the position of
neuromuscular end-plates seen with the aid of a
light beneath the tissue. Dashed lines show

where the diaphragm was cut.
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as described above for 30 min. The tissue was then removed from the bath
and extracted with a 1:10 dilution of electrophoresis buffer (Section 3.8).
containing physostigmine sulphaste (0.5mM). This extract was freeze dried.
The incubation medium was also freeze dried. Sufficient methancl was added
to the residues and the radiolabelled compounds present in the extract were
separated and identified by paper electrophoresis.

Each experiment was conducted in duplicate using both

hemidiaphragms from a mouse.

3.8 PAPER ELECTROPHORESIS

Paper electrophoresis was used to identify and confirm the purity
of the radiolabel;gd choline analogues synthesised in the present study
(Sections 4.2.8.6 and 6.2.4.9) it was also used to isolate and identify
radiolabelled metabolites synthesised by synaptosbmes (Section 3.6.4.) and
by the mouse phrenic nerve-diaphragm preparation (Section 3.7).

Non-radioactively labelled compounds were added to the solﬁtions
containing the radiolabelled compounds, to be separated and identified.
Samples of such solutions were applied to the mid-line of the electrophoresis
paper and allowed to dry. The compounds were then subjected to electrophore-
sis at 500 volts for 2hr in a V-type Durrum cell (Beckman) using 1l.5M acetic
acid/0.75M formic acid buffer as described by Potter and Murphy, (1967).
After electrophoresis, the paper was stained in iodine vapour whilst barely
damp and the position of any stained band was recorded. The iodine was all-
owed to evaporate off and after drying the electrophoresis paper was .cut into
O0.5cm or lem strips. The strips were placed in a scintillation vial contain-
ing toluene scintillation fluor and radioactivity on the strips was detectéd
and estimatedby liquidscintillation spectrometry. Thecounting efficiency
of the paper strips was determined by performing electrophoresis on a known
amount of [}4CJ—Ach of known specific activity and then cutting the electr-

ophoresis paper into strips and detecting the radiocactivity as described

above. The counting efficiency was 45%.
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3.9 LIQUID SCINTILLATION COUNTING

Radiocactive measurements were made using a Beckman LS-230 liquid

scintillation spectrometer.

3.9.1 Toluene-based scintillation fluor

This fluor contained PPO (5g/l1l) and POPOP (0.3g/l) in toluene.

3.9.2 Modified Bray's fluor

This fluor was based on that described by Bray, (1960) and contained
naphthalene (100g/1), methanol (100ml1/1) , PPO (4g/l) and POPOP (0.2g/l) in

1,4 dioxan.

3.10 DETERMINATION OF PROTEIN

Protein was determined by the method of Lowry, Rosebrough, Farr

and Randall, (1951). Bovine serum albumin was used as a standard.

3.11 ANIMALS

All the animals used, that is, rats (Wistar), mice (BKW), guinea-
pigs (Dunkin Hartley) and frogs (Rana temporaria), were male and they were

killed by decapitation.

- 3,19 CHEMIéTRY=— Methods used to identify compounds synthesised

3.12.1 Melting points

Melting points were determined using an Electrothermal melting point

apparatus, melting points are uncorrected.

3.12.2 Infrared absorption spectra

Infrared spectra were recorded using a Unicam S.P. 200 spectro-

Photometer. The samples were run as mulls in liquid paraffin, as potassium
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bromide discs and as solutions in water (using IRTRAM cells).

3.12.3 Ultraviolet absorption spectra

Ultraviolet spectra were recorded using a Unicam SP 8,000 spectro-
-photometer. The samples were run as solutions in water unless otherwise

indicated.

3.12.4 Nuclear magnetic resonance spectra

Nuclear magnetic resonance spectra were determined in deuterium oxide
on a Varian A60 spectrometer using tetramethyl silane as an internal

standard. All the peaks were assigned in T values.

3.12.5 Microanalyses

Microanalyses were carried out by B.M.A.C., the Butterworth

Microanalytical Consultancy Ltd., Middlesex, U.K.
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Krebs Frog-Ringer Tyrode
NaCl 6.87 6.50 8.00
KCl 0.40 0.14 0.20
MgC12 - - 0.10
MgSo, . 78 0.14 - -
NaﬂzPO4 - 0.01 0.05
KH2P04 0.16 - - .
Glucose 2.00 2.00 1.00
NaHC03 2.10 0.40 l1.00
CaCl2 0.28 0.12 0.20
aerating gas 5% CO2 in 02 air air

TABLE 3.2:

Physiological salt solutions.

g/l of distilled water.
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4. RESULTS CHAPTER I:- HC-3, SOME DIPHENYLALKANE ANALOGUES

OF HC~3 AND A METHYL ANALOGUE OF HC-15
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4. RESULTS CHAPTER I:- HC-3, SOME DIPHENYLALKANE ANALOGUES OF HC-3

AND A METHYL ANALOGUE OF HC-15

4.1 INTRODUCTION

4.1.1  HC-3
Long and Schueler (1954) and Schueler (1955), were the first to

synthesise a,u'-dimetﬁylethanolamino,4,4'biacetophenone (3) which was shown

by Schueler (1955) to undergo spontaneous hemiacetal formation in agqueous

solutions as shown in Fig. 1.1, to give a compound which has since been

known as hemicholinium-3 or HC-3(4). Chemical Abstracts however, names this

compound 2,2'-[1,1-"biphenyl] 4,4'diylbis [2-hydroxy-4,4-dimethyl morpholinium

dibromide.

4.1.1.1 Anticholinesterase activity

HC-3 has been reported to have weak anticholinesterase activity.
Long énd Schueler (1954), reported that HC-3 inhibits AChE (cobtained from
bovine erythrocytes) im vitro at concentrations greater than 10 °M when
acetyl=g-methylcholine (2x10_2M) was used as the substrate. Marshall and
Long (1959) showed that HC-3 (10_3M) inhibited by 25% the breakdown of ACh
(IOLBM) by AChE. Domino, Shellenberger and Frappier (1968), also demonstra-
ted that HC-3 has some anticholinesterase action.- These workers showed that
HC-3 had an Icgo of 10-4M in inhibiting the breakdown of acetyl-f-methylchol-
ine (10—3M] by cholinesterases in rat brain homogenate. HC-3 inhibition was
found to be reversible and competitive. Hemsworth (1971a),reported that
the concentration of HC-3 which inhibits by 50% the breakdown of ACh
(3 = 10'2M} in vitro by AChE is 9 x 10_3M whereas a concentration of 7x10-4M

of HC-3 inhibits by 50% the breakdown of ACh in vitro by ChE.
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4.1.1.2 Action at the neuromuscular junction

Large doses of HC-3 have been shown to produce a postjuncticnal
curare-like blocking action at nerve-muscle preparations (Reitzel and
Long, 1959b Bowman and Rand, 1961; Marshall, 1969; Takagi, Xojima, Nagata
and Kuromi, 1970), which was reversed by anticholinesterase drugs such as
phyéostigmine. However, many studies (Schueler, 1955; Reitzel and Long,
1959b;Wilson and Long, 1959; Chang and Rand, 1960; Evans and Wilson,

1964; Gardiner and Sung, 1969: Marshall, 1969; Takagi, kojima, Nagata

and Kuromi, 1970; Di Augustine and Haarstad, 1970; Maggio-Cavaliere, 1976),
have shown that small doses of HC-3 both n vivo aﬁd in vitro produce a
slowly developing frequency dependent block of neuromuscular transmission,
which is reversible by choline but not by anticholinesterases. It was

concluded that this block is prejunctional.

4.1.1.3 Inhibition of choline transport

The specific antagonistic action of choline against the HC-3 induc-
ed block of nerve transmission suggested that HC-3 causes a presynaptic
“block at cholinergic junctions by interfering with themetabolism of choline
in nerve tissue leading to a decreased synthesis and hence decreased output
of ACh. MacIntosh, Birks and Sastry (1958), postulated that HC-3 inhibited
ACh synthesis in intact nervous tissue by competing with choline for the
specific transport system which is necessary to transport extracellular
choline to the intracellular sites of acetylation and in this way reducing
the amount of available substrate necessary for the synthesis of ACh.

This hypothesis is supported by many studies which have shown that
HC-3 inhibits the high affinity choline transport system in synatptosomes
(Guyenet, Lefresne, Rossier, Beaujouan and Glowinski, 1973a; Barker and
Mittag, 1975; Simon, Mittag and Kuhar, 1975; Collier, Lovat, Ilson, Barker

and Mittag, 1977; Hemsworth and Cholakis, 1978). HC-3has alsobeen reported
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to inhibit choline transport into synaptosomes by Marchbanks, (1968);
Potter, (1968); Diamond and Kennedy, (1969); Hemsworth and Bosmann,
(1971) ; Hemsworth, Darmer,. and Bosmﬁnn,(197l): Diamond and Milfay,; (1972).

(Table 1.3).

4.1.1.4 Inhibition‘of and acetylation by ChAc in vitro

HC-3 appears not to inhibit ChAc directly (Bhatnager, Lam and
MeColl, 1965; Hemsworth, 197la; Domino, Mohrman, Wilson and Haarstad,
1973; Hemsworth and Cholakis, 1978). However, it has been shown that HC-3,
like choline, can itself act as a substrate for Chac in vitro (Reriguez
de Lores Arnaiz, Zieher and De Robertis, 1970; Hemsworth, 197la; Barker
and Mittag, 1975; Mann and Hebb, 1975; Bradshaw and Hemsworth, 1976),

(Table 1.2).

4.1.1.5 Transport of HC-3 into cholinergic neurons and the false trans-

mitter hypothesis

It has been suggested that the failure in nerve traﬁsmission could
be caused by the release of acetylated HC-3, as a false transmitter, in
place of the natural transmitt;r ACh. However, in order for HC-3 to be
acetylated by ChAc Zm vZv0o it must, like choline, be transported from the
extracellular medium into the cholinergic neuron. Collier (1973), failed
to show that Hq—3 is transported into the cat superior cervical ganglion
specifically during nerve stimulation unlike choline, although a little was
shown to be transported into the ganglion at rest. He also found that
compared to choline very little HC-3 is transported into mouse synaptosomes.
However, it has been shown (Table l.3), that HC-3 has a greater affinity for
the high affinity choline transport system, than choline itself. Selling?ra
Domino, Haarstad and Mohrman (196%9), after administering HC-3 intraventri-

culary, found that mitochondrial filled nerve endings had a high affinity for

HC-3. Slater and Stonier (1973) found that rat brain cortex slices accumulate
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HC-3, but by a different uptake mechanism compared to that of choline.-
Therefore some work does support the theory that HC-3 can be transported
into cholinergic neurons, where it could be acetylated by ChAc to acety-
lated HC=3 which could then be released as a false transmitter. An increase
in the frequency of nerve impulses would increase the rate of transport of
HC-3 into the cholinergic nerve and the rate of acetylation. Choline

would antagonise this process. However, it has yet to be shown conclusi-

vely that HC-3 can be transported into cholinergic nerve terminals.

4;1.1.6 Structure of the acetylated HC-3 as synthesised by ChAc

The false transmitter hypothesis provides an additional mechanism
of action of HC-3 to that originally proposed by MacIntosh, Birks and Sastry,
(1958), which could result in the presynaptic block seen at cholinergic syn-
apses. The structure of this possible false transmitter is therefore of
interest. It is not known whether the acetylated HC-3 is in the cyclic
form, acetyl-HC-3 (45), or in the open chain form, Ac-seco-HC-3 (14), or

whether it is monocacetylated or biacetylated.

OAc OAc
0 0
(45)

N N

N
7
Me
biacetylated

| I
l\\\\ "”; (14) L\\\ "”J

& +

N

7 s
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Schueler (1955), found that the characteristic HC-3 like
activity causing respiratory paralysis was present only in those compounds
containing an unmasked B-hydroxyl group with respect to the nitrogen centre.
He showed that such compounds, including HC=-3 undergo hemiacetal formation
(Fig. 1.1). Therefore this cyclic structure must be the most stable
tautomer and HC-3 (4) might be expected to act biochemically in this
cyclic structural form at the cholinergic neuron. This hypothesis is
supported by Di Augustine and Haarstad, (1970), who on studying both the
open-chain tautomer (1l1) and the cyclic hemiacetal.tautomer (12) of
a,'a',a,a-tetramethyl-HC-3, showed that the characteristic HC-3 like activity
of causing a prejunctional block at nerve-muscle preparations is much more
pronounced in the cyclic hemiacetal form (12). This suggests that HC=3 it-
self is biologically more active in the cyclic hemiacetal form. There-
fore if acetylated HC-3 is synthesised in vivo by ChAc then according to
these experimental results acetylated HC-3 is likely to be in the cyclic
form. This hypothesis is further supported by investigating the action of
ChAc in vitro. The 'hydroxylcholine moiety' of the cyclic form of HC-3
(Fig. 4.1) is a B substituted choline analogue and it is interesting to
observe that in one study (Hemsworth and Smith, 197Ca) a D-B-substituted
analogue of choline was acetylated Zn vitro by ChAc to a small extent,

(8% compared to choline 100%). It is possible that the cyclic form of a
D-8 substituted choline moiety as found in the HC-3 molecule could confer
some favourable rigidity on the moiety since HC-3 is acetylated in vitro by
thAc by about 27% compared to choline 100%.

However, many other choline analogues, including choline itself,
possess straight chain choline moieties and are acetylated in vitro by ChAc
(Table 1.2). Barker and Mittag (1975), suggested that the cyclic form of
HC-3 (4) could undergo ring opening to give the straight chain form of the

analogue (3), which lacks a B substituent, so rendering the now terminal

hydroxyl group free to be acetylated by ChAc to Ac-seco-HC-3 (4).
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Di Augustine and Haarstad (1970), after studying some methyl derivatives

of HC-3 concluded that in general methyl substitution on the 'ether moiety'
of choline resulted in compounds which were less potent than HC-3 with
regard to toxicity, anticholinesterase activity and blocking action at
nerve-muscle preparations, whereas methyl substitution on the 3 position

of the 'hydroxyl moiety' resulted in a compound which was equipotent to
HC-3. This work suggests that the unaltered ether moiety is biologically
more important than the hydroxyl moiety of HC-3 implying that if the

false transmitter hypothesis is relevant for the presynatpic action of

HC-3 in vivo, it is the ether moiety which is acetylated by ChAc. However,
this hypothesis is not supported by the study made by Di Augustine and Haar-
stad (1970) on the a,'a',a,a-tetramethyl-HC-3 analogue, disucssed above.
Hemsworth (1972), showed that dlkyl substitution of the ether moiety of ac-;s
resulted in analogues which were acetylated in vitro by ChAc but at a
reduced rate compared HC-15 itself, although a comparative study, with

alkyl substitutents on the hydroxyl moiety was not conducted. These two .
studies by Di Augustine and Baarstad (1970), and Hemsworth (1972) suggest
that it is the 'ether moiety' of the morpholine ring that is acetylated by
Chac. Since it is unlikely that an ether oxygen can be acétylated, due to
it's relatively unreactive nature these two studies support the possibility
that cyclic HC-3 undergoes enol-keto (ring-chain) tautomerism on the surface
of the enzyme'to yield the more easily recognisable choline moiety with

a free hydroxyl group which is then acetylated to the open chain Ac-seco-
HC-3 (14).

The experimental evidence for the structural form of the acety-
lated HC-3 as synthesied by ChAc is conflicting. Neither is it known if
both or just one of the morpholine rings of the HC-3 molecule are acetylated.
This only has any relevance to the action of HC-3, if HC-3 is acetylated

by Chac in vivo as well as in vitro.
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4.1.1.7 Aims

The present study involved an investigation of the action of
HC-3 at cholinergic synapses and in particular the neuromuscular junction.
Therefore this study sought to confirm or deny:-
a. the cyclic structure of HC-3

b. the prejunctional and postjunctional action of HC-3 at the

neuromuscular junction

Cs the weak anticholinesterase activity of HC-3

a. the in vitro acetylation of HC-3 by ChAc

e. the lack of inhibitory activity of HC-3 on ChAc in vitro

£. the inhibitory action of HC-3 on the transport of choline into
synaptosomes. ‘

Since HC-3 was found to be acetylated by 28% compared to choline
100%, the false transmitter hypothesis was also investigated. Eence,
the possible transport and acetylation of HC-3 in synaptosomes and the
structure of the acetylated HC-3 as synthesised by ChAc in vitro were studied.
In order to study the transport of HC-3 into synaptosomes radiocactively
labelled HC-3 has to be used. Unfortunately this is commercially unavail-
able unless the compound is "custom made" at a very high cost. It was
therefore decided to synthesise [140]-HC—3 (70) from tertiary-HC-3 and

[14cl-methyliodide.

4.1.2. Some analogues of HC-3

4.1.2.1 General discussion

Many analogues of HC-3 have been synthesised (Table 1l.1l).
Several workers have altered the biphenyl nucleus of HC-3. HC-15(5) isone
half of the HC-3 molecule and Hemsworth (1971a),showed that it has HC=-3
like actions in that it gives a frequency dependent prejunctional block at

the neuromuscular junction, inhibits the transport of choline into syna-
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ptosomes and is acetylated by ChAc in vitro. Marshall and Long, (1959),
showed that the introduction of an ether (6) or methylend7) linkage between
the two phenyl rings of HC-3 produced compounds which gave a prejunctional
block in nerve-tissue experiments but with a reduced potency when compared
to HC-3. These workers showed that the methy¥kmanalogue (7) at a concentra-
tion 1.5 x lO-SM inhibited by 50% the break down of acetyl-f-methylcholine
(2 x 10-2M) by AChE. Subsequent studies have shown that the biphenyl
moiety of HC-3 may be replaced by a hexamethylene chain (8), which approx-
imates to the length of a biphenyl nucleus (Powers, Kruger and Schueler,
1962), cne phenyl ring (9) (Thampi, Domer, Haarstad and Schueler, 1966)

or three phenyl rings (10) (Gardiner and Sung, 1969), without appreciable
loss of the characteristic HC-3 like activity in giving a prejunctional
block in the nerve-muscle experiments conducted. Some of these findings
contradict the suggestion made by Benz and Long (1969b), that a distance
of 148 separating the two Quaternary nitrogens of analogues of HC-3 is im-
portant for HC-3 like activity with regard to ;heir presynaptic blocking

action on cholinergic neurons.

HO HO
0 0
(CH,) /
2'n
+ \\\ +
N N
N
Me \Me M{ Me

n=1 1CHC (7)

n= 2CHC (46)
n=3 3CHC (47)
n=4 4CHC (48)
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4.1.2.2 BAnalogues of HC-3 investigated and aims of this study

Since it has been shown :'that certain alterations of the biphenyl
nucleus gave compounds with HC-3 like activity, in that they gave a preju-
nctional block on nerve-muscle preparations, it was thought of interest to
study a series of hemicholinium analogues which have an incrgasing number
of methykregroups between the two phenyl rings, that is 2'2-[i.lidiphenyle-
thane]—4,4'-diylbis-[?-hydroxy—4,4dimethylmorphOliniu@thHC)(7),2,2'-
[1,1*diphenylethane]~4,4"'-diylbis- [2-hydroxy-4,4dimethylmorpholiniun]

(2CHC) (46) 2,2'-[},Lidiphenylpropane]—4,4'-diylbis[?-hydroxy4,4—dimethylmor-
pholinium] (3CHC) (47) and 2,2'-[1,1'diphenylbutane]-4,4'diylbis[2-hydro-
xy-4,4dinethylmorpholinium] (4CHC) (48).

To investigate the importance of the phenyl group on the action of
HC-3 at the neuromuscular junction an analogue of HC-15(5) was synthesised in
which the phenyl group was replaced with a methyl group to give the compound

called 4,4-dimethyl-2-hydroxy-2-methyl-morpholinium (methylmorpholinium)(49)

CH

(49)

= +

In the present study these five hemicholinium analogues were
synthesised and their chemical structures confirmed. An investigation was
conducted into their action at cholinergic synapses and in particular at
the neuromuscular junction. Therefore this study investigated these
compounds with regard to their
a. | prejunctional and postjunctional activity at the neuromuscular

junction.
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b. action on cholinesterase enzymes in vitro.
C. action on ChaAc in vitro.
d. action on the transport of choline into synaptosomes.
In each case the activities of the analogues are compared to that
of the parent compound, HC-3. Structure/activity relationships are discussed
particularly with regard to the interatomic distance between the two

quaternary nitrogen atoms in the molecules.
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4.2. CHEMISTRY

4.2.1. Synthesis of HC-3 and the diphenylalkane analogues

The syntheses of HC-3(4) and the diphenylalkane analogues
(7, 46, 47, 48) were based on the method Qescribed by Long and Schueler,
(1954) with a number of modifications which improved the yields. The
synthetic reaction can be divided into three steps.

4.2.1.1. Step 1:
Synthesis of 4,4'-bis (chloroacetyl) 1,1l'-biphenyl derivatives

The first step was a Friedel-Crafts acylation which resulted in

the synthesis of 4,4'-bis (chlorcacetyl) 1,l'-biphenyl derivatives (58-62).
The most likely mechanism for this reaction is now described (Fig.4.2.).
Chloroacetyl chloride reacts with aluminium chloride to yield an acylium
ion (50). The acylium ion (50) is a very strong electrophile due to the
presence of two electronegative atoms, namely chlorine and oxygen, which
pull electrons away from the positive centre. The diphenyl compounds
(51-55) being electron rich undergo, electrophilic attack by the acylium
ion(50) yielding ionic unstable intermediates(56) which immediately lose
two protons to give the 4,4'-bis (chloroacetyl) 1,1'-biphenyl derivatives
(58 -62).

| As a ketone will complex with aluminium chloride, both chloroacetyl
chloride and the products 4,4'-bis (chloroacetyl) 1,1*-Eiphenyl derivatives
{58—65] will Eombine with the catalyst as shown (57, 63) (Fig.4.2.).
Therefore excess aluminium chloride must be used, and the 4,4%-bis
(chloroacetyl) l,1'-biphenyl derivative - aluminium chloride complex (57)
must be broken up by adding it to a mixture of hydrochloric acid, methanol
and iced water to yield the 4,4'-bis (chloroacetyl) 1l,l-biphenyl derivatives

(58-62).
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ice HCl

CLCH, ﬁ@‘mz’n_@ﬁ CH, (1
0 0

n=0(58) ;n=1(59) ;n=2(60)

n=3(61) ;n=(62) O_Altl

ClEHZCOEl - AlCl3 > ElCHzC Cl,

Fig. 4.2:- Synthesis of the hemicholinium analogues. Step 1;
Friedel Craft acylation of diphenyl analogues

"electrophilic attack
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Long and Schueler, (1954) used carbon disulphide (p = 0.06 at 20°)
as the solvent for this synthetic reaction, but it was thought that a
morepolar solvent would stabilise the ionic intermediate(56) formed
during the reaction, SO encouraging the reaction to go to completion and
so giving higher yields. The solvents tried were ether (4 = 0.28 at 200)
chloroform (p = 1.15 at 25°}. acetone (g = 2.69 at 200) and nitrobenzene
(n = 4.03 at 25%) but the ylelds were equal to those obtained when carbon
disulphide was used as the solvent.

However, by using a large excess of the catalyst, aluminium chloride,
(three times the amount used by Long and Schueler, 1954) and by using
butan-1-0l as the recrystallising solvent (instead of toluene) the yields
were doubled when compared to those obtained by Long and Schueler, (1954).

All the reactants and apparatus used in the reaction were dry as
aluminium chloride reacts vioclently with water.

The structures of the products were confirmed by ir spectrometry.
The 4,4'-bis (chloroacetyl) 1,1'-biphenyl derivatives (58-62) showed
absorption indicating that the compounds are para substituted aromatic
ketones containing a carbon-chloride band.

4.2.1.2. Step 2:

Quaternisation Reaction

The second step of the reaction is aquaternisation process (Fig.4.3.).
2-Dimethylamihoethanol was reacted with the 4,4'-bis (chlorocacetyl) 1,1'-
biphenyl derivates (58=-62) and the reaction proceeds via a nucleophilic
substitution to yield the open-chain (seco) form of the hemicholinium
derivatives (3, 65-68).

It was thought that steric effects would encourage this reaction to

proceed via an SNl mechanism as opposed to an SN2 mechanism. This is
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Fig. 4.3:- Synthesis of the hemicholinium analogues. Step 2;
Quaternisation process involving a nuclecphilic substitution.
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because the SN2 reaction involves a transition state where the nucleophile
becomes partially bonded to the reacting carbon atom, before the incipient
chlorine ion has become wholly detached from it, and it was thought that
the bulky groups surrounding the reacting carbon atom of the 4,4'-bis
(chloroacetyl) 1,1'-biphenyl derivatives(58-62) will make it unlikely for
this transition state to occur.

If this quaternisationstep is proceeding via an SNl mechanism then
polar solvents will stabilise the ionic intermediates(64) and possibly
result in higher yields. Therefore, a variety of solvents were tried,
that is ether, nitrobenzene and acetone. Acetone (4 = 2.69 at 200) was
found to be the most suitable solvent almost doubling the yield compared
to that obtained with l,4-dioxan (u = O at 20°) which was used as the
solvent by Long and Schueler, (1954).

It was concluded that, particularly in acetone, the Step 2 reaction
proceeds via an SNl mechanism (Fig.4.3.). Thus the chlorine atom, due to
its size, readily leaves the 4,4'-bis (chloroacetyl) 1l,1'-biphenyl
derivatives (58-62) which results in their becoming carbonium ions(64).
The lone pair of electrons on the nitrogen atom of 2-dimethylaminocethanol
makes this molecule a nucleophile and the nitrogen centre reacts with the
carbonium ion{64) to yield the highly unstable straight chain form of the

hemicholinium analogues (3, 65-68).

4.2:1.3. SteE'B:
Cyclisation

In the solvents used the open-chain (seco) form of the hemicholinium
analogues (3, 65-68) u#derwent a spontaneous internal keto-enol (open-chain
~cyclic) tautomerism to give the cyclic hemiacetal structure of the
hemicholinium derivatives (HC-3(4), ICHC (7), 2cHC (46), 3CHC (47), 4CHc (48))

(Fig.4.4.)
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Fig. 4.4:- Synthesis of the hemicholinium analogues. Step 3:;
spontaneous cyclisation from the seco form to the
cyclic hemiacetal
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Synthesis of 4CHC(48) was effected using 1l,4-dioxan as solvent
‘as 4,4'bis(chloroacetyl)l,ltdiphenylbutane, the starting material for
Step 2 of the synthesis of thils analogue, was inscluble in acetone.

4.2.1.4. Recrystallisation

The hemicholinium analogues (4,746-48) were recrystallised from
ethanol/ether. Like most quaternary amines they are very hygroscopic
especially when first made and it is important to keep them under vacuum
until they are completely dry. Because these analogues are so moisture
sensitive all the reactants and apparatus used in the Step 2 reaction
must be dry.

4.2.1.5. Confirmation of Structures

The structures of the hemicholinium analogues (4,7,46-48) were
confirmed by ir, uv and nmr spectra. Each analogue showed strong
absorptions between 3,600 to 3,100cm—l indicating the presence of an
-0H group, 840cmfl indicating the presence of an arcmatic (para substituted)
group, and 257 - 260nm indicating the presence of a diphenyl group.

Further confirmation of structure was obtained from nmr spectra.

The analogues are symmetrical, (Fig.4.5.). - The nmr spectrum for HC-3(4)
shows a doublet at 2.32 1 which is due to the eight protons on the diphenyl
rings, ((a) and (b) in this compound are equivalent). An absorption at
5.15 1 is due to the presence of water. The methyl protons (c) and (d)
absorb at 6.5 T and 6.72 1. Protons (c) have a different chemical shift
to protons (d) are affected by the aromatic nucleus whereas protons (c)

are less affected. Despite the fact that the solvent is DZO' one

hydroxyl proton (h) absorbs at 6.98 1. It might be expected that this
proton would not show, as hydroxyl protons are labile and easily
deuterated, however, in this case the exchange rate must be very slow,

with only one of these protons deuterated at any one time. The
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When n=l1 and 3 the molecule is symmetrical about the

central carbon atom, when n=0, 2 and 4 the molecule is symmetrical
about the central bond.
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methylene protons (e), (f) and (g) are very difficult to identify from
this spectrum. They each must have different shifts as their electronic
environments are so different. 1In all the absorptions discussed
integration confirmed the assignments.

mr spectra for the hemicholinium analogues ICHC(7), 2CHC(46),
3CHC (47), 4CHC (48), are similar to the nmr spectrum for HC-3(4) the
differences being due to the methylene groups separating the two phenyl
rings. Two doublets, instead of one doublet seen with HC-3(4), are seen
at around 2.5 1 and 2.7 T which are due to the eight protons on the
aromatic ring. The methylene groups separating the two phenyl rings
results in their being two types of protons (a) and (b) on the phenyl
rings which give the two doublets described. Additional absorptions are

seen due to the (i) protons.

4.2.2. Cyclisation study of HC-3 and the diphenylalkane analogues

The keto-hemiacetal tautomerism which gives the cyclic hemiacetal
structure of HC-3(4) is common in tertiary amino alcohols (Cromwell and
Tsou, 1949) and it has been reported for quaternary amines (Lutz and
Jordan, 1949). Schueler, (1955) was the first to show that the open-
chain (seco) form of HC-3(3) underwent this tautomerism. Haarstad and
Schueler, (unpublished data, cited by DiAugustine and Haarstad, 1970)
have provided direct evidence of the instability of seco-HC-3 and the
persistence of the cyclic HC-3 in agueous and alcoholic solutions. They
found that the cyclic hemiacetal form of HC-3 in agueous solutions was
extremely stable, maintaining the same uv spectrum and the same activity
in mice for over two years. Highly.basic or acidic solutions failed to
convert cyclic HC-3 to its seco form. They have alsc shown that HC-3 can

be prepared in a manner:such that it can exist, prior to recrystallisation,
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as the seco form, provided that the compound remains in a relatively
anhydrous environment.

Due to the lack of published data and the fact that it is the
choline moieties which are involved in this tautomerism it was thought
of interest to study the structures of HC-3 and the analogues synthesised
here. Their structures in aqueous solutions are of special interest, as
this is the environment they are in when they act on bioclogical
preparations. It was thought possible, particularly in an agueous
solution, that an equilibrium might exist between the open chain, seco
forms (3,65-68) and the cyclic hemiacetal forms (4,7,46-48) of HC=3 and
the analogues.

A study of the ir absorption spectra of HC-3 and the analogues
(LCHC, 2CHC, 3CHC, 4CHC) as a mull of the solid in liquid paraffin
indicates that there is no sharp absorption between 1650 to 1750cm_l
(i.e. no carbonyl absorption). Absorption would be expected at this
wavelength if any portion (provided it is in a sufficient amount to bé
detected by ir) of HC-3 or the analogues was in the open ﬁhain, seco
form. Therefore from these ir studies it appears as though solid HC-3
and the analogues are totally in the cyclic hemiacetal form (4,7,46-48).

The ir absorption spectra of agueous solutions of HC-3 and the
analogues (1CHC, 2CHC, 3CHC, 4CHC) also showed no carbonyl absorption.
This indicates that HC-3 and the analogues are totally in the cyclic
hemiacetal form(4,7,46-48) in an agqueous environment.

The uv absorption spectra of HC-3 and the analogues (1CHC, 2CHC,
3CHC, 4CHC) as aqueous solutions show maximal absorptions below 260nm.
1,1tBiphenyl also has a maximal absorption below 260nm, this absorption

is unaffected by the addition of acid or base to the solvent. However,

Ac-seco~HC-3(14), an open chain analogue of HC-3 has a maximal absorption
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at 304nm at pH 7.0. In this molecule the chromgphore includes the
diphenyl moiety and the two carbonyl groups as shown (Fig.4.6.). In’
this chromophore the T electron orbitals of the biphenyl nucleus
combine with the T electron -orbitals of the carbonyl groups which
results in a new orbital which is of higher energy and will therefore
absorb uv light of a lower energy (longer wavelength) as compared to
1,1'biphenyl. The addition of base (i.e. sodium hydroxide) to the
aqueous solution of Ac-seco-HC-3 shifts the absorption to 278nm. This
is because the base stabilises the electrons of the carbonyl groups due
to hydrogen bonding.

The open-chain forms of HC-3(3) and the analogues(3,65-68) will
have the same chromophore as Ac-seco-HC=3. Therefore if any portion of
HC-3 or the analogues (1CHC, 2CHC, 3CHC, 4CHC) was in the open-chain
form, a maximal absorption of uv light would occur at arcund 304nm, and
on the addition of sodium hydroxide it should move to a shorter wave-
length. However, HC-3 and the analogues in aqueous solutions, do not
absorb uv light at longer wavelengths than 260nm and the addition of
NaOH or HCl has no effect on their maximal absorptions. The results of
thié uv study indicate that HC-3 and the analogues are totally in the
cyclic hemiacetal form (4,7,46-48) in aqueous solutions.

A study of the nmr spectra run in D,.0 of HC-3 and the analogues

2
(1CHC, 2CBC, 3CHC, 4CHC) shows small doublets at 2.1 T and 2.53 T (BC-3)
2.3 1 and 2.6 T (1CHC), 2.2 T and 2.75 T (2CHC), 2.25 T and 2.75 T (3CHC)
and 2.2 t and 2.72 T (4CHC) which could indicate the presence of small
amounts of open-chain compound (3,65-68hrespectively) as the protons of

the diphenyl nucleus would be deshielded by the adjacent carbonyl groups

and subsequently give the peaks indicated. However, these peaks could
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Ac=-seco=-HC=3 (14) Amaxtﬂzo) = 304nn

lmax (H20) = 278nm

(NaOH)

Fig. 4.6:- Diagram showing chromophores (in dotted circles) giving
absorptions indicated of 1,l!biphenyl and Ac-seco-HC-3.
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also be due to impurity i.e. the 4,4lbis(chloroacetyl)l,l'biphenyl
derivatives (58-62).

As the peaks in the nmr are so small and as the uv does not
detect any carbonyl groups adjacent to the biphenyl nucleus it is
concluded that in aqueous soluticns HC-3 and the anélogues described
here, (1CHC, 2CHC, 3CHC, 4CHC) are totally in the cyclic hemiacetal
form (4,7,46-48).

4.2.3. Optical activity of HC-3 and the diphenylalkane analogue’

Each molecule of HC-3(4) and the analogues described here
(1CEC, 2CHC, 3CHEC, 4CHC) has two asymmetric carbon atoms. Polarimeter
experiments indicate that the compounds are optically inactive and are
therefore present in aqueous solution as a racemic mixture.

4.2.4. Synthesis of tertiary-HC-3

Tertiary-HC-3 (69) was prepared by the method of Domer and
Schueler, (1960). This reaction involves a nucleophilic substitution
similar to that described above (Fig.4.3.). The structure was confirmed
by ir and uv.

4.2.5. Synthesis of methylmorpholinium

Methylmorpholinium(49) was synthesised by a nucleophilic substi=-
tution of chlorocacetone by 2-dimethylaminoethanocl. Due to the small
size of the neighbouring groups around the reacting carbon atom it is
possible that the reaction proceeds via an‘SNZ mechanism, but there is
no factual evidence for this. The product spontaneously cyclises in a
similar way to the hemicholinium analogues (Fig.4.7.). The structure

was confirmed by ir.
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4.2.6. Attempted synthesis of cyclic acetyl-HC-3

Tertiary alcohols are very difficult to acetylate due to steric
hindrance and this is probably why the attempted synthesis of cyclic
acetyl-HC-3(45) failed (Fig.4.8.).

The phenyl group, and the -5- and -CHZ— groups in the morpholine
. ring must hinder the approach of the bulky acetyl group towards the
hydroxyl group.

4.2.7.1. Synthesis
Tertiary-HC-3(69) was quaternised with [}%ﬁjwmethyliodide

(Menschutkin reaction) (Fig.4.9.). The product was purified on a weak
cation-exchange resin, CM-Sephadex. Thé resin was first eluted with
water and as [}46]-Hc—3(7o) possesses two quaternary nitrogens (cations)
it bound to the resin, whereas the unreacted starting materials,
tertiary-HBC-3 and methyliodide, possess no positive charges and were
eluted from the column. When no starting materials could be detected
in the agqueous eluates [}4c]-HC-3 was eluted from the column by a
solution of NaCl(IM). A weak cation-exchange resin and a concentrated
solution of NaCl had to be used as [l4q]-Hc-3 binds strongly to cation-
gxchange resins probably due to the fact that each molecule possesses
two cations.

4.2.7.2. Specific Activity and Purity

4.2.7.2.1. Specific Activity

The specific activity of [l4d]-ﬂc—3 was cdlculated from the specific
activity of the [}4q]-methyliodide, bearing in mind that two molecules of
methyliodide react with one molecule of tertiary-HC-3. This was

considered to be the most accurate figure practically obtainable.
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4.2.7.2.2. Radiochemical Purity

Methyliodide is veolatile at room temperature and therefore any
unreacted material would be removed by the vacuum distillation process
which occurs at the end of the reaction. This was found to be the case
as no radicactivity was detected in the aqueous eluates from the ion-
exchange column. For practical purposes therefore the product was
considered to be radiochemically pure.

4.2.7.2.3. Chemical Purity

Tertiary-HC-3 was eluted from the column by water. Samples of
the eluates were run on a TLC plate. As the elution continued iodine
stained spots of decreasing colour intensity could be detected on the
TLC plate. No tertiary-HC-3 was detected on running a TLC of a sample

of the final product, [14C]-HC-3 was considered to be chemically pure.

4.2.8. Experimental

All the reactants and apparatus used in the syntheses were dry.

4.2.8.1. 4,4 bis(chloroacetyl)l,l'-biphenyl derivatives

The 1,l'-~biphenyl analogue (Q.07 mole) (51-55) was dissolved in
a sufficient quantity of carbon disulphide (60ml). This solution was
then cooled and powdered aluminium chloride (52g, 0.039 mole) was added
slowly with stirring. Chloroacetyl chloride (18.4g, 0.16 mole) was
added dronisé to the mixture which was then allowed to reflux (no heat
required) with stirring, until liberation of hydrogen chloride had
ceased (about 3 hr). The resulting complex was thoroughly broken up in
a mixture of ice, methanol and hydrochloric acid and the product oven
dried at 80°. The product was recrystallised from butan-l-ol. A cold

solution of the product in acetone was passed through activated charcoal
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until a clear sclution was obtained. This solution was then filtered
through Kieselguhr. The acetone was then removed by vacuum distillation

and the resulting colourless product crystallised from butan-l-ol.

1,1'-Biphenyl(51) (11g,0.07mocle) gave celourless needles of 4,4'-bis
(chloroacetyl)l,l'—hiphenyl(58)(19.5g89%),mp225-226°.umax(nujol),2900—
2850(CH,), 1700 (aromatic ketone),1600 (aromatic),1560,1480,1420-1380,
1340,1320,1220 (aromatic para),l000(aromatic) ,820 (aromatic para),780,

1

760 (C-Cl)cm ~.Anal: (C, .H, .0 Clz);requires,c,62.54:H,3.91;0,10.42;

1671272
Cl,23.13%;found,C,62.34;H,4.10;0,10.21;C1,23,35%.

1,1'-Diphenylmethane(52) (11.8g.0.07mole) gave brown needles (18.7g,83%)

which were decolourised to give colourless crystals of 4,4'-bis(chloro-

acetyl)1,1'—diphenylmethane(59)mp115-117°,Umax{nujolj,2900-2850{CH2},1700

(aromatic ketone),1600(arcmatic),1560,1480,1460-1440,1340,1320,1220
(aromatic para),1180(arcmatic para),1000,880,820(arcmatic para),780,

1

760 (C-Cl)cm .Anal:(Cl7Hl402C121:requires,C,63.55;H,4.36:0,9.97;

C1,22.12%;found,C,63.60;H,4.50,0,9.87;C1,22.04%.

1l,1'-Diphenylethane (53) (12.7g,0.07mole) gave yellow needles (19.2g,82%)

which were decolourised to give colourless crystals of 4,4'-bis(chloro-

acetyl)l,1'—diphenylethane(60)mp123°,Umax(nujol),2900-2850(CH2},1700

(aromatic ketone).lGOO(aromatic),1580,1480,1420-1380,1340-1320,1220,1200

(aromatic para),1000 (aromatic),940,880-820 (aromatic para),800,760 (C-Cl)cm .

Anal: (C 0 Clz):requires,c.64.4B:H,4.78;0.9.55:01,21.19%:found,c,64.30;

18%16°2
H,4.97;0,9.34;CL,21.39%
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1,1'~Diphenylpropane (54) (13.7g,0.07mole) gave yellow needles (13.9g,57%)

which were decolourised to give colourless crystals of 4,4'-bis(chloro-

acetyl)1,1'-digpenylpropane(Gl)mp131—133°.U (nujol) ,2900-2850(CH, ),
max 2

1700 (aromatic ketone),l1600(aromatic),1480,1420-1380,1340-1320,1220

(aromatic),1180(aromatic para),l1080,1000(aromatic) ,840(arcmatic para),

1 5
l9H1802C12):requires.c,65.33;H,5.16;

Of 9.17:(:1.20.34%:found:c;65.5453;5.ll;o,g.ogfcj.; 20.26%.

800,780-740(C~Cl)cm —.Anal: (C

1,1'-Diphenylbutane (55) (14.7g,0.07mole) gave yellow needles (13.72g,54%)

which were decolourised to give colourless crystals of 4,4'-bis(chloro-

acetyl)l,1‘-dipheqylbutane(62)mpl49-151°,Umax(nujol).2900-2850(CH2),1700

(aromatic ketone),lEOO(aromatic),1480,1580—1420,1340-13?0,1220(aromatic)

1180 (arcmatic para),looo(aromatic),940.880,820,780,740,(C-Cl)cm-l.

20720°2%1 5
H,5.60;0,8.72;CL,19.41%.

Anal: (C 0,Cl,);irequires,C,66.12;H,5,51;0,8.82;C1,19.56%;found,C,66.27;

4.2.8.2. 2,2'-[1,1'-Biphenyi] -4,4'-diylbis[2-hydroxy-4,4-dimethyl
morpholinium|dichloride analogues

4,4'-bis(chloroacetyl)l,l'~biphenyl analogue (58-62) (0.03 mole) was
dissolved in boiling acetone and 2-dimethylamino-ethanol (7.4g,0.08 mole)
added. The mixture was then allowed to cool, without stirring for 5 hr.
The precipitated product was crystallised from ethanol/ether. This
ethanol/ether mixture containing the crystals was centrifuged and the
Precipitate washed twice with fresh ether which was finally evaporated
off under vacuum. The product was dried in a vacuum dessiéator. The
analogues were decolourised by dissolving in ethanol and, before precip-

itation with ether, the cold solution was passed through charcoal and
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finally through Kieselguhr.

4,4'-bis(chloroacetyl)l,l'-biphenyl (58) (9.2g,0.03mole) gave colourless
microneedles of 2,2'-[1,1'-biphenyi]—4,4'—diylbis[Z—hydroxy—4,4—dimethy1
morpholinj.una dichloride (hemicholinium-3 as a dic;hloride salt,HC-3) (4),
(lO.3g,?l%)mp222°,Umax(nujol),3400—3200(0H),2900,1680,1600(aromatic),

1480,1380,1345,1280,1240,1180,1140,1120,1080,1020,1000 (aromatic),960,

1

940,840,820 (aromatic para), 740cm W (water) , 3600-3300 (OH) , 2900-2700

1

(CH2),1480(CH2);1260,1120.1100;1080(aromat1c),980,960cm— .Amax{water),

258nm. T +2.1,2.32(8H,4,-CH,-C H,~),2.53(d),5.15(16H,s,H,0),5.3 (2H,

{DZOJ 64 64
Sextet)vS-a {2Hfg)|6-03 {H;E),B. 3 (48[2} '6-4 (GH]EZ_CIB]]' 6-48 (H'E} '6. 65 (ZH'E) ’
6.72(6H,§,2-CH3),6.98(H,§,—OH) Anal:(C24H34N204c12)requires;c,59.38:

H,?.Ol;N,S.??:O, 13020;C11 l4.64%,f0und3C, 59.1731’1'6.98’“;5.85:0] 13.30;C1,

14.70%.

4,4'-bis (chloroacetyl)l,l'-diphenylmethane (59) (9.63g,0.03mole) gave
brown crystals (7.8g,52%) which were decolourised to give colourless
microneedles of 2,2'—[1,1'-dipheny1methané]—4,4'—diylbis[2—hydroxy-4,4'—
dimethyl] morpholinium dichloride (1C-HC) (7)mpl99-202°.v__ (KBr disc)3400-
3300 (OH), 3200, 1640,1480,1420,1380,1260,1240,1140,1100-1080 (aromatic) ,

i

980, 945,925,880, 840 (aromatic para),780cm .Umax(water),BOOO(OH),2800,

1480,1280,1140,1120,1080-1060 (aromatic) ,980, 960-940cm—l . kmax (water),

223,260mm.7T ) o1 +2.3(d) ,2.5(4H,d,4=CH-) ;2.7 (4H,,4=CH-) , 5.2 (8, 5,4H,0) ,

(D,,0
2
5.42(2H, sextet) ,5.9 (2H,8)6.08 (2K, s, -¢~CHz$-)6.15 (H,m) , 6.43 (48,d) ,6.53

(68, s,2-CH,) ,6.6(H,5) ,6.80 (H,m) ,6.82(H,s) ,6.9 (6H,5,2-CH;) , 7.05 (H, 5, ~OH) .

Anal: (C N,O0,Cl,)requires;C,60.12;H,7.21;N,5.61;0,12.83;C1,14.23%;

25836N294%42
found, C,60.32;H,7.40;N,5.5;0,12.68;C1,14.1%.
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4,4'-bis(chloroacetyl)l,l'-diphenylethane(60) (10.1g,0.03mole) gave
yvellow crystals (14.5g,94%) which were decolourised to give colourless

microneedles of 2,2'—[1,1'—diphenylethane]—4,4'-d;ylbis[2—hydroxy-4,4-

dimethyl morpholinium]dichloride (2C-HC) (46)mp189°, U4y (RUIOL) 3200 (OR) ,

2800,1680,1600,1480,1420,1380,1340,1260,1180,1140,1100,1080 (aromatic),

1

980,940,920, 840 (arcmatic para),?BOcm— _Umax(water),3000(03).2800,1480,

1260,1140,1100,1080-1060(aromatic),980,960cm-1

,Amax(water),218,258nm.
T(D o),2.2{2).2.55(4H.§,4=CH-),2.75@;},2.8(43,2,4=CH—),5.25(168,§JBH20).
2
5.35(2H,sextet),5.9(2H,§),6.15(H,59.6.4(4H,§),6.5[63,532-083),6.6(H,£§,
6.75(8,5),6.7B(H.§),6.8(6H,§,2—CH3).7.05(3,5,-05},7.1(4H,§,¢-(CHZ)2-¢).
Anal:(C26H38N204C12]requires;C,60.82:H,7.413N.5.46:0,12.483Cl,13.84%:
found;C,61.04;H,7.20;N,5.45;0,12.36;C1,13.,.95%,

4,4'-bis(chloroacetyl)l,l'~diphenylpropane (61) (10.5g,0.03mole) gave
yellow crystals (10.3g,65%) which were decolourised to give colourless

microneedles of 2,2‘-[l,1'-diphenylpropane]-4,4'-diylbis[2-hydroxy-4,4'

dimethyl morpholiniumﬂdichloride(3C—HC)(47)mpl?6-178°,umax(nujol}3200-
3000 (0H) , 2900,1680,1600,1420,1380,1260,1240,1140,1100 (aromatic), 980,940,
840 (aromatic para)cm-l,umax(water)BOOO(OH),2800,1480,1240,1120,1080-1060

(aromaticLQBO,QBOcm-l

.lmax220,260nm.T(D20},2.25(2},2.55(4H,§,4=CH-),
2.75Q§},2.8(4H,Q,=CH-),5.3(16820),5.45(2B.sextet).5.95(2H.Q},6.2(H.Ep.
6.35(4H,d) ,6.5 (6H, 5, 2-CH,),6.7 (2H,m) ,6.8 (H,broad ) ,6.88 (6H,s,2-CH,) ,
requires;C,61.48;H,7.59;N,12.14;0,5.31;C1,13.47%;found;C,61.34;H,7.45;

N,12.25;0,5.49;C1,13.57%.
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4,4'-bis(chloroacetyl)l,l'-diphenylbutane (62) (10.9g,0.03mole) using
l,4-dioxan as the solvent, gave yellow crystals (1l.2g,69%) which

were decolourised to give colourless microneedles of 2,2'-[1,1—diphenz;r

butane]-4,4'—diylbis[2f§ydroxy-4,4-dimethyl1mcrpholinium]dichloride

(4C-HC){48)mp196-198°.umax(nujol)3200—3000(0H),2900,1680,1600(aromatic),

1500,1480,1420,1380,1340,1260,1220,1180,1140, 1100, 1080,1040,1020

(aromatic) ,980,960,880,860,820 (arcmatic para),?&Ocm-l

1

,umax(water)BOOO(OH),

2800,1480,1240,1120,1080-60 (aromatic) ,980,940cm .Xmax{water)218,257nm.

T(D'o),2.2(broad),2.5(4H:Q!=CH-),2.72(broad],2.75{4H,QJ=CH-),5.2(16HL§p
2

8320);5.35(2F,Sextet},5.85(23,2),G.IS(H,EQ,6.35(4H,E};6.5(6H,§,2-C33),
6.6 (H;E} 36-7 (H:E} r6.75 (H’broa.d E) '6.81 (GH.'_S_; 2CH3) '711 (H'E"-OH) ;7-4 (43;2:

(6CE,) ,),8.4 (&, m,~CH,~CH,~) , Anal: (C, H,N,0,Cl, ) requires;C,62.12;H,7.76;

N,5.18;0,11.83;C1,13.12%; found;C,62.30;H,7.89;N,5.08;0,11.72;C1,13.01%.

4.2.8.3. 2,2'-[1,1'-biphenyl]-4,4'-diylbis [2-hydroxy-4-methyl morpholinium]
dihydrochloride (tertiary-HC=-3) (Method follows that described
by Domer and Schueler, 1960)

4,4'-bis(chloroacetyl)l,l'-biphenyl (58) (9.2g,0.03mole) was dissolved
in 2-methylaminoethanol (9g,0.12mole) .The mixture was cooled and a three
volume excess of water was then added. This mixture was then allowed
to stand overnight (12hr)during which time a brown precipitate formed.
The precipitate was washed several times with water and collected on a
filter and then extracted with boiling benzene using a continuous
extractor. The benzene was cooled and the product crystallised. The
product was repeatedly crystallised from ethanol giving colourless
needles of 2.2'-[1,1'-biphenyq-—4,4'-diylbis[2—hydroxy-4—methyl

morpholiniun] dihydrochloride (tertiary-HC-3) (69) (6.6g,48%)mp230° (dec)

146



Umax(nujol)BQOO{OH),2900,1620(ar0matic),1480,1380,1280,1220(aromatic

1

para).1080,1000(aromatic),860cm_

.lmax(waterJZSBnm,Analz(C22H30N204C12},

requires;C,57.77;H,6.56;N,6.13;0,14.00;C1,15.54%; found;C,57.55;H,6.42;

N,6.03;0,14.24;C1,15.76%.

4,2.8.4. 4,4'~-Dimethyl-2-hydroxy-2-methyl-morpholinium chloride
(methylmopholinium)

2-Dimethlaminoethanol (5.3g,0.06mole) was dissolved in ethanol
(20mls) and the solution was cooled. Chloroacetone (5.5g,0.06mole) was
added with care. The product was recrystallised from ethanol /ether to

give colourless plates of 4,4-dimethyl=2~hydroxy-2-methyl=-morpholinium

chloride. (8.19,75%)mp214-216°vmax(nujol)3200(0H),2900,1460,1380,1240.
1180,1140,1080,1040,1020,980,920,860,800,TOOthl. Anal: (C7H16N02Cl)
requires;C,46.28;H,8.82;N,7.71;0,17.63;C1,19.56%, found;C,46.39;H,8.71;

N,7.81;017 .60;C1,19.49%.

4.2.8.5 Attempted synthesis of 2,2'—[l,1'bipheny1]-4,4Ldiy1bisr2—acetvloxy-

4,4-dimethylmorpholinivm]. dichloride (cyclic acetyl-HC-3)

4,2.8.5.1 Panormow modification of Schotten-Baumann Reaction (Panormow,

1801)
2,2t[1,1'biphenyl]-4,4taiylbis[2-hydroxy-4,4-dimethylmorpholinium]
diiodide (hemicholinium-3 as a dilodide salt,HC-3(4)X10mg,0.02mmole) was
dissolved in 20% sodium hydroxide (4ml). Acetylchloride (O.5g,6mmole)
was added dropwise and the resulting solution was refluxed for 12hr. The
mixture was allowed to cool, but no crystals were formed. The volume was
reduced by distillation Zn vacuo to yield a residue from which starting

material was recovered unchanged.
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4.2.8.5.2. Einhorn modification of Schotten-Bauman Reaction

2.2'—[l,l'biphenyl]—4.4ldiylbis[?-hydroxy—4,4-dimethyl morpholin-
ium]diiodide (hemicholinium-3 as a diodide sal;,HC—B (4)) (10mg,0.02mmole)
was dissolved in dry pyridine (5ml). Acetylchloride (0.5g,6mmole) was
added dropwise and the solution was stirred for 3hr. The mixture was
then added to water (l1Oml). This mixture was allowed to stand for 24hr.
The volume was then reduced by distillation im vacuo to yield a residue
from which starting material was recovered unchanged when the residue had

been dried.

4.2.8.6 Synthesis of 2,2'-[1,1'-biphenyl]-4,4'diylbis[2-hydroxy-4,

[14C]methyl—4-methy1morpholiniud)dichloride ([14C]-HC-3)

4.2.8.6.1 Reaction withnon-radioactive methyliodide

The reaction was first run using non-radiocactive methyliodide to
verify the method used. Tertiary-HC-3 (69) (18.2mg,0.04mmole) was
dissolved in methanol (5mls) and mixed with another 5mls of methanol cont-
aining methyliodide (2.48mg,0.0l17mmole). The mixture was refluxed gently
with stirring. After lhr the methanol and any unreacted methyl=-
iodide were removed by vacuum distillation. The residue was dissolved
in distilled water (2ml) and passed through an ion-exchange column (CM-
Sephadex C-50, swollen in distilled water and supported in a 3" pasteur pip-
ette) and eluted with distilled water. Samples of the agueous eluates
were run on a cellulose thin layer plate (butanol-methanol-acetic acid-water;
8:2:1:3) and developed with iodine. Tertiary-HC-3 (69) has an R value
of 0.5. When no more starting material could be detected (requires about
100ml of water to elute all the unreacted tertiary-HC=-3(69)) the column was
eluted with NaCl (1M). Samples of these eluates were run on a TLC plate

as before, the quaternary product HC-3(4) has an Ry value of 0.9. No
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tertiary-HC-3(69) could be detected in any of these NaCl eluates. Those
eluates which were shown by TLC to contain HC-3(4) were pooled. A sample
from this pool gave a precipitate with ammonium reinekate indicating the
presence of a gquaternary nitrogen. The pooled eluates absorbed ultra=-
violet 1light giving xmax 258nm, this-indicates the presence of the diphenyl
nucleus of BC-3. The pooled eluates were dried in a vacuum. The residue
was NaCl and presumably HC-3(4). From this dry residue a NaCl disc was
made (in a similar way to a KBr disc) and an ir absorption spectrum of
this disc was run. The spectrum showed absorptions chéracteristic of HC-3
(4). vmax(NaCl dise) 3,400-3,200(CH) ,2,900,1680,1620 (aromatic) ,1480,

(CH) ,1345,1280,1240,1180,1140,1120,1080,1020,1000 (aromatic) 960, 940, 840,

820 (aromatic para)740cnr1.

4.2.8.6.2 Reaction with radiocactive [}4€]—methyliodide

Tertiary-HC-3(69) (18.2mg,0.04mmole) was dissolved in methanol (5mls)
and this was poured into the top of a 'Break-seal'ampoule (TypePl) (Fig.
4.10); which had just been taken from the freezer, and which contained
[140]-methyliodide (1.24mg,0.0086mmole, 59, 7mCi/mmole). The ampoule was
then surrounded with an ice-salt mixture and cooled. A condenser was
fitted to-the:top of the ampoule. The ampoule seal was then broken with a
glass rod aﬂd the methanol sclution poured into the bottom of the ampoule
and mixed with the‘[;4é]-methyliodide. This solution was refluxed and
purified as described above. No ra@ioactivity could be detected in samples
of the aqueocus eluates indicating that no [}4é]—methyliodide had been
present in the residue. However, the NaCl eluates did contain radio-
activity and these eluates were pooled. The product, [}40]—HC—3,
was detected by paper electrophoresis (Potter and Murphy, 1967) in the
NaCl eluates. After being subjected to electrophoresis for

2hr the paper strips were dried and cut into O.5cm sections. oOnly the
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section 6.5-7cms from the origin gave high counts. This corresponds in
position to an iodine stained band of authentic HC-3 similarly subjected
to paper electrophoresis in the same cell at the same time.

Specific activity = 119.4mCi/mmole

Yield = 55% in 1M NaCl (500ul of NaCl solution

contained 0.160uCi/l. 34nmole)
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4.3 PHARMACOLOGY

4.3.1. Neuromuscular blocking action

The actions of HC-3 and the hemicholinium analogues, 1CHC, 2CHC,
3CHC and 4CHC were observed on the rat hemidiaphragm and the frog rectus
abdominis muscle preparations to determine the extent of pre- and post-

junctional block at the neuromuscular junction.

4.3.1.1 Rat phrenic nerve-hemidiaphragm

All of the hemicholinium compounds, in low doses, were found to
cause a slowly developing bleock of the rapidly stimulated muscle (lHz),
but had no effect on the more slowly stimulated muscle (0.lHz). When cho-
line was added to the incubating medium in the presence of the hemicholinium
compound or if the compound was washed out of the bath, the muscle contraction
of the rapidly stimulated muscle returned to the control height of contraction.
These results suggest that these compounds gave a frequency dependent
pr;junctional block at these low doses (Table 4.1). 2CHC, 3CHC and 4CHC
were all found to be equipotent in causing a prejunctional block and they
were approximately 100 times more potent than 1CHC and the parent compound,
HC-3. The methylmorpholinium dervative was about 40 times less potent
than HC-3

Larger doses of all the hemicholinium compounds except for the
methylmorpholinium derivative, caused a block of both the slow and
rapidly stimulated muscles which was not reversible with choline. When
the drug was washed out of the bath the muscle contractions eventually
returned to the control height. It was concluded that these compounds gaﬁe
a postjunctional block at these high doses {rable 4.1J). 3CHC was found to be
about 7 times more potent than HC-3 in causing a postjunctional block.
2CHC and 4CHC were both about 5 times more potent than HC-3 and 1CHC was

equipotent to HC-3.
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Compound Minimum concentration Minimum Concentration
giving a prejunctional giving a postjunctional
block (umole/ml) block (umole/ml)

HC-3 0.124 0.206

1CEC 0.100 0.200

2CHC 0.001 0.039

3CHC 0.001 0.029

4CHC 0.001 0.037

Methylmorpholinium 3.87 No block up toa dose
of 10

TABLE 4.1: Effect of the hemicholinium compounds on nerve transmission

in the rat phrenic nerve-hemidiaphragm preparation. In each case the

prejunctional block was reversed by choline (0.02 to 0.l4umole/ml)
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4.3.1.2 Frog rectus abdominis muscle

The activity of the hemicholinium compounds in blocking the effect
of ACh on the frog rectus abdominis muscle was observed in order to
investigate their postjunctional curare-like blocking action. All of the
hemicholinium compounds tested blocked the nicotinic receptor sites.
Concentrations producing 50% inhibition of ACh - induced contractions
are shown in Table 4.2.

3CHC was found to be the most potent of the hemicholinium compounds
which gave a postjunctional block at the rat phrenic nerve-hemidiaphragm
preparation and it is interesting to observe that similarly 3CHC was
found to be the most effective compound in blocking the ACh induced con-
tractions of the frog rectus abdominis muscle. At equimolar concentrations
3CHC inhibited the action of ACh by 50%. 3CHC was io times more potent
than HC-3. 2CHC and 4CHC were equipofent in blocking the nicotinic
receptors and they were both 35 times more potent than HC-3. ICHC was 4

times more potent than HC-3.

4.3.2 Anticholinesterase activity

The effect of the hemicholinium compounds on cholinesterase activity
was determined by including the compounds in incubation mixtures containing
enzyme, buffer and radiocactive substrate as described in the Methods
(Section 3.4). The degree of hydrolysis of the substrate §a§ then
compared with that obtained in controls containing distilled water in
place of the compounds.

In order to determine the effectg of the compounds on acetylcholine-
sterase (AChE) and pseudo-cholinesterase (ChE) the compounds were tested
against commercial preparations of these two enzymes obtained from bovine
erythrocytes and horse serum respectively, [14c]-ACh was used as the

substrate. Also, a 20,0009 supernatant from a rat brain homogenate was
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Compound ICso(umole/ml)
HC-3 0.21
1CHC 0.05
2CHC 0.006
3CHC 0.003
4CHC 0.006

TABLE 4.2: Block of acetylcholine (0.003umole/ml)
induced contractions of the frog rectus abdominis

muscle. IC represents the concentration of

50

the compound which gave a 50% inhibition of

ACh induced contraction.
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Enzyme
Compound Bovine Erythrocyte | Horse Serum¥ Rat Brain
(AChE) i (ChE) |, Homogenate| Substrate
| ;
1.9 x 10°° 1.5 x10° | 1.9 x 10:2 ACh
HC-3 7.0 x 10_¢| Ac-B-MeCh
8.3 x 10 BuCh
3.6 x 107> 3.9 x 100 | 4.7 x 10:‘51 ACh
1c-HC 9.3 % 10__3 Ac-B=MeCh
1.0 x 10 BuCh
2.5x10° [9.9x10° | 1.4 x 10°%| acn
2c-HC 3 x 1074_;| Ac-B-MeCh
4.1 x 10 BuCh
1.8 x10-3 | 9.6 x 10> | 2.3 x 10 °| ach
3c-BC 7 x 107°_,| Ac-B-MeCh
1.7 x 10 BuCh
1.9 x 10°° 5.6 x 10° | 1.9 x 10'_'3 ACh
4C-HC 1.7 x 10_, | Ac-B-MeCh
4.8 x 10 BaCh
-2 -2 -3
methyl=- 2.5 x 10 4.6 x 10 4.6 x 10_3 ACh
morpholinium 2:7 % 10_2 Ac-B~-MeCh
1.3 % 10 BuCh
1.3 x10°° 3.0 x 10°° | acn
physostigmineg 2.9 x 10_7 Ac-B-MeCh
2.7 x 10 BirCh

TABLE 4.3: 1IC values (molar) for the .inhibition of cholinesterase

50
activity by the hemicholinium compounds. Incubation mixtures contained
enzyme, [14C]-labelled substrates as indicated and a range of
concentration of each inhibitor. A Dixon plot was drawn for each

compound and the IC values are calculated from these plots, they

50
represent that concentration of inhibitor which inhibited the

hydrolysis of the various substrates by 50%.
For each plot regression lines with correlation coefficients of
0.97 to 0.999 were drawn through at lease five points. Each point

was the mean of at least three determinations *SEM of 10% or less.
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used as a source of both AChE and ChE. 1In this case, [14C]-ACh was used as
the substrate for AChE and ChE combined, [14C]-acetyl—6—methyl choline

was used as a specific substrate for AChE and [lqc]—butyrylcholine was

used as a specific substrate for ChE.

The activities of the hemicholinium compounds as anticholinesterases
were compared to physostigmine (Table 4.3). All the hemicholinium compounds
were shown to inhibit both AChE and ChE. However, they are all much weaker
than physostigmine.

BC-3 was the most potent of the compounds tested whereas the
methylmorpholinium dervative was the weakest in inhibiting AChE and
ChE. Increasing the alkyl chain (HC-3 to 4CHC) did not show any trend
in the potency of these compounds as inhibitors of AChE or ChE. The

results suggest that HC-3 may be more active against ChE than against AChE.

4.3.3. In Vitro acetylation by ChAc

‘ The rates of acetylation of the hemicholinium compeunds were
determined by incubating the compounds at 37° for 1lOmin with [14C]-AcCoA
and a partially purified extract of ChAc obtained from rat brain. The
acetylated products were routinely isolated and quantitétively assayed by
following the method described by Fonnum (1975). The rates of acetylation
of the hemicholinium compounds were compared to that of choline which is
the natural substrate for ChAc. Blank determinations were obtained by
substituting the substrate for distilled water.

The relative rates of im vitro acetylation of the hemicholinium
compounds were determined and compared to the acetylation of choline
(Fig. 4.11). 1CHC, 2CHC, 4CHC and methylmorpholinium were acetylated
at less than 5% that of choline. However, HC-3, 3CHC and HGlLS5 were all

acetylated at about 28% compared to choline 100%.

Time studies demonstrated that the rates of acetylation of HC-3
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Choline HC-3 1CHC 2CHC 3CHC 4C-HC Methyl=- HC=-15

y
.

mox¥pho=
linium

hemicholinium compounds

The rates of acetylation of choline and the

hemicholinium compounds by ChAc extracted

from rat brain. The incubation was carried

our for lOmin. at 37°C. The final substrate

concentration was 20mM. The experiments

were performed in duplicate and repeated five

times.

SEM are all less than *5%.
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Fig. 4.12:- Rate of acetylation of HC-3 by ChAc in vitro. Incubation
was at 37°. V is velocity of reaction.and t is the incubation
time. The concentration of HC-3 was 40mM(e) and 20uM(0).

The experiments were performed in duplicate and repeated
twice. *SEM were all less than 10%.
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Fig. 4.13:- Rate of acetylation of 3CHC by ChAc in vitro. Incubation

was at 37°. V is velocity of reation and t is the
incubation time. The concentration of 3CHC was 20mM(A) and
20uM(4d). The experiments were performed in duplicate and
repeated twice. *SEM were all less than 10%.
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Fig. 4.15:-

0.2 2 20 200
S (mM)

Velocity/log substrate curve of the acetylation of
HC-3 (e) and 3CHC (A) by ChAc in vitro. Incubation
was at 37° for 10 min. Experiments were performed
in duplicate and repeated twice. * SEM were all less
than 10%.
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Fig. 4.16:- Lineweaver-Burke (1934) plot of the acetylation of Hc—g
() and 3CHC(A)by ChAc in vitro. Incubation was at 37
for 1lOmin. S = concentration.of substrate and V = velocity
of reaction. The apparent K (where the concentration
of AcCoA was 18uM) were HC-3 = 1.21mM and 3CHC = 1.27mM
(Choline, not shown, had a X of 0.29mM and a V 12umole
of acetylcholine/g of proteln/l0min) Experimeggg were
performed in duplicate and repeated twice. *SEM were all
less than 10%.
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and 3CHC were linear for at least lOmin at the concentrations employed
(Figs. 4.12 and 4.13). The plots of velocity of acetylation as a function
of substrate concentration showed typical shaped curves for an enzyme-
one substrate dependent reaction (Figs. 4.14 and 4.15). At the concent-
rationsused no substrate inhibition was seen. The apparent Michaelis-
Menten constants for each substrate were derived from the plots

(Fig. 4.16) according to Lineweaver and Burke (1934). A similar

study was carried out with choline as the substrate.

ChAc is a two substrate enzyme and each substrate affects the
affinity of the enzyme for the other. However, at a constant concentration
of AcCoA, an apparent Michaelis-Menten constant can be determined. The
results indicate that choline (Km= 0.2%9mM) had a greater affinity for
Chac than the other two analogues. HC-3(1.21mM) had a slightly greater
affinity for ChAc than 3CHC (1.27mM).

Bradshaw (1976), also showed that HC-3 was acetylated by a
partially purified extract of ChAc obtained from rat brain at about 28%
compared to choline 100%. He showed that although the enzyme extract will
contain carnitineacetyltransferase (CarAc) the acetylation of HC-3 is
effected by ChAc, since NVPH (40) (a ChAc inhibitor, but not a CarAc
inhibitor) inhibited the acetylation of HC-3 by 98% compared to the
inhibition of the acetylation of choline, 96%. Bradshaw (1976), suggested
that ChAc is probably wholly responsible for the acetylation of HC-3 by
the rat brain-extract. This conclusion is supported by similar obser-
vations made by Barker and Mittag (1975). Therefore it is likely that
the acetylation of HC-3 seen in this study is due only to the action of
the ChAc enzyme in the rat brain extract. A similar situationmay exist for
the acetylation of 3CHC.

Purification of ChAc in order.to eliminate cheline is important
sinceif cholineis presentin the incubation medium the assay cannot be
quantitative since it won't be known how much of the acetylated product
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assayed is acetylated hemicholinium compound or ACh. Also, choline
the natural substrate for ChAc, if present in the medium will compete
with the hemicholinium compound for the enzyme.

It has not been possible to convert dpm of isolated acetylated
product to uymole of isclated acetylated product extracted by the method

of Fonnum (1975), since it is not known whether'HC-3 is 'mono or biace-

tylated by ChAc zn vitro.

4.3.4. In Vitro inhibition of ChAc

A partially purified extract of ChAc obtained from rat brain and
AcCoA were incubated with equimolar concentrations of choline and one of
the hemicholinium compounds, and the amount of acetylated product synthes-
ised was assayed by the method of Fonnum (1975). These incubations were
compared with control incubations containing the same concentration of
choline, but distilled water instead of the hemicholinium compound (Table
4.4). The method of isoclation of the acetylated product does not distin-
guish between ACh and any acetylated hemicholinium compound. Therefore,
since HC-3, 3CHC and HC-15 are acetylated in vitro by ChAc, as discussed
in the previous section (4.3.3.) it cannot be stated that the reduction
in acetylation in test incubations with these compounds compared to
control incubations is the true amount of inhibition since any synthesis
of the acetylated dervatives will mask the inhibition of ACh synthesis.
Therefore in the cases of HC-3, 3CHC and HC-15 the rates of inhibition
of ChAc could be more than that shown. However, it should be remembered
that in these experiments choline, the natural substrate for ChAc, is
Present in relatively hlgh concentrations and therefore will presumably
compete favourably with these hemicholinium compounds for the sites of
acetylation onthe enzyme.

The most potent ‘inhibitors of ChAc found in this study were
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Inhibitor Percent Inhibition

Water 0

HC-3 7.5
1CHC 2.5
2CHC 40.4
3CHC 18.5
4CHC 34.0
methylmorpholi nium 2.5
HC-15 ' o

TABLE 4.4: Percentage inhibition of the acetylation in vitro
of choline by ChAc extracted from rat brain. Both choline and
the hemicholinium compounds were at a concentration of 14mM.
Incubationswere carried out at 37° for 10min. Each value

is the mean of four determinations. *SEM was 1l0% or less.
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2CHC and 4CHC although HC-15, HC-3 and 3CHC could be more potent inhibitors

than is shown.

4.3.5. Determination of the structure of acetylated HC-3 as synthesised

by ChAc in vitro

Acetylated HC-3, as synthesised by ChAc im vitro, could be
in the cyclic form (45), in the open=chain seco form (14) or a mixture
of both. Also, acetylated HC-3 could either be monoacetylated or

biacetylated.

4.3.5.1 Theory of the experiment

Synthesis of cyclic acetyl-HC-3 (45), as discussed in the chemistry
section of this Chapter (Section 4.2), was not possible but it has been
presumed that the chromophore in this molecule (45) is identical to that
found in the HC-3 (4) molecule, that is the biphenyl moiety. The carbonyl
groups of the acetyl moieties are three bonds away from the biphenyl group
and they are too far away to have any effect on the chromophore as shown
(Fig. 4.17). Open=-chain Ac-seco-HC-3(14) is commercially available.

The chromophore in this molecule (14) includes the biphenyl moiety and the
two carbonyl groups as shown (Fig. 4.17). As in the cyclic acetyl-

BC-3 (45), the carbonyl groups of the acetyl moieties are too far away

to havg any effect on the chromophore. In both isomers (45, 14) the
carbonyl groups of the acetyl moieties will absorb uv light but at much
shorter wavelengths (higher energies) than those scanned in these exper-
iments.

Therefore cyclic acetyl-HC-3 (45) and open-chain Ac-seco-HC-3(14)
have different chromophores and can therefore be identified as they absorb

different wavelengths of uv light (Fig. 4.17).

When excess HC-3 was incubated 2n vitro with ChAc and excess
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[14C]—AcCoA, as previously described in the Methods (Section 3.5), then
[14C]—acetylated HC-3 was synthesised, as described in the Results
section of this chapter (Section 4.3.3). The structure of the acetylated
HC-3 should be determinable using uv spectroscopy as discussed above.
However, if the acetylated HC-3 is in the cyclic form then the chromophore
is the same as that found in the HC-3 molecule. 1In otherwords any uv abs-
orption at 258nm could be due to cyclic acetyl-HC-3 or just unreacted
HC-3. Similarly agqueous solutions of [14C]-ACCOA at pH7 absorb at around
258nm in the uv. So to avoid confusion it is necessary to isolate the
radiolabelled acetylated HC-3 from the starting materials, since the uv
absorption of HC-3 and [}4C]—AcCoA woﬁld mask the absorption of any

cyclic acetyl-HC-3. The absorption of open-chain Ac-seco-HC-3 would

also be masked since a strong absorption by unreacted substrates at

258nm in the uv would mean diluting the mixture so that the absorption
would be on the scale of the absorption record. This dilution would make
the relatively small amount of product, acetylated HC-3, undetectable in
the uv. So, again, in order to identify the structure of acetylated HC-3
it must be isolated frém the starting materials, that is HC-3, ChAc and

[mc] ~AcCoA.

4.3.5.2 Separation of open-chain Ac-seco-HC-3 from HC-3, ChAc and [l4c]—

AcCon

These control experiments were conducted using only the open-
chain Ac-seco-HC-3 since cyclic acetyl-HC-3 could not be chemically synth-
esised.

Bradshaw and Hemsworth (1976), incubated a mixture of HC-3, ChAc
and [14c]-AcCoA at 37°. Using several methods Fhey showed that this
mixture synthesised [14CJ—acetylated HC-3. When the incubated mixture

was applied to the top of an ion-exchange column (Amberlite CG-50
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[}OO—ZOOmeshﬂ) unreacted [}4C]—ACCOA could be eluted by sodium acetate (1lmM),
however, unreacted HC-3 and the product [}4q]-acetylated HC-3 were not
eluted by sodium acetate nor presumably by 1N HCl since these eluates gave
no precipitate when ammonium reineckate was added to them (ammonium
reineckate gives a pink precipitate in the presence of quaternary nitrogens).
These workers also showed that open-chain Ac-seco-HC=-3 binds to the
ion-exchange resin and is not eluted by water or 1N HC1l, but is eluted by
1N NaOH. Theydetected Ac-seco-HC-3 in the eluates by measuring the uv
absorption at 280nm only (Uvicord II spectrophotometer), Ac-seco-HC-3 has
a Amax = 278nm, and by the use of ammonium reineckate.

1IN NaOH '
On the basis of this work control experiments were conducted using
an Amberlite CG-50 (l00-200mesh) cation exchange resin supported in a
3" pasteur pipette which was plugged with glass wool. The resin was
initially equilibrated with distilled water. Fresh resin and columns
were used for each control experiment.

Open-chain Ac-seco-HC-3 in an aqueous solution was found to bind
to the resin. It was not eluted by water, neither was it eluted by 1N HCI,
but it was eluted from the resin by 1N NaOH. This result agrees with
the findings of Bradsﬂaw and Hemsworth (1976). Detection of Ac-seco-

HC~3 was effected by measuring the uv absorption between 225nm and 400nm,
(Fig. 4.18), and by use of ammonium reineckate. Maggio-Cavaliere (1976),
found that Ac-seco-HC-3 was stable in agueous solutions at 27° over a PH
range from 1 to 9. At 37° Ac-seco-HC-3 was stable for at least 12hr at PH
7.4, However, between pH 9.0 and 10.4 Ac-seco-Hc-3 was shown to be
hydrolysed to HC-3, between 27-370, although no time for the conversion was
stated, but the rate of conversion was greater at higher temperatures. 1In
the current experiments Ac-seco-HC-3 was stable in IN NaOE for at least
seven days at room temperature (about 200). After this time no HC-3

(Amax = 258nm) was detected (Fig. 4.18). 1In the following experiments
1N NaOH
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where the [14éL-acetylated HC-3 is a solution in IN NaOH, it is in this
medium for no longer than 6hr at room temperature.

HC-3 applied-in an agueous solution to the Amberlite exchange resin
was found to bind to this resin. It was not eluted with water. When
IN HCl was passed through the column the eluates gave no precipitate with
ammonium reineckate, but the uv spectrum scanned from 225nm to 400nm
showéd a dmax at 258nm. So it seems as though HC-3 was eluted from the

1IN BC1
resin by 1N HCl but at a very slow rate, such that HC-3 was at a concentr-
ation where it could be detected by uv but not by ammonium reineckate.
In further control experiments it was found that ammonium reineckate will
detect HC-3 in agueous solutions provided that the concentration is no
less than 0.5mM. When a volume of this solution equal to 1lOOnmole is added
to a concenprated ammonium reineckate solution a pink precipitate forms.
However, HC-3 is Aetectable in the uv as an aqueous solution at a concen-
tration of at least 12uM. When a volume of this solution equal to l3nmole
is added to a uv cell the solution measurably absorbs light (Amax=258nm).
Presumably Bradshaw and Hemsworth (1976) did not observe that HC-3 is eluted
by1N HCl1l as their methods of detection (ammonium reineckate and measure-
ment of absorption in the uv at 280nm only) were inadequate.

A mixture of Ac-seco-HC-3 (0.5ml, 50mM) and HC-3(0.5ml, 50mM) in
an aqﬁeous solution was applied to the top of an Amberlite ion-exchange
resin. 1N HCl was passed through the column and HC-3 was detected in the
eluates by uv spectroscopy (Amax =258nm). 1lOOmls of 1IN HCl was found
sufficient to elute all the Héfgcérom the resin (until the eluates showed
nol ). Then the column Qas eluted with 1N NaOH (20ml). Ac-seco-HC-3

max

was detected in the eluates by uv spectroscopy (A =278nm). Thus it would
1N NaOH
appear that Ac-seco-HC-3 can be separated from HC=3 using an Amberlite

ion-exchange resin.

Chac in buffer, as described in the Methods (Section 3.5.1.), didnot
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bind to the Amberlite ion-exchange resin (as it is not a cation) and it
was eluted with water. It was crudely detected in the aqueous eluates
by lightly tapping the collection tube and observing the froth, which
indicates the presence of protein.

[}4Q]—ACCOA(lml,45uM) in buffer, as described in the Methods
(Table 3.1), was applied to the ion-exchange column. It did not bind to
the resin as it was eluted with water. The [14é]-ACCOA was detected by
uv (A = 258nm) and by estimating the radiocactivity in 200ul samples of

max
the eluates. The samples were added to NE 260 fluor.

4.3.5.3 1Isolation of [}4é]-acetylated HC-3 as synthesised by ChAc in vitro

On the basis of these control experiments the following experiment
was conducted:-

10 Beckmann microfuge tubes each containing 1l00ul of HC-3 (500mM),
100ul of buffer containing 45uM of [14CJ-AcCoA and 50ul of partially
purified ChAc were incubated at 37° for lhr.

(1) At the end of the incubation 25ul was removed from one tube
and [}4é1-acety1ated HC-3 was detected by the method of Fonnum (1975) (see
Methods, Section 3.5.3). The extract gave 18,000dpm at 85% efficiency.

The remainder of the contents of this one tube and the contents of four
other tubes were added to the top of an Amberlite ion-exchange resin (CG-
50[100-200 mesﬁ]) supported in a 3" pasteur pipette. The resin had been

equilibrated with distilled water.

(2) Distilled water (20ml) was then passed through the column.
These eluates showed the presence of ChAc and also the presence of
unreacted [14é]-AcCoA which were detected as in the control experiments.

(3) When no more [}4é]—AcCoA was detected in the eluates 1N HCl
(loOml) was passed through the column. These eluates gave no precipitate

with ammonium reineckate but absorbed in the uv having a A =258nm. The
IN HC1
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amount of radiocactivity in 200ul samples of these eluates was estimated
using NE260 as the fluor andalso glass fibre papers and a toluene fluor,
but no radiocactivity was detected. It was concluded that these eluates
contained unreacted HC-3.

(4) WwWhen the HCl eluates were found to contain no HC-3, 1N NaCH
(5ml) was passed through the column. These eluates contained radiocactivity
detected as described in paragraph (3). The eluates containing radiocac-
tivity were pooled and they absorbed uv light (Fig. 4.20). It was
concluded that these eluates contain acetylated HC=-3.

(5) This method was repeated for the contents of the other 5
Beckman microfuge tubes using a fresh ion-exchange column.

This experiment was repeated using 5 Beckman microfuge tubes

each containing 250ul of reaction as described above.

4.3.5.4.Identification of [140] -acetylated HC-3 as synthesised by Chac

n vitro

The uv spectrum obtained for acetylated HC-3 in 1N NaOH as
synthesised in vitro by ChAc is shown (Fig. 4.20) and can be compared
to the spectrum of HC~3 (Fig. 4.19) and Ac-seco-HC-3(Fig. 4.18). Most
of the acetylated HC-3 appears to be in the cyclic form (Amax =258nm)

(Fig. 4.20) although the uv record seems to indicate the p%gsgggg of some

open~-chain acetylated HC-3 by a Apax at 278nm.
. IN NaOH

It is thecoretically possible to estimate whether the [;4C]-acety-
lated HC-3 is mommcetylated cr biacetylated.

In each experiment

25ul of incubation mixture yielded acetylated HC-3 approximately
equivalent to 18,000dpm
4 tubes containing 250ul should give 720,000dpm

1 tube containing 225pl should give 162,000d4pm

882,000dpm
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[14C]-AcCoA has a specific activity of 59.5uCi/umole i.e. 131x106dpm/umole.
a) If lmolecule of HC-3 combines with lmolecule of [140]-ACC0A to
give monoacelytated HC-3 then

882,0004pm = 882,000
131 x 10

umole

= 0.67 x 10-2umole of monocacetylated HC-3 M.Wt.of

‘monoacetlyated HC-3 dibromide= 616

. . 0.67 x 10—2umole = 4.13ug of monoacetylated HC-3

b) If lmolecule of HC-3 combines with 2 molecules of [}4é]ncCoA
to give biacetylated HC-3 then there would be half the number of umole

-2
of product compared toa),= 0.34 x 10 umole of biacetylated HC-3.

M.wt. of biacetylated HC-3 dibromide = 658

T o Y 10_2umole = 2.23ug of biacetylated HC-3

As 5mls of NaQH was used to elute the acetylated HC-3 from the

column, this would give 4.1lug/5mls (0.82ug/ml) for mommcetylated HC-3 and

2.2ug/5mls (0.44ug/ml) for the biacetylated HC-3

From control experiments the amount of absorption of uv at 258nm
by the [14C]acety1ated HC-3 (Fig. 4.20), isolated from 5 tubes each con-
taining 250u1 of incubation medium is equal to the absorption of HC-3 at
258nm at a concentration 6.5ug/ml. Therefore the maximum theoretically
predicted yield of 0.82ug/ml is insufficient to give the yield practically
obtained as shown by the uv absorption spectrum (Fig. 4.20). But because
of this high yield it seems more likely that the acetylated HC-3 is-

monoacetylated.

As it is likely that the acetylated HC-3 is monoacetylated it is

possible that the structure of acetylated HC-3 is as shown below (71)
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This structure would have a Amax between 258-278nm. However
&NgOH
the A of acetylated HC-3 (Fig. 4.2 are 258 and 278nm, indicating

max
%ﬁ NaOH
that the acetylated molecules are either totally in the cyclic or open-

chain forms.

Open=chain Ac=-seco-HC-3 has been shown to be stable in 1N NaOH
at room temperature for at least seven days. Therefore the absorption at
258nm is unlikely to be due to HC-3 formed as a breakdown product of any
open-chain acetylated HC-3. It is possible that a cyclic form of acet-
ylated HC-3 might be more susceptible to hydrolysis by 1N NaOH however, this
should make no difference to the uv spectrum since the chromophore is

pPresumably the same.

Ac-seco-HC-3 is not degraded by 1N HCl to HC-3 since in control
experiments it could be detected in large amounts in 1N NaOH after the
HCl had eluted all the HC-3 from the column. Similarly [14C]-acetylated
HC-3 as synthesised by ChAc was not eluted by 1INHCl. It was only eluted

when 1N NaOH was passed throughthe column showing that it had different

binding properties as compared to HC-3.
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4.3.5.5 Binding properties of HC-3 and acetylated HC-3 to the Amberlite

ion-exchange resin

Appareﬁtly open-chain Ac-seco-HC-3 has similar binding properties
with regard to the Amberlite resin as the cyclic acetyl-HC-3 synthesised
by Chac.

Amberlite CG-50 is a weakly acidic cation exchange resin and is
commeonly used for the separatioﬁ of closely similar materials. This resin
is a methacrylic acid polymer and the reacting group is analogous to acetic
acid: Rcozﬂmdere R represents the non-mobile part of the ion-exhange resin.
All chemical reactions taking place in ion excﬁ;nger are reverisble reactions.
On dissociation of the functional groups into Rcoze and He the protons are
not attached permanently to the functional group but move about freely within
the structure of the swollen grains of the resin and may be regarded as being
distributed within the free space of the resin. The protons can be exchanged
for an equivalent amount of ions of like charge. An equilibrium will be set
up between the protons in the resin and, in the experiment described here, be-
tween the quaternary nitrogens of the HC-3 and acetylated HC-3 molecules which
are applied to the resin in an aqueous solution. The position of this equili-
brium depends on the relative affinities of the ions for the resin and onthe
relative concentrations of the ions. Ions of low affinity for the resin, if
present in high enough concentration, can replace ions of higher affinity
already bound to the resin. However, the affinity (or exchange potential) of
the ions in dilute aqueous solution at room temperature depends mainly on the
size of their charge and increases with it; for ions of the same charge
the affinity is inversely proportionél to the effective ionic radius
(i.e. the radius of the hydrated ion as measured by the Debye-Hlckel ion

parameter). The effective radius of many cations is inversely proportional

* to their atomic weight. Therefore the affinity is directly proportional
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to the atomic weight.

Therefore according to these rules HC-3 and acetylated HC=-3, because
of the larger size of their charge (two quaternary nitrogens) and their
larger atomic weights, will have a greater affinity for the resin than the
Protons and HC-3 and acetylated HC-3 will therefore replace the protons
and bind to the resin. 1NHCl presumably contains protons in sufficiently
high concentration to replace HC-3 very slowly.

Acetylated HC-3 whether cyclic or open-chain, due to its greater
affinity for the resin compared to HC-3, presumably because of its larger
atomic weight is not replaced by this concentration of HCl. However, 1N
NaOH because of the high concentration of sodium ions will replace
acetylated HC-3. Under the conditions of the experiment, therefore, sodium

ions have a greater affinity for the resin compared to protons possibly due

to their larger atomic weight.

4.3.6 Transport of [3H]—choline and [14CJ-HC-3 into synaptosomes.

A crude preparation of synaptosomes from mammalian brain tissue
accumulates choline from the extracellular medium by two distinct transport
mechanisms. One has a high affinity for choline and is sodium dependent and

the other has a low affinity for choline, (Yamamura and Snyder, 1972, 1973).

4.3.6.1 Inhibition of high affinity choline transport by the hemicholinium

compounds

A crude preparation of synatposomes, isclated from rat brain, was
incubated with [3H]-choline (1uM), 0.55uCi/nmole) at 37° and 0°. Choline
transport into synaptosomes at 37° was time dependent, being linear for
7min, (Fig. 4.21). The amount of choline accumulated by synaptosomes at
37° for 7min was 4-6 times greater than that accumulated at 0° for Tmin.

Values obtained for choline transport at 37o were corrected by subtracting
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Fig. 4.21:- Velocity/time curve for the transport of [3H]-choline (1uM)
into synaptosomes at 37°. Each peint is the mean of 4
determinations. *SEM were 1l0% or less. Blank readings
(incubation at 0o for 2,5,7,10,20 and 30min) were sub-

tracted from the appropriate values.
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the values obtained from the incubation at o°.

The inhibition of the hemicholinium compounds on choline transport
was measured by adding the compounds to the buffer containing [33]-choline
(luyM) and synaptosomes and incubating at 37° for 7min. The concentration of
hemicholinium compound inhibiting the transport of choline into synaptos-
omes by 50% {Icso) (Table 4.5) was determined graphically from a Dixon
plot (1953), and one such plot is shown for 3CHC (Fig. 4.22), of the hemi-
cholinium compounds studied 3CHC was found to be the most potent inhibitor
of choline transport, being five times more potent than HC-3. 4CHC was
about four times and 2CHC about twice as potent as HC-3. However, HC=3

was about five times more potent than 1CHC and about 300 times more potent

than methylmorpholinium. The IC50 of methylmorpholinium was 30 times the

concentration of choline.

4.3.6.2 Transport of [1EF]fHC'3 into synaptosomes

Since HC-3 was acetylated im vitro by ChAc it was decided to invest-
igate as to whether it can be accumulated by synaptosomes and acetylated
in situ. [14CJ-HC-3 was prepared as described in the Chemistry section of
this chapter (Section 4.2.). [léc}-HC-B was in a solution of NaCl (1M
such that 500yl of this solution contained 1l.34nm/0.16yCi of [145]-Hc-3
and 29.25mg of NaCl. Krebs Ringer Phosphate buffer was used routinely as
the incubating medium for synaptosome experiments in this study and this
solution cont;ins 20.45mg of NaCl and about lmg of sodium as sodium
phosphate in 2mls. In order to compensate for the NaCl in the solution
containing [14C]-HC-3 which was added to the incubating medium, a modified
buffer nominally called Tris-Krebs buffer was used. Tris-Krebs buffer diff-
ered from Krebs Ringer Phosphate buffer in that it contained no sodium ions
and a reduced amount of chloride ions. Therefore the incubating medium which

was used in the experiments which determined the rate of transport of
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Inhibitor ICSONM
HC-3 0.097
1CHC 0.45
2CHC 0.048
3CHC 0.018
4CHC 0.027
methylmorpholinium 30
Ac-seco-HC-3 0.020
HC-15 6.5

TABLE 4.5: 1Inhibition of the high-affinity transport of choline into
synaptosomes. The ICSO values were determined graphically from Dixon
plots (1953). For each plot a regression line with a correlation coeff-
icient of 0.99 was drawn through at least five points. Each point was the
mean of a t least four determinations * SEM of less than 10%. The
synaptosomes were incubated with[?ﬁ]choline (luM) and inhbitor for

7min at 37°c. Incubation of the synaptosomes withF é}choline (1uM)

at 0°c for 7min gave the blank readings.
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Fig. 4,22:-
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Dixon (1953), plot of the inhibition of the high
affinity transport of choline into synaptosomes

by 3CHC. V is the % uptake of choline compared

to control (no inhibitor). Each point is the mean
of at least 4 determinations. =*SEM of 10% or less.
The correlation coefficient is 0.996. The synapt-
osomes were incubated with [3§]-choline°(luu) and
inhibitor (0.005-0.5uM) for 7min. at 37 .
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[ 14C]-HC-—3 into synaptosomes was prepared by adding 500ul of the [14CJ-

HC-3 in NaCl (1M) to the synaptdsomes which were suspended in Tris-Krebs

buffer.

4,3.6.2.1 Verification of the modified incubation medium

To ensure that this modified incubation medium was a suitable
environment in which to measure the transport of [14CJ—HC-3 into synaptos-
omes, the transport of [3H]-choline was determined in this medium.

[BH]-choline (0.5uM, 0.55uCi/nmole) was incubated in a medium con-
taining synaptosomes, NaCl (500ul of a 1M solution) and non-labelled choline
(0.5 to 99.5uM; giving final choline concentrations of 1 to 100uM) made
up to 2mls with Tris-Krebs buffer. The amount of choline accumulated by
the synaptosomes was calculated taking into consideration the specific
activity of [3H]—choline at the various concentrations used. It was exp-
ressed as ymole of choline transported into synaptosomes/g of protein/7
min . The accumulation of choline by synaptoscmes at 37° was about three
times that at 0°. Values obtained at 0° were subtracted from the values
obtained at 37°. Choline transport at 37o was shown to be linear for
7min, for the range of concentrations chosen (Fig. 4.23). A Lineweaver-
Burke plot was drawn (Fig. 4.24) and the points described a two component
transport system. The high affinity transport system had a KTH of 3.1uM
and a Vmax of.o.lﬁpmole/g of proéein/?min. These values are s;milar to
those found by Yamamura and Snyder (1972, 1973). Hence the incubating
medium used in these experiments is suitable‘for studying the transport

of HC-3 into synaptosomes.

4.3.6.2.2 Incubation of synaptosomes with [léc]—HC-B

The incubation medium contained a crude preparation of synaptosomes,

[lqc]-ﬂc-3 (0.67uM; 0.16pCi/l.34nmole.), non-labelled HC-3 (0.2yM to 200uM;
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Fig. 4.23:- Velocity/time curve for the transport of [?é]-choline into

synaptosomes. V is expressed as umole of choline transported
into synaptosomes/g of protein at 370. Experiments were perf-
ormed in duplicate and repeated three times. *SEM were

less than 10%.
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Figure 4.24:-

Double reciprocal plot of the transport of |3H'—choline
into synaptosomes. Each point is the mean of at least
4 determinations. *SEM less than 10%. is that
concentration of substrate which provides one half

the maximum velocity of uptake and was calculated for
the high affinity (H) and low affinity (L) transport
systems using Michaelis-Menten Kinetics. V is
expressed as umole of choline accumulated/g of

protein in 7min, Synaptosomes wre incubated at 37

for 7min. S i1s the concentration of choline.
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giving final concentrations of HC-3 of 0.87uM to 200.67uM) and NaCl (29.25mg)
made up to 2mls with Tris-Krebs buffer. The amount of HC-3 accumulated by
the .synaptosomes was calculated taking into consideration the specific
activity of [14C}-HC-3 at the various concentrations used. It was expre-
ssed as ymole of HC-3 transported into the synaptosomes/g of protein/7mins.
The accumulation of HC-3 by synaptosomes at 37° was about twice thatat 0°.
Values obtained at O° were subtracted from the values obtained at 37,

HC-3 transport was shown to be linear for 7min, for the range of concent=-
rations chosen (Fig. 4.25). A Lineweaver-Burke plot was drawn (Fig. 4.26)
from the results of six experiments. It was possible to draw one straight
line through all of the points with a correlation coefficient of 0.9914.
The KT of transport of HC-3 into synaptosomes was 52.2uM and the vmax was
0.224ymole/qg of protein/7min . This represents low affinity transport of
HC-3.

The effect of some metabolic inhibitorsand choline on the transport
of HC-3 is shown in Table 4.6. It can be seen that choline at 16 times the
concentration of HC-3 inhibits the transport of HC-3 by about 50% and since
HC-3 inhibits the transport of choline, as discussed in this Chapter
(Section 4.3.6.1), these results indicate that HC-3 is transported by_the
same mechanism as choline. Metabolic inhibitors, KCN and DNP inhibit the
transport of HC-3 to some extent indicating that the transport might be
an energy requiring process. Ouabain was found to be a weak inhibitor
of HC~-3 transport.

It was not possible to determine the transport of HC-3 at a reduced
sodium concertration since [14C]-HC-3 was in an environment of high sodium

levels in the form of a NaCl solution (1M)
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Fig. 4.25:= Velocity/time curve for the transport of [145]—HC-3 into

synaptosomes. V is expressed as umole of HC-3 transported
o

into synaptosomes/g of protein at 37 ., Each point is the

mean of five determinations. =*SEM of 10% or less.
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Inhibitors Inhibition

(Percent of control)

DNP 200uM - 44%
KCN l1oouM 97%
Ouabain 200uM 15%
Choline 1OOuM 53%

TABLE 4.6: Effect of some inhibitors on the transport of [140]-HC—3
into synaptosomes. Synaptosomes was incubated with [14C]-HC—3(6.4uM)
at 370 for 7min . Results are expressed as percentage inhibition of
uptake compared to control value (incubation in the absence

of inhibitor) of 0%. Values are the mean of four determinations.
*SEM were less than 10%. The experiment was replicated twice.

Blank readings (incubation at 0° for 7min . in the absence of inhibitor)

were subtracted from all values.
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4.3.6.3 1Identity of radioactive materials accumulated by synaptosomes

incubated with [140]—Hc-3

In these experiments a crude preparation of synaptosomes was
incubated with [140]—HC-3 (2.67uM) at 37° for 7min as described above.
(Section 4.3.6.2.2), additional experiments involving higher concentrations
of HC-3 were not conducted due to a shortage of [14C]HC—3. After incuba-
tioﬁ, the contents of the synaptosomes were extracted and non-labelled HC-3
was added to this extract. The compounds now present in the extract
were separated by paper electrophoresis. The band corresponding to HC-3
was visualised with iodine vapour. The iodine was then allowed to evaporate
off and the electrophoresispaper was cut into lcm strips. The strip
corresponding to the visualised HC-3 band showed a peak of radioactivity
7-8cm from the origin (Fig. 4.27). The other strips possessed less than
15% of the total radioactivity detected. Unfortunately this experiment
was only conducted twice due to a shortage of [140]-HC-3. It is tentatively
concluded that [14C]-BC-3 is not metabolised to any [14C]-product by
syanptosomes during the incubation.

4.4. DISCUSSION

4.4.1 HC-3
4.4.1.1 Structure

HC-3 was synthesised as the dichloride salt. From the spectro-
scopic data it was concluded that all of the HC-3 molecules in aqueous sol-
ution were in the cyclic-hemiacetal form (4) and non were in the open-chain
seco form (3). Therefore, the cyclic form (4), must be the more stable
tautomer. Hence HC-3 reaches the biological tissues as the cyclic form
(4) although it may subsequently open up to the open-chain seco structure

(3), on a membrane surface for example, to effect. its biochemical action(s).

The ‘results showing the stability of cyclic-HC-3 (4) in agqueous solutions

192



400

300

dpm

200

100

cms

|

I
L =
I - T b s T
< I ? & T
I I I I + <+ L T i
o 1 3 4 5 6 7 8 9 10 11 1 13
origin HC-3 anode
Fig. 4.27:- Paper electrophoresis (for 2hr). following method of

Potter and Murphy, (1967) of an extract for synaptosomes
that had been incubated with [14cC]-HC-3 (2.67uM) at

37° for 7min. For each experiment the contents of

two incubating tubes were extracted and one half of the
pooled extracts was subjected to elecrophoresis. The ex-
periment was repeated once. The position of non-labelled
HC-3 is shown on the electrophoresis paper as visualised
with iodine vapour and the bar graph above shows the
radioactivity detected (+SEM) on the corresponding

paper strips cut from the electrophoresis paper.
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at a neutral, high or low pH confirm the findings of Haarstad and Schueler
(unpublished data, cited by Di Augustine and Haarstad, 1970). These
workers. found that cyclic-HC-3 (4) was stable in an agueous solution for

at least two years.

4.4.1.2 Action at the neuromuscular junction

Preliminary pharmacological screening of HC-3 was conducted using
the rat phrenic nerve-hemidiaphragm preparation and the frog rectus
abdominis muscle. HC-3, in low doses, was shown to give a frequency
dependént, slowly developing block in the rat diaphragm preparation which
was reversible with choline. It was suggested that this block was due to
a prejunctional action of HC-3. HC-3 in high doses, was shown to give a
postjunctional block in the rat diaphragm preparation. Similarly HC-3
.gave a curare-like block on the frog rectus abdominis muscle. It can there-
fore be concluded that low doses of HC-3 give a prejunctional block at
the neuromuscular junction, whilst higher doses competitivly block the
nicotinic receptors on the muscle. Similar conclusions were made by Reit-
zel and Long (1959b) Marshall (1969) and Takagi, Kojima, Nagata and
Kuromi (1970).

4.4.1.3 Anticholinesterase activity

HC-3 was shown to possess weak anticholinesterase activity which
confirmed the findings of Long and Schueler (1954), Doﬁino, Shellenberger
and Frappier (1968), Marshall and Long (1959), Domino, Shellenberger and
Frappier (1968) and Hemsworth (197l1a). Only the findings of Hemsworth
(1971a) are specifically comparable to the results presented in this study,
with regard to the substrates used and the IC50 v&lues gquoted. This study
shows that HC-3 is 5 times more potent an inhibitor of AChE and 46 times
more potent an inhibitior of ChE than was shown by Hemsworth (197l1a). These

differences are possibly due to the different methods of assay used.
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However, as HC-3 is a weak inhibitior of AChE and ChE when compared to
physostigmine for example it is unlikely that its anticholinesterase

activity plays any significant part in its neuromuscular blocking action.

4.4.1.4 Mechanism of action of HC=3 in causing a prejunctional block

at the neuromuscular -junction

Preliminary screening therefore confirmed the pre-and postjunctional
action of HC-3 at the neuromuscular junction and its weak anticholines-
terase activity. Further study was carried out to try to f£ind the precise
site(s) of action of HC-3 which results in the prejunctional block.

A presynaptic block by a drug at a cholinergic synapse can by the result

of interference at many sites in the neuron as discussed in the Introduction
(Section 1.4). However, the specific antagonistic action of choline

against the HC-3 induced prejunctionalblocksuggests that in vivo HC-3 inhi-
bits the synthesis of ACh by interfering with the supply of choline and/or

by competitively inhibiting the reaction of choline with Chac.

4.4.1.4.1 1Inhibition of the supply of choline for ACh synthesis

Impairment of the supply of choline can result from the enhancement
of an alternative metabolic pathway at the expense of the pathwayinvolving
the synthesis of ACh. Gomez, Domino and Sellinger (1970), found that
intraventricular HC~3 reduced the synthesis of ACh but enhanced choline
conversion to éhosphorylcholine. This indicates that HC-3 diverts free
choline away from the synthesis of ACh to the synthesis of phosphorylated
choline.

Alternatively, impairment of the supply of choline can result from
an inhibition of the transport of choline from extracellular sites to the
intracellular sites of acetylation in the neuron. MacIntosh, Birks and
Sastry (1958), originally postulated this mechanism of action for HC-3.

This hypothesis is supported by many studies which have shown that HC-3 is
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a potent inhibitor of the high affinity choline transport system in syna-
ptosomes (Table 1.3). Several workers have shown that HC-3 has a greater
affinity for this transport system than choline. The present study has
confirmed the potent inhibitory action of HC-3 on the high affinity choline

transport syster in synaptosomes.

4.4.1.4.2 Inhibition of and acetylation by ChaAc in vitro

A drug can inhibit the synthesis of ACh by inhibiting Chac. This
study has indicated that HC=3 has little direct inhibitory action on ChAc
and this finding agrees with the findings of previous workers (Bhatangar,
Lam and McColl, 1965; Hemsworth, 197la;Domino, Mohrman, Wilson and Haarstad,
1973 and Hemsworth and Cholakis, 1978). However, HC-3 is a choline analogue
and it has been shown that it can act as a substrate for ChAc in vitro
(Table 1.2), and thereby compete with choline for the acetylating enzyme.
The present study showed that in the absence of choline HC-3 was acetylated
by about 28% compared to choline. This confirms the findings of Rodriguez
de LoresArnaiz, Zieher and De Robertis (1970), who showed that HC-3 was
acetylated by about 20%, Hemsworth (197la)who showed that HC-3 was acetylated
by about 30% and Bradshaw and Hemsworth (1975) who shoﬁed that HC-3 was
acetylated by about 27%, by ChAc in vitro compared to choline 100%. In the
present study the K_ of HC-3 for ChAc in vitro was four times the Ko
of choline. However, Barker and Mittag (1975), and Mann and Hebb (1975),
presented results showing that the Km of HC-3 for ChAc in vitro was ten
times the Km of choline. This difference is possibly due to the different
methods of assay used. The acetylation of HC-3 by in vitro ChAc is intere-
sting from the point of view of structure/activity relationships. Further
study has shown that most of the acetylated HC-3 as synthesised by ChAc
in vitro is in the cyclic form. Hence, ChAc can presumably align with the
"hydroxyl choline moiety" which is fixed in the morpholine ring of HC-3

as indicated in Fig. 4.1. The "hydroxyl choline moiety" is a B-substituted
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choline analogue. Hemsworth and Smith (197(), showed that a D-B-Substitu-
ted analogue of choline was acetylated in vitro by ChAc to a small extent,
that is 8% compared to choline 1l00%. It seems that the cyclic form of the
D-R-substituted choline moiety, as found in the HC-3 molecule, confers
some favourabk ridigitysince HC-3 is acetylated in vitro by ChAc by 28%.
Since acetylated HC-3, synthesised in vitro by ChAc was found to be mostly
in the cyclic form, this suggests that it is the cyclic form of HC-3

which is the biochemically active structure.

4.4.1.4.3 False transmitter hypothesis

4.4.1.4.3.1 mTransport of HC=-3 into cholinergic neurons

The acetylation of HC-3 in vitro by ChAc suggests that HC-3 could
be acetylated by ChAc Zn vivo, and that the acetylated product could be
released as a false transmitter. However, in order for HC-3 to be acetyla-
ted 7n vivo it must like choline be transported into the nerve terminal
to the intracellular sites of acetylation.

Collier (1973), showed that the cat superior cervical ganglia accu-
mulated [14C]-HC—3, but there was no clear difference between the amount
of HC-3 accumulated by stimulated and non-stimulated ganglia, whereas choline
transportwas enhanced by stimulation. Collier (1973) incubated [140]-
HC-3 (15puM) with a crude preparation of synaptosomes, derived from mouse
brain, at 37° for 30min . Little [14C]-HC-3 was accumulated by the syna-
ptosomes, infact the accumulation of choline was found to be ten times
greater than the accumulation of HC=3, when choline was incubated with the
synaptosomes at half the concentration of HC-3. Choline (350uM) was not
found to block the accumulation of HC-3.

However, it must be noted that in Collier's experiments some
HC-3, allbeit a small amount compared to choline, was transported into the

cholinergic ganglia and synaptosomes. HC-3 is a bis-quaternary compound

197



and this charged molecule would not be expected to pass across the nerve
membrane by simple diffusion. Therefore any membrane transport of HC-3
is most likely to be due to some kind of mediated diffusion perhaps
similar to the transport mechanism of choline.

In contrast to the work of Collier (1973), the present study
investigated the transport of HC-3 into synaptosomes at initial rates and
using a range of concentrations of HC=-3, so that the KT and vmax vatues
could be calculated. HC-3 was shown to be transported into synaptosomes
by a low affinity process. & high concentration of choline (100uM) was found
to inhibit the transport of HC-3 by about 50% and this result disagrees
with the findings of Collier (1973). The inhibitory effect of choline
suggests that HC-3 is transported by the choline transport system. The
vmax for the transport of HC-3 was 59% that of the low affinity transport
of choline into synaptosomes and the affinity of HC-3 for the low affinity
transport mechanism was approximately 1.5 times less than that of choline.
KCN and DNP significantly inhibited the transport of HC-3 indicating that
HC-3 is transported by some energy requiring process.

Sellinger, Domino , Haarstad and Mohrman, (1969), and Slater

and Stonier (1973), also presented work which suggested that HC-3 could be

transported into cholinergic neurons.

4.4.1.4.3.2 Acetylation of HC-3 in cholinergic neurons

As it has been shown that HC=3 can be accumulated by nerve ending
particles, it is consequently possible that HC-3 could be amtylated in vivo
by ChAc. However, in the two experiments conducted‘in this study there
was no evidence of any acetylation of HC-3 by synaptosomes, that is in
situ. This suggests that HC-3 does not cause a presynaptic block at
cholinergic neurons by directly competing with choline for ChAc and thereby

inhibiting the synthesis of ACh in vivo. The lack of acetylation of HC-3

in synaptosomes also suggests that the presynaptic block is not due to the
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release of an acetylated false transmitter. This conclusion agrees with
the work of Collier (1973), who did not observe any increase in the efflux
of radicactivity on electrical stimulation of ganglia which had been pre-
loaded with [i4c]-HC-3. Collier concluded that HC-3 appeared not to act
as, or to form, a false cholinergic transmitter.

It has been suggested that the high affinity transport system for
choline is coupled to the acetylation process in cholinergic neurons
(for a review see Haubrich and Chippendale, 1977). If this is the case,
and as HC-3 is transported into synaptosomes by a low affinity process only,
then this could explain why no acetylated HC-3 was detected in the present

experiments.

4.4.1.5 Summary of results

In summary, therefore, HC-3 has a postjunctional curare-like block
on the frog rectus abdominus muscle, weak anticholinesterase activity,
a prejunctional block in the rat phrenic nerve-~hemidiaphragm preparation,
is acetylated in vitro by ChAc to predominately the cyclic form of acety-
lated HC-3, does not inhibit ChAc in vitro, inhibits the high affinity
transport of choline into synaptosomes and is itself accumulated by
synaptosomes. There is no evidence for the in sttu acetylation of HC-3.
The results indicate that the prejunctional block of HC-3 is due to the

inhibition of the transport of choline into the cholinergic neuron.

4.4.2 Some diphenylalkane analogues of HC-3 and a methyl analogue of HC-15

4,4.2.1 Structure

1CHC, 2CHC, 3CHC and 4CHC were all synthesised as dichloride salts.
From the spectroscopic data it was concluded that all of the molecules in
aqueous solutions were in the cyclic hemiacetal form (7, 46-48). Therefore
these analogues are similar to HC-3 in that the cyclic hemiécetal form is

the most stable tautomer. Similarly methylmorpholinium, as a solid,
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appears to be in the cyclic form (49). It was not possible to determine
the precise structure of this compound in agueous solutions as it does not

absorb in the uv.

4.4,2.2.Action at the neuromuscular junction

Preliminary pharmacological screening of the hemicholinium analogues
using the rat phrenic nerve-diaphragm preparation showed that at low doses
like HC-3, these compounds caused a frequency dependent slowly developing
block in the rat diaphragm preparation which was reversible with choline.

It was concluded that this block was due to a prejunctional action of

the analogues. 1In larger doses, 1CHC, 2CHC, 3CHC and 4CHC caused a post-
junctiocnal block on the rat diaphragm preparation. No such postjunctional
block was seen with methylmorpholinium, up to a dose of lOumole/ml.
Similarly 1CHC, 2CHC, 3CHC and 4CHC caused a curare -like block on the frog
rectus abdominis muscle. It can therefore be concludéd that iower doses
of the hemicholinium analogues gave a prejunctional block whilst with the
exception of methylmorpho}iniun1higher doses competitively blocked the
nicotinic receptors on the muscle. Hence, 1CHC, 2CHC, 3CHC and 4CHC are
simil;r to HC-3 in that they gave both a pre- and postjunctional block,

at the neuromuscular junction. 1CHC, 2CHC, 3CHC and 4CHC were all more pot=-

ent than HC-3 in their prejunctional blocking action, methylmorpholinium,

however; was less potent.

4.4.2.3.Anticholinesterase activity

The hemicholinium analogues, like HC-3, possessed weak anticholines-
terase activity. It is unlikely that this weak activity plays any sign-

ificant part in their neuromuscular blocking action.
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4.4.2.4 Mechanism of action of the analogues in causing a prejunctional block

at the neuromuscular junction

Pretiminary screening has suggested that the analogues have a pre-
junctional blocking action at the neuromuscular junction. Further study
was carried out to try to determine more about the mechanism of action of
the hemicholinium analogues which results in the prejunctional block. As
with BC-3, it was thought that the specific antagonistic action of choline
against the prejunctional block induced by the analogues suggested that
the analogues inhibit the synthesis of ACh by interfering with the supply

of choline and/or by competitively inhibiting the reaction of choline with

ChAc.

4.4.2.4.1 Inhibition of the supply of choline for ACh synthesis

Impairment of the supply of choline can result from the enhancement
of an alternative metabolic pathway, for examplephosochorylation, at the
expense of the pathway involving the synthesis of ACh. However,
no work, in this study or in the literature, has investigated this poss-
ibility for the hemicholinium analogues studied in this thesis.

Alternatively, impairment of the supply of choline can also result
from an inhibition of the transport of choline from extracellular sites to
the intracellular sites of acetylation in the neuron. MacIntosh, Birks and
Sastry (1958),postulated this mechanism of action for Hq—3 and experiments
in this study suggest this is a possible mechanism of action for the
hemicheolinium analgoues since they are all inhibitors of the high affinity
transport.of choline into synaptosomes. It is interesting to observe
that Holden, Rossier, Beaujouan, Guvenet and Glowinski (1975), reported
two series of bis-quaternary compounds and showed that as the interatomic
distance between the two quaternary nitrogens increased, so the potency

of inhibition of the high affinity transport of choline into synaptosomes
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increased (Table 1.3). No such trend was shown by the bis-quaternary HC-3
analogues studied in this thesis. Methlmorpholinium was a weak inhibitor
of choline transport compared to HC-15. This suggests that the phenyl~-

group in the HC-15 molecule plays a role in this type of inhibition.

4.4.2.4.2 1Inhibition of and acetylation by Chac Zn vitro

A drug can inhbit the synthesis of ACh by inhibiting CchAc. This
study has indicated that HC-3 has little direct inhibitory action on Chac
and 1CHC, 3CHC and methylmorpholinium also seem to have little inhibitory
activity. But 2CHC and 4CHC appear to significantly inhibit the synthesis
of AcCh.

The analogues possess four choline moieties, and 3CHC, like HC=3
was acetylated by ChAc in vitro by about 28% compared to choline 100%,
whereas the other hemicholinium analogues were acetylated by less than
5%. The structure of acetylated 3CHC has not been investigated but it is
probably similar to the structure of acetylated HC-3. It was proposed,
in the case of HC-3 that the ChAc enzyme aligns with the "hydroxyl choline
moiety" (Fig. 4.l1.). However, all of the hemicholinium analogues studied
have this "hydroxyl choline meiety" but they are all not acetylated.

This suggests that in these analogues, the interatomic distance between the
two phenyl groups in the molecules of the analogues is important for ace-
tylation. This indicates that both halves of the HC-3 molecule are bound
to the Chac enéyme. There was no evidence of in vitro acetylation of
methylmorpholinium by ChAc, however, HC-1l5 is acetylated and this suggests
that a phenyl group attached to the morpholine ring is important for the

acetylation of the cyclic choline moiety found in the ring.

4.4.2.4.3 1Inhibition of and acetylation by ChAc in vivo

The acetylation of 3CHC <Zn vitro by ChAc suggests that this

analogue could be acetylated by ChAc in vivo. This could cause a presynaptic
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block in two ways. Firstly by competing with choline for ChAc and thus
inihibiting the synthesis of ACh and secondly by the release of an acetylated
false transmitter. However, 3CHC must be transported into cholinergic neurons
for these two mechanisms of action to occur and this has not been investigated.
2CHC and 4CHC directly inhibit ChAc tnvitro and in this way they
could inhibit the synthesis of ACh Zn vivo. However, they must be trans-
ported into cholinergic neurons for this to occur and again this has not
been shown.
The lack of in vitro acetylation of 1CHC, 2CHC, 4CHC and methyl-
morpholinium does not rule out the possibility that these analogues cannot
be acetylated in vivo provided they can be transported into the neuron.
Since (ollier, Lovat, Ilson, Barker and Mittag (1977), found that homo-
choline was acetylated im vitro by ChAc by less than 5% compared to choline
100% but was acetylated at much higher rate in situ, to form a false
cholinergic transmitter. Similarly it is possible for these hemicholinium
analogues to be acetylated imn vZv0 and then released as false transmitters.

Obviously further experimentation is required.

4.4.2.5 Structure/activity relationships

Bondlengths and bond angles have been taken from Tables of inter-
atomic distances and configuration in molecules and ions (Ed. by Sutton,
Jenkin, Mitchell and Cross, 1958). 1In the case of morpholinium ring in the
hemicholinium molecules the bond lengths and angles have been taken from
Scheidt, Hanson and Rasmussen (1969), and Bosch and Van Bodegom (1977). All
of the bond lengths and angles have been calculated from crystal structures.

The interatomic distance between the two quaternary nitrogens in
the HC-3 molecule has been calculated to be approximately 148 (Fig. 4.28),
this agrees with the calculations originally made by Long and Schueler

(1954) . Since rotation can occur around the 'C' bend it is possible to obtain
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Fig. 4.28:- HC-3
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minimum internitrogen distance = 11.08

(1)
intermediate internitrogegmdistance = 12.93

(i)

= 14.4%

(iii) maximum internitrogen distance
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Fig. 4.29:- = 1CHC
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a= 1.397; ¢ = 1.42; d = 2.00; e

(a) Unstable conformation: minimum internitrogen distance

Unlikely conformation due
to closeness of phenyl
group (steric and electronic

effects) distance = 3.63
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‘(b) Stable conformation:

(1) minimum interxrnitrogen distance = 16.18%
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Fig. 4.30: 2CEC
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a=1.397; c=1.42; d=2.00; e=1.54; g=1.44%
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Fig. 4.31:- 3CHC (continued overleaf)
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(b) Most stable conformation

maximum internitrogen distance = 16. of
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steric hindrance

(ii) minimum internitrogen
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(iii) intermediate internitrogen distance = 15.2%

’#

Ne——

Fig. 4.31:- 3CHC (continued from previous page)
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a=1.397; c=1.52; d=2.00; e=1.54; g=1.44%

C ¢/ d
q
N
+
(a) maximum internitrogen distance = 19.08
Ne _
~
~
~
~
<
~
~
~
B
Ty,
~
\
~

(b) minimum internitrogen distance of this particular conformer = 18.4%

Fig. 4.32:- 4CHC
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Fig. 4.33:- Bisquaternary analogues studied by Hemsworth (1971b,
1976) and Sollenberg Stensi8 and S¥rbo (1979).
Bending of bonds will allow both N of each molecule to
be parallel to the enzyme surface.
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a minimum internitrogen distance of 14.132 and a maximum of 14.43.

The insertion of a methylene group between the two phenyl rings
in the HC-3 molecule to give the analogue 1CHC reduced the minimum
internitrogen distance to 112 (Fig. 4.29). Again, rotation around the
'C' band can occur giving a maximum internitrogen distance of 14.48.

The insertion of two methylene groups between the two phenyl
rings in the HC-3 molecule gave the analogue 2CHC. One conformation of
this molecule is shown in Fig. 4.30a, and it can be seen that the phenyl
rings lie close to each other. Therefore it is likely that steric and
electronic effects will make this an unstable conformation. The conform-
ation shown in Fig. 4.30b, however, is more stable. Rotation about the
'C' bond in this isomer gives a minimum internitrogen distance of lB.lg,

a maximum of 16.72.

The 3CHC molecule can exist in the conformation shown in Fig. 4.3la,
however, due to steric hindrance and electronic repulsion this is a very
unstable conformation. The most stable structure is shown in Fig. 4.31b,
again rotation about the 'C' band gives a maximum internitrogen distance
of 16.98 and a minimum of 13.4K.

The most stable conformation of the 4CHC molecule is shown in
Fig. 4.32. Rotation about the 'C' bond gives a maximum internitrogen
distance of 19.0% and a minimum of 18.4%.

Both HC-3 and 3CHC are acetylated in vitro by ChAc by 28% compared
to choline 100% wﬁile other analogues 1CHC, 2CHC and 4CHC are acetylated
by less than 5%. This and other studies (Hemsworth 1971b, 1976 Scllenberg,
Stensi® and S®rbo 1979) suggest that the internitrogen distance is an import-
ant factor in determining whether or not bis-quaternary nitrogen choline
analogues are acetylated in vitro by ChAc. HC-3 and 3CHC have a similar
interatomic distance between the quaternary nitrogens in their moleculer

structures. HC-3 possess a minimum internitrogen distance 14.138
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(Fig. 4.28B), and 3CHC a minimum internitrogen distance of 13.43, (Fig.
4.31b) a difference of 0.7&. Bearing in mind the approximations made

in calculating the interatomic distances and the bending of bonds that
occurs in solutions it seems possible for these two structures to occupy
the same sites on the enzyme. Both guaternary nitrogens in either molecule
presumably bind to anionic sites approximately 14R apart.

1CHC has a conformation in which the internitrogen distance is sim-
ilar to that of HC-3, this is 14.4% (Fig. 4.29(iii)), but this conformation
is unlikely to allow both quaternary nitrogen atoms to combine with
anionic sites on the same planar surface of the enzyme ChAc, since the
bulky phenyl groups will sterically hinder the attachment as shown
(Fig. 4.29(iii)). This is presumably why 1CHC is not acetylated.

Due to rotation of groups around simple bonds an infinite
number of intermediate conformations is possible between those giving
maximum and minimum internitrogen distances, in each of the hemicholinium
compounds. It is in agreement with the results to conclud; that the two
guaternary nitrogen atoms both have to be in the same plane as all the other
atoms in the molecule for acetylation to occur, for example 1CHC is not
acetylated by ChAc despite there being conformations where the internitrogen
distance is approximately 14% apart since these conformations do not have
the nitrogen atoms in the same plane (the exception to this has been
discussed, see above).

Hemsworth, (1971b, 1976), studied a series of dicholine compoﬁnds
(discussed in the Introduction 1.2.9), while Sollenberg, Stensi® and Sbrbo
(1979) studied a series of bis—gquaternary nitrogen pyridinium choline
analogues. Both groups of workers concluded that increasing the inter-
nitrogen distance in these analogues improved the compounds as substrates
for chac in vitro. Analogues having an N-N interatomic distance 8.7 to
13.6% (Fig. 4.33) had high rates of acetylation (Table 1.2). The later

interatomic distance gave substrates which had optimal rates of acetylation.
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The hemicholinium compounds studied seem to require a more precise inter-
nitrogen distance but again about 142 is the optimum distance.

These results indicate that the bis=-quaternary nitrogen choline
analogues bind to anionic sites on the ChAc enzyme which are about 148
apart. Very little is known about the active sites of ChAc but each site
is usually located on enzymes in a cleft the depth of which appears to
vary, depending upon the enzyme. However, if both quaternary nitrogen
compounds combine with active sites this would mean that the active sites
are very close to each other on the enzyme. This is unlikely since
active sites would be expected to be as far away from each otheras possible
so that the substrates will have easy access to them, without any steric
interference. Sollenberg, Stensid and S¥érbo (1979), concluded from their
studies that one quaternary nitrogen of the bis-quaternary choline analogues
binds to the active site, while the other binds to some other anionic
group located outside the active site of the enzyme. Such a site could
be an acidic amino acid group. This suggestion for the binding of
bis-quaternary nitrogen choline analogues is supported by the tentative
conclusion made earlier (Section 4.3.5) that the acetylated form of HC-3 as
synthesised in vZitro by ChAc is a monacetylated derivative.

The various potencies of the hemicholinium analogues in causing
a pre- and postjunctional block and in inhibiting the high affinity choline
transport system of synaptosomes cannot b; explained in terms of the
internitrogen distances. Only the ability of CHAc to acetylate, in vitro,

the hemicholinium analogues can be rationalised in this way.

4.4.2.6. Summary of results

In general the hemicholinium analogues were each shown to possess
a prejunctional blocking action at the neuromuscular junction, a weak anti=-

cholinesterase activity, an inhibitory action on the high affinity choline
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transport mechanism of synaptosomes and a variety of actions on ChAc.

only 3CHC was acetylated Zm vitro by this enzyme.
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5. RESULTS CHAPTER II:- SOME LONG-CHAIN CHOLINE ANALOGUES

5.1 * INTRODUCTION

5al.l Historical Introduction

Bowman and Rand, (1962), investigated the neuromuscular blocking
properties of choline (1), a three carbon analogue of choline that is
3C-choline (homocholine; 3-trimethylamino-l-propanol; 3-hydroxy-N,N,N-
trimethylpropaninium, 29) and a four carbon analogue of choline that is
4C-choline (4-trimethylamino-l-butanol; 4-hydroxy-N,N,N-trimethyl-
butanaminium, 72). Theydemonstrated that these three compounds gave a

depolarising block at the neuromuscular junction.

+
BH3—-—N——- ( GI-I2 ln——UH

2;choline (1)

3; 3C-choline, homocholine (29)
4;4C-choline (72)

5;5C-choline (73)

= = B~ B« B
nnan

CHa

Several groups of workers have shown that both 3C=-choline and
4C-choline are acetylated by ChAc Zn vitroby anegligible amount, that is
by less than 5% compared to choline 100% (Tqble l.2). However, one study
by Burgen, Burke and Desbarats-Schonbaum, (1956), showed that 4C-choline
was acetylated by 29%.

No further work has been carried out with 4C-choline. However,
especially since the start of the present study, the presynaptic actions of
3C=-choline have been extensively investigated.

Simon, Mittag and Kuhar,'(1975), and Collier, Lovat, Ilson, Barker
and Mittag, (1977), showed that 3C-choline inhibited the high affinity
transport of choline into synaptosomes (Table 1.3). Collier, Lovat,

Ilson, Barker and Mittag, (1977), found that [BH]—3C-choline was itself
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transported into synaptosomes by a high and low affinity system and that
64% of the 3C-choline accumulated by the high affinity transport system
was acetylated. Collier and Ilson, (1977), showed that the cat superior
cervical ganglia also accumulated [3H]-3C—choline and that electrical
stimulation of the ganglia increased the accumulation. Collier, Lovat,
Ilson, Barker and Mittag, (1977), showed that in the absence of physosti-
gmine 7.1% of the 3C-choline accumulated by the ganglia was acetylated
whereas in the presence of phsysostigmine 52% of the 3C-choline accumulated
was acetylated. This difference could be due to the inhibitory effect of
physostigmine on the hydroylsis of released ACh. In the absence of
physostigmine, choline, so formed, is probably recaptured for ACh synthesis
(Collier and Katz, 1974), and it will presumably compete with 3C~choline
for uptake and acetylation in ganglia. Collier, Lovat, Ilson, Barker and
Mittag, (1977), showed that after preloading the ganglia with 3C-choline,
acetyl-3C-choline was feleased from the ganglia on electrical stimulation

as a false cholinergic transmitter.

5.1.2. Long-chain choline analogues investigated and aims of study

The present study synthesised choline (1), 3C-choline (29), 4C-
choline (72) and a new analogue 5C-choline (73). An investigation was
conducted into their action at cholinergic synapses and in particular
at the neuromgscular junction. Therefore this study investigated the

compounds with regard to their:-

(a) prejunctional and postjunctional activity at the neuromuscular
junction.

(b) action on cholinesterase enzymes in vitro.

(c) action on ChAc in vitro.

(a) action op the transport of choline into synaptosomes.

In each case the activities of the analogues were compared to
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that of the parent compound, choline, in an attempt to investigate the
effeci.: of the insertion of methylene groups between the quaternary

nitrogen and the hydroxyl group.

5.2, CHEMISTRY

5.2.1. Synthesis of choline and 3C-choline

Choline (1) and 3C-choline (29) were synthesised by quaternising
the tertiary amine analogues with methyliodide (Menschutkin Reaction)
(Fig. 5.1.a). Themethyliodide undergoes nucleophilic substitution by

the tertiarv.amine.

5.2.2. Synthesis of 4C-choline

4C=-choline (72), was synthesised by reacting trimethylethano-

lamine with 4-iodo- butan=-l-olwhich undergoes nucleophilic substitution

(Fig. 5.1.b).

5.2.3. Synthesis of 5C-choline

5C-choline (73), was prepared by reacting methyliodide with the
primary amine 5-aminopenta n-l1=0l (the required tertiary amine was not
commercially available). The methyliodide undergoes nucleophilic
substitution. The reaction yields a mixture of primary, secondary.
tertiary and quaternary amines (Fig. 5.1.C). To obtain the pure quaternary
amine the mixture was made alkaline aﬁd the solution was boiled to
dryness. The primary, secondary and tertiary amines are all volatile
in alkaline solution and in this way they were removed from the mixture.

The quaternary amine (73), was then extracted from the residue with

chloroform.
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(a) CHB [-T.H3

l ®
CHyl + N-(CHo)-0H —— CHEN-(CH, J- OH

lfH3 CH3

n = 2; choline (1)
n = 3; 3C-choline (29)

(b)

Ch o 3 -
g + 1-(CH,iOH—sCHEN-{CH, ) OH |
CH, CH,

4C=choline (72)

()

H
|

CHy
13
C HsN-{CH,)0H
CH
el PHIOH |
CHINALGE

at

3

5C-choline (73)

Fig. 5.1:- Synthesis of choline, 3C-choline, 4C-choline and 5C-choline
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5.2.4. Experimental

5.2.4.1.2-hydroxy-N,N,N-trimethyl-ethanaminium iodide,([2-hydroxyethy1]-

trimethylammonium icdide, choline as an iodide salt).

2-hydroxy-N,N-dimethyl-ethanaminium (§J§fdimethy1-2.‘aminOEEthan°1
ol) (5.3g,0.06mole) was dissolved in a sufficient quantity of 95%
ethanol (20ml) and the solution coocled. Methyliodide (17.0g,0.12mole) was
added dropwise. The product was recrystallised from 95% ethanol to give
colourless needles of 2-hydroxy-N,N,N-trimethyl-ethanaminium iodide(choline
iodide) (1) (11.8g.86%)mp 264-2664 vmax(nujol),3,400(OH),2900,1470,
1380,1280-1200,1140,1080, 1060, 1020, 980, 900, 860cm —.
Anal: (C_H. ,INO) regquires;C,25.97;H,6.06;I,54.98;N,6.06%found;C,26. 32;

5714
H,5.94;1,54.81;N,6.04%..

5.2.4.2.3-hydroxy-N,N,N-trimethyl-propanaminium iodide (3-trimethylamino-

l-propanol iodide;homocholine as an iodide salt;3C=-choline)

Using the method described above,3-hydroxy-N,N-dimethylpropan=-
aminium(3-dimethylamino-l-propanol) (6.18g;0.06mole) gave colourless
needles of 3-hydroxy-N,N,N-trimethyl-propanaminium iodide (3C-choline;

- homocholine iodide) (29) {12.5g,85%)mpl79—181?vmax(nujol)3450(0H),2900.
1470,1380,1220,1280,1140.1070.960,940,920,900,800,720cm-1.

Anal: (C INO) require;C,29.39;H,6.53;1,51.84;N,5.71%found;C,29.68;

6°16
H,6.64;I,51.63;N,5.51%..

5.2.4.3.4-hydroxy-N,N,N-trimethyl-butanaminium jodide (4-trimethylamino-l-

butanol iodide;4C-choline)

Trimethylamine (5.9g,0.lmole) was dissolved in a sufficient quantity
of ethanol (20mls) and 4-iodobutan-1-ol(12g,0.06mole) added. The solution
was heated gently under reflux with stirring for lhr. The solvent was

then evaporated off under reduced pressure and the product recrystallised
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from ethanol to give colourless needles of 4-hydroxy-N,N,N-trimethyl-

butanaminium iodide (4C-choline) (72) (9.Bg,63%)mp249-250?vmax{nujo1)

3400 (OH) , 2900, 1480, 1380, 1260, 1200, 1080, 1060, 920, 760cm .

Anal: (C7H181N0) requires; C,32.43;H,6.95;I,49.03;N;5.41%found;C;

32.23;H,6.73;1,49.15;N,5.63%, .

5.2.4.45-hydroxy=N,N,N-trimethyl-pentanaminium iodide (5-trimethylamino-

l-pentanol;5C-choline)

S-hydroxypentamine (5-amino-l-pentanol) (5g,0.05mole) was dissolved
in ethanol (20mls) and methyliodide (28.4g,0.2mole ) was then added. The
solution was heated gently with stirring under reflux for 2hr. Aan
agueous solution of potassium hydroxide was then added until the solution
was just alkald¢ne to litmus. This mixture was evaporated down to dampness
and dried in a vacuum oven at 40°. sufficient water was then added
to dissolve the residue and this solution was continuously extractéd with
chloroform. The chloroform was evaporated off leaving a yellow liquid.
This product was dried and then recrystallised from ethanol to give colour-
less needle shuped crystals of 5-hydroxy-N,N,N-trimethyl-pentaminium
iodide(sc—choline)(73)mp127—128?vmax(nujol)3,400(0H),2,900,1480,1400,1280;
1260,1220,1080, 1020, 780cm *.

Anal: (CaﬁzoINO)requires:C, 35.16;H,7.33;1,46.52;N,5.13%found;C, 35.48;

H'7112:If46|43:Nl5.ll%'
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5.3. PHARMACOLOGY

5.3.1. Neuromuscular blocking action

The actions of the long-chain choline analogues were observed on
the rat hemidiaphragm and the frog rectus abdominis muscle to determine the

extent of pre- and postjunctional block at the. neuromuscular junction.

5.3.1.1 Rat phrenic nerve-hemidiaphragm

3C-choline and 5C-choline, in low doses, were found to cause a
slowly developing block of the rapidly stimulated muscle (lHz) but had no
effect on the more slowly stimulated muscle (0.l1Hz). The addition of
choline to the incubating medium did not reverse the block, but on washing
the drug out of the bath, the muscle contractions of the rapidly stimulated
muscle returned to the control height of contraction. These results suggest
that 3C-choline and 5C-choline gave a prejunctional block in low doses
(Table 5.1). Neither choline nor 4C-choline showed this prejunctional
blocking action, but they did cause a postjunctional block as indicated
by a block of both the slow and rapidly stimulated muscles. Similarly
3c-choline and 5C-choline at higher doses than those giving the prejunctional
block, elicited a postjunctional block. 3C-choline, 4C-choline and 5C-chol-
ine were all about one and a half times more potent than choline in

causing a postjunctional block.

5.3.1.2 Frog rectus abdominis muscle

All of the long-chain choline analogues elicit contractions of the
frog rectus abdominis muscle, (Table 5.2). The two most potent compounds
in this respect were 3C-choline and 5C=-choline which were approximately
6 times more potent than choline. These results suggest that the long-
chain choline analogues have a depolarising action at the neuromuscular

junction.

222

v



Compound gggggg?ve dose giving a ggggg@lve dose giving a
prejunctional block postjunctional block
pymole/ml ymole/ml
tholine No prejunctional block 0.61
3C-choline 0.08 0.41
4C~choline No prejunctional block ' 0.39
5C-choline 0.1l 0.37

TABLE 5.1:- Effect of the long-chain choline analogues on nerve trans-
mission in the rat phrenic-nerve hemidiaphragm preparation.
In either case the reversal of the prejunctional block by
choline could not be shoﬁn. Each experiment was repeated

twice. S.E.M. were * 10% or less.
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Compound Equipotent molar ratio
azetylcholine 1
choline 779
3C-choline b 10 &
4C=-choline 1264
5C-choline 133

TABLE 5.2:- Equipotent molar ratios of the long-chain choline analogues
relative to ACh in producing a contracture of ‘the frog
rectus-abdominis muscle. Each experiment was repeated

twice. S.E.M. were % 10% or less.
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Compound Enzyme Substrate

Rat Brain Homogenate

choline 2.0 x 10 ACh
3C-choline 5.6 x 10—2 ACh
4c-choline 1.1 x 1072 ACh
2 ACh

5C-choline 4.5 x 10

2

TABLE 5.3:-

IC50 (Molar) values for the inhibition of cholinesterase
activity by the long=-chain choline analogues. Incubation
mixtures contained enzyme, [140]-ACh and a range of concen-
trations of each inhibitor. A Dixon plot was drawn for each

compound and the IC__ values are calculated from these plots,

50
they represent that concentration of inhibitor which inhibited
the hydrolysis of ACh by 50%. For each plot regression

lines with correlation coefficients of 0.997-0.999 were drawn
through at least five points. Each point was the mean of at

least three determinations #*SEM of 10% or less.
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5.3.2. Anticholinesterase activity

The effect of the long-chain choline analogues on cholinesterase
activity was determined by including the analogues in incubation mixtures
containing enzyme (a 20,0007 supernatant from rat brain homogenate containing
both AChE and ChE), buffer and radioactive substrate {[14C]—Ach) as described
in the Methods (Section 3.4). The degree of hydrolysis of the substrate
was then compared with that obtained in controls containing distilled
water in place of the compound.

All the long-chain choline analogues were shown to possess weak
anticholinesterase activity (Table 5.3), and for this reason further

experiments with purified enzymes were not conducted.

5.3.3 In Vitro acetylation by ChAc

The rates of acetylation of the long-chain choline analogues were
determined by incubating the compounds at 37° for lOmin. with [14C]—ACCOA
and a partially purified extract of ChAc obtained from rat brain. The
acetylated products were routinely isolated and quantitatively assayed by
following the method of Fonnum (1975). The rates of acetylation of the
long-chain choline analogues were compared to that of choline which is
the natural substrate for ChAc. Blank determinations were obtained by
substituting the substrate for distilled water.

The relative rates of in vitro acetylation of the long-chain choline
analogues were.determined and compared to the acetylation of choline.

(Fig. 5.2), 3C-choline, 4C-choline and 5C-choline were acetylated at rates
of less than 5% that of choline. Because of these very low rates no fur-

ther studies were conducted.

5.3.4. In Vitro inhibition of Chac -

A partially purified extract of ChAc obtained from rat brain and

AcCoA were incubated with equimolar concentrations of choline and one of
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Choline 3C=choline 4C-choline 5C-choline

Long chain choline compounds

The rates of acetylation of choline and the long=-chain
choline analogues by ChAc extracted from rat br%in.

The incubation was carried out for 1lOmin. at 37 . The
final substra .te concentration was 20mM. Each experiment
was performed in duplicate and repeated three times

+*SEM were less than 5%.
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s

Inhibitor

Percent Inhibition

Water

3C=choline

4C=choline

5C-choline

82

of choline by ChAc extracted from rat
brain.
chain choline analogues were at a con-
centration of 14mM.
carried out at 37° for lomin. Each value

is the average of four determinations.

Both choline and the long-

Percentage inhibition of the acetylation

SEM was *10% or less.
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the long-chain choline analogues, and the amount of acetylated product
synthesisdwas assayed by the method of Fonnum, (1975). These incubations
were compared with control incubations containing the same concentration
of choline, but distilled water instead of the long-thain choline analogue.
The method of isolation of the acetylated product does not distinguish
between Ach and any acetylated long-chain choline analogue, but this is
not an important consideration since no evidence has been found which
suggests that the analogues are significantly acetylated, as discussed
previously (Section 5.3.3.).

3C-choline and 4C-choline showed a little inhibitory activity

against Chac in vitro whereas 5C-choline was a potent inhibitor (Table 5.4).

B.3.5. Inhibition of the high affinity transport of choline into synap-

tosomes by the long-chain choline analogues

A crude preparation of synaptosomes from mammalian brain tissue
accumulates choline from the extracellular medium by two distinct trans-
port mechanisms. One has a high affinity for choline and is sodium depend-
ent, the other has a low affinity fo; choline (Yamamura and Snyder 1972,
1973).

A crude preparation of synaptosomes, isolated from rat brain, was
incubated with [SH]-choline (luM;0.55uCi/nmole) at 37° and 0°. Choline
transport into synaptosomes at 37° was time dependent being linear for
Tmin. (Fig. 4.21). The amount of choline accumulated by synaptosomes
at 37° for 7min. was 4-6 times greater than that accumulated at 0° for
7min .. Values obtained for choline transport at 37° Qere corrected by
substracting the values obtained from the incubation at D%

The inhibition of.the long-chain choline analogues on choline
transport was measured by adding the analogues to the buffer containing

[BH]-choline (luM) and synaptosomes and incubating at 37° for 7min. The
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Inhibitor IC50
Long-chain choline analogue uM
3C-choline 3.6
4C-cheoline 7.1
5C-choline 8.5

TABLE 505:"

Inhibition of the high affinity choline transport
into synaptosomes. The ICSO values were deter-
mined graphically from Dixon plots (1953) . For
each plot a regression line with a correlation
coefficient of 0.99 was drawn through at least
five points. Each point was the mean of at least
seven determinations +SEM of 10% or less. The
synaptosomes were incubated with [3H]-choline

(luM) and inhibitor for 7min. at 370.
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Fig. 5.3:-
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concentration of 5C-choline (um)

Dixon (1953) plot of the inhibition of the high affinity
transport of choline into synaptosomes by 5C-choline. V

is the % uptake of choline compared to control (no inhib~
itor). Each point is the mean of at least 7 determinations
%+ SEM of 10% or less. The correlation_coefficient is 0.99.
The synaptosomes were incubated with [BHﬂ—chcline (1uM) and
inhibitor (7-11pM) for 7 min at 37°.
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concentration of the long-chain choline analogues inhibiting the transport
of choline into synaptosomes by 50% (ICSO} (Table 5.5), was determined
graphically f£rom a Dixon plot (1953), and one such plot is shown for the

5C-choline compound. (Fig. 5.3).

5.4. Discussion

5.4.1 Action at the nueromuscular junction

Preliminary pharmacological screening using the rat phrenic nerve-
diaphragm preparation showed that low doses of 3C-choline and 5C-choline
caused a prejunctional block, whereas choline and 4C-choline gave no such
prejunctional block. However, Bowman and Rand, (1962), could £ind no
evidence of a prejunctional blocking action for 3C-choline on this prepara-
tion.

In higher doses both 3C-choline and 5C-choline as well as choline
and 4C-choline gave a postjunctional block in the rat diaphragm preparation.
This postjunctional effect seems to be due to a depolarising action of these
analogues since they all caused a contraction of the frog rectus abdominis
muscle. 3C-choline and 5C-choline were both more potent than both choline
and 4C-choline in this respect, although all the analogues were at least
100 times less potent than ACh. The depolarising blocking action of choline,
3C-choline and 4C-choline agrees with the findings of Bowman and Rand, (1962).

It is.interesting to observe that the long-chain analogues which
caused the prejunctional block in the rat diaphragm and which had the more
potent depolarising action on the frog rectus abdominis muscle possessed
an odd number of methylene groups between the quaternary nitrogen atom and
the hydroxyl group. This is in contrast to 'the activity of the analogues

which possessed an even number of methylene groups.
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5.4.2. Anticholinesterase activity

All the long-chain choline analogues possessed very weak anticholine-
sterase activity andit is unlikely that this plays any significant part in

their neuromuscular blocking action.

5.4.3. Mechanism of action of the long-chain choline analogues in causing

a prejunctional block at the neuromuscular junction

Preliminary screening in the present work has suggested that
3C-choline and 5C-choline have a prejunctional blocking action at the
neurcmuscular junction. Further studies were carried out to try to
determine more about the mechanism of action of these two analogues which
results in the prejunctional block. 4C-choline was also routinely studied

for comparison.

5.4.3.1 Inhibition of the high affinity transport of choline into

synaptosomes

A drug could cause a presynaptic block at the cholinergic neuron
by inhibiting the supply of choline for ACh synthesis. This can be
achieved by inhibition of the high affinity transport of pholine into

the neuron.

All the long-chain choline analogues including 4C-choline inhibited
the high affinity transport of choline into synaptosomes. 3C-choline had

an IC o of 3.6uM which is in agreement with Simon, Mittag and Kuhar, (1975)

5

who obtained an IC o for this compound of 4uM.

5

5.4.3.2. Inhibition of and acetylation by ChAc in vitro

A drug could cause a presynaptic block at the cholinergic neuron
by inhibiting ChAc. Of the long-chain choline analogues studied only

5C-choline significantly inhibited ChAc in vitro. Since the synthesis of
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ACh was inhbited by 82% it can be concluded that 5C-choline is a potent
inhibitor. Several classes of ChAc inhibitors are known, as discussed
in the Introduction (Section 1.3). To this list can be added 5C-choline.
This compound is of particular interest since unlike most of the styryl-
pyridine inhibitors it has weak anticholinesterase activity. However,
.in order for this analogue to inhibit ChAc in wviyo . it must be transported
into the cholinergic neuron and this has not been investigated.

The present study indicated that all of the long=-chain choline
analogues studied were insignificantly acetylated in vitro by ChaAc at
less than 5%, compared to choline 100%. This is in agreement with the
findings of several workers who investigated the in vitro acetylation
of 3C-choline by ChaAc (Table 1l.2). Howevef, 3C-choline has been shown to
be acetylated in situ (that is in synaptosomes and the cat superior cervical

ganglia) by Collier, Lovat, Ilson, Barker and Mittag(l977).

5.4.3.3 False transmitter hypothesis

During the present investigation Collier, Lovat, Ilson, Barker and
Mittag, (1977), showed that 3C-choline was transported into the cat
superior cervical ganglia and synaptosomes where it was acetylated to
acetyl-3C-choline which was released from the ganglia on nervous stimulation
as a false transmitter. Thus the prejunctional block of 3C-choline seen
in the rat diaphragm preparation could be due at least in part to the
synthesis and release of a false transmitter.

4C-choline and 5C-choline have not been investigated to see if they

act as, or form false transmiters .

5.4.4. Conclusions
oL A

Increasing the distance between the quaternary nitrogen and the
hydroxyl group from two methylene groups (choline) to three methylenes

gave an analogue (3C-choline) which unlike choline was not acetylated by
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Chac in vitro, but which like choline was transported into cholinergic
neurons and acetylated to acetyl-3C-choline which is released as a
transmitter (Collier, Lovat, Ilson, Barker and Mittag, 1977).

Increasing the methylene groups to four gave a compound (4C-choline)
which was not shown to cause a prejunctional block in the rat diaphragm
preparation nor to be acetylated by ChAc in vitro. However, 4C-choline has
been shown to possess an inhibitory action on the high affinity transport
of choline into synaptosomes. It is possible that the concentration of
4C-choline necessary to inhibit choline transport, to an extent such that
the synthesis of ACh is sufficiently impaired to give a prejunctional
block, also elicits a detectable postjunctional block on the rat phrenic
nerve diaphragm preparation.

5C-choline was shown to give a prejuncfioaal block in the rat
diaphragm preparation. The results of this study indicate that this
could be due to its inhibitory action on the choline transport system

and/or due to its inhibitory action on Chac. *
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6. RESULTS CHAPTER III:- SOME HYDROXYPIPERIDINIUM AND

HYDROXYPYRIDINIUM ANALOGUES OF CHOLINE

6.1 INTRODUCTION

The hydroxypiperidinium and hydroxypyridinium compounds are cyclic
analogues of choline. 3-Hydroxypiperidinium (3—hydroxyﬁ§,Efdimethylpiperi-
dinium) (74), 2-hydroxymethylpiperidinium (2-hydroxymethyl-N,N-dimethylpip-
eridinium) (75), and hydroxypyridinium (5-hydroxy-2-methyl-N-methylpyridin-
ium (76) are analogues in which a choline skeleton is immobilised by being
fixed in a ring. 3éhydrcxymethylpiperidinium(3-hydroxymethy1—§,§:dimethyl—
piperidinium)(77) and 4-hydroxypiperidinium (4-hydroxy-N,N-dimethylpiperidin-
ium) (78) are analogues in which a 3C-choline (homocholine) (29) skeleton
is fixed in a riﬁg.

It is interesting to note that the choline moiety of HC-3(4) is
fixed in a morphéline ring in a similar way to the choline meciety in the
3-hydroxypiperidinium molecule. Apart from the hemicholiniums very little
work has been done on cyclic choline analogues and it was therefore thought
of interest, particularly from the point of view of structure/activity
relationships, to study these compounds and investigate their actions at
the cholinergic synapse and in particular the neuromuscular junction.

Therefore this study investigated these compounds with regard to their:

(a) prejuhctional and postjunctional activity at the neuromuscular
junction

(b) action on cholinesterase enzymes in vitf;

(c) action on ChAc in vitro

(d) action on the transport of choline into synaptosomes.

It was found that 3-hydroxypiperidinium was acetylated in vitro
by ChAc at a rate of 55% compared to choline 100%. Since this was the

highest amount of acetylation of any analogue that had been found in this
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thesis it was decided to investigate this analogue further to see if it
could be transported into cholinergic neurons. In order to study this
transport radioactively labelled 3-hydroxypiperidinium has to be used.
Unfortunately, this is commercially unavailable unless the analogue is
"custom made" at a very high cost. It was therefore decided to synthesise
[igé]—3—hydroxypiperidinium (79) using [14C]—methyliodide.

Experiments indicated that this analogue (79) was acetylated in situ
and released as a false cholinergic transmitter. 1In order to study the
action of this false transmitter postunctionally the acetylated derivative
of 3-hydroxypiperidinium that is 3-ace;oxypiperidinium (80), and for further
interest the acegylated derivatives of other hydroxy-piperidinium compounds,
that is, 3-methacetoxypiperidinium (8l) and 4-acetoxypiperidinium (82),

were studied.
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6.2 CHEMISTRY

6.2.1 .Synthesis of the hydroxypiperidinium and hydroxypyridinium analogues

The hydroxypiperidinium and hydroxypyridinium analogues (74-78),
were prepared by quaternising the appropriate tertiary amine with methylio=-

dide (Menschutkin Reaction). The tertiary nitrogen acts as a nucleophile.

6.2.2 Synthesis of the acetoxypiperidinium analogues

The acetylated analogues (80-82) were synthesised using either

acetylchloride or acetic anhydride as the acetylating agents.

6.2.3 [14C] =3=-hydroxyvpiperidinium

6.2.3.1 Synthesis
[l4c]—3-hydrcxypiperidinium (79) was syzithesised by quaternising

3-hydroxy-N-methylpiperidine with [14C]—methyliodide. The product was
purified on a strong cationic exchange resin SP-Sephadex. The resin was
first eluted with water and as [MC] ~-3-hydroxypiperidinium possesses one
guaternary nitrogen (cation) it bound to the resin, whereas the unreacted
starting materials possess no positive charges and were eluted from the
column. When no starting materials could be detected in the agueous

eluates, [140]-3-hydroxypiperidinium was eluted from the column by NaCl

(300mM) .

6.2.3.2 Specific activity and purity

6.2.3.2. l Specific activity

The specific activity of [ C-_| -3-hydroxypiperidinium was calculated
from the specific activity of the [1401 -methiiodide, bearing in mind that
one molecule of methyliodide reacts with one molecule of 3-hydroxy-N-

methlpiperidine.

241



6.2.3.2.2 Radiochemical purity

Methyliodide is volatile at room temperature and therefore any
unreacted material would be removed by the vacuum distillation process
which occurs at the end of the reaction. This was found to be the case
as no radiocactivity was detected in the aqueous eluates from the ion-
exchange column. For practical purposes, therefore, the product was

considered to be radiochemically pure.

6.2.3.2.3 Chemical purity

3-hydroxy-N-methylpiperidine was eluted from the column by water.
Samples of the eluates were run on a TLC plate. As the elution continued
iodine stained spots of decreasing colour intensity were detected on
the TLC plate. No 3-hydroxy-N-methylpiperidine was detected on running a
TLC of a sample of the final product. For practical purposes, [i4q]-3-

hydroxypiperidinium was considered to be chemically pure.

6.2.4 Experimental

6.2.4.1 3-hydroxy-N,N-dimethylpiperidinium iodide (3-hydroxypiperidinium)

3-hydroxy-N-methylpiperidine (5.8g, 0.05 mole) was dissolved in
ethanol (30mls) and the solution cooled. Methyliodide (14.2g,0.lmole) was
added dropwise. The solution was then refluxed gently for lhr and then
allowed to cool. The product was recrystallised from alcohol to give
colourless needles of 3-hydroxy-N,N-dimethylpiperidinium iodide (3-hydroxy-
piperidinium}(74){11.0g,85%)mp313°vmax(nujol)3400(03),2900,1480,1380,
1320,1280,1240,1220,1120,1080,1020,1000,980,940,920,900cm-1.
Anal: (C.H,_.INO)requires;C,32.68;H,6.23;I,49.42;N,5.45%found;C,32.87;

7716
H,6.11;I,49.43;N,5.42%.
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6.2.4.2. 2-hydroxymethyl-N,N-dimethylpiperidinium iodide (2-hydro£yhethyl-

piperidinium)

Using the method described  above l-methyl-2-piperidinemethanol
(6.5g,0.05mole) gave colourless needles of 2-hydroxymethyl-N,N-dimethyl-

piperidinium iodide (2-hydroxymethylpiperidinium) (75) (11.3g,83%)mp295°

(dec)vmax(nujol)3400(OH),2900,1480,1380,1320,1260,1220.1100,1060;940cm-1.

Anal: (C.H,,INO)requires;C,35.42;H,6.64;1,46.86;N,5.17%found; 35.31;H,

8718
6.65;1,46.97;N,5.33%.

6.2.4.3 3-hydromethyl-N,N-dimethylpiperidinium iodide (3-hydroxymethyl-

piperidinium

Using the method described above l-methyl-3-piperidinemethanol
(6.5g,0.05mole) gave colourless needles of 3-hydroxymethyl-N,N-dimethyl-
piperidinium iodide (3-hydroxymethylpiperidinium) (77) (10.7g,78%)mp203-204°
vmax(nujol)3400(0HJ,2900,1460,1380,1300,1260.1220,1160,1120,1080.1040:
1000, 960, 940,900, 880cm . .

Anal: (C.H._.INO)requires;C,35.42;H,6.64;I,46.86;N,5.17%found;C,

8718
35.61;8,6.73;1,46.64;N,5.05%.

6.2.4.4 4-hydroxy-N,N-dimethylpiperidinium iodide (4~-hydroxypiperidinium)

Using the method described above 4-hydroxy-N-methylpiperidine
(5.8g,0.05mole) gave colourless needles of 4-hydroxy-N,N-dimethylpiper-
idiniug iodidé (4=hydroxypiperidinium) (78) (11.39,87%)mp310°(dec)vmax
(nujol) 3300 (OH) 2900, 1480, 1380, 1280,1180,1160,1060,1020,1000, 940,920,
900,820cm-1.

Anal: (c73161N0)requires—c,32.68;3,6.23:1,49.42:N,5.45%found:C.32.91;

H,6.33;I,49.40;N,5.31%.
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6.2.4.5 5-hydroxy-2-methyl-N-methylpyridinium iodide (hydroxypyridinium)

Using the method described above 3-hydroxy-6-methylpyridine
(5.5g,0.05mole) gave colourless needles of 5-hydroxy=-2-methyl-N-methyl-
pyridinium iodide ( hydroxypyridinium)(76)(B.Sg,ﬁ?%)mp224°(dec)vmax(nujol)
3400 (0H) ,2900,1580,1540,1480,1400,1380,1340,1320,1260,1220,1160,1040,

960, 860, 740, 700¢cm .
Anal: (C.H, INO)requires;C,33.47;H,3.98;I,50.60;N,5.58%found;C,33.49;

7710
H,3.97;I,50.63;N,5.55%.

6.2.4.6 3-acetoxy-N,N-dimethylpiperidinium iodide (3-acetoxypiperidinium)

3-hydroxy-N-methylpiperidine (4.6g,0.04mole) was dissolved in
anhydrous ether (30mls) and anhydrous pyridine (2.3mls). The mixture was
cooled and acetylchloride (4g,0.05mole) was added dropwise, with occasional
stirring. This mixture was then refluxed for 4hr. After cooling the
mixture was filtered. The precipitate was partitioned between chloroform
and 10% sodium carbonate. The chloroform extract was dried over magnesium
sulphate and the chloroform was then distilled off leaving a brown oil
(4.2g). The brown oil was dissolved in the minimum quantity of anhydrous
ether, and methliodide (14.2g9,0.lmole) was added. The mixture was allowed
to stand for 2 days. The product was recrystallised once from etharnol and
then twice from diacetone alcohol to give colourless needles of 3-acetoxy-
N-N-dimethylpiperidinium iodide_(B-acetoxypiperidinium)(80){4.9g:40%)mp
140-141(1it.140.5-142°)vmax(nujol)2900,1740(acetyl ester) 1480,1380,
1260 1220,1100,1040.980.960,920,880,820cm-l.

Anail: (C INOz)requires;c,36.12:3,6.02:1,42.48;N,4.68,o,lO.?O%;found:

of18
C,36.28;H,6.14;1,42.26;N,4.51%.
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6.2.4.7 3-methacetoxy-N,N-dimethylpiperidinium iodide (3-methacetoxy-

piperidinium)

1-methyl-3-piperidinemethanol(4g,0.03mole)Iwas dissolved in

pyridine (100mls) and acetic anhydride (25mls). The mixture was warmed
on a steambath for 5min. and then stirred at 20-25° for 24hr. Activated
charcoal (2.5g) was then added and the mixture stirred for a further
12hr. The solution was then filtered and the excess acetic anhydride and
pyridine were removed by vacuum distillation, leaving a brown oil. Sodium
carbonate solution (10%) was added to the oil and the mixture extracted
with chloroform. The chloroform extract was dried over magnesium sulphate
and the chloroform was then distilled off leaving a brown oil(ég). The
brown o0il was dissclved in a ﬁinimum quantity of anhydrous ether and
methyliodide (14.2g,0.lmole) was added. The mixture was allowed to stand
for 2 days. The product was recrystallised once from ethanol and twice
from diacetone alcohol to give colourless needles of 3-methacetoxy-N,N-
dimethylpiperidinium iodide. (3-methacetoxypiperidinium) (81) (7.8g,80%)
mp115°—116°(lit.117—119?vmax{nujol)2900,1720(acety1 ester) ,1460,1380,1300,
1240.1180,1120,1080,1060,1040.1000,980,940,900,880cm-1.

Anal: (C INO,) requires;C,38.34;H,6.39;1,40.58;N,4.47%found,C, 38.44;

10720
H,6.42;1,40.47;N,4.48%.

6.2.4.8 4-acetoxy-N,N-dimethylpiperidinium iodide(4-acetoxypiperidinium)

4-hydroxy-N-methylpiperidine(2.3g,0.02mole) was dissolved in
acetic anhydride(15mls) and the solutions was refluxed for 4hr. on a
‘steam bath. The excess acetic acid was then removed by vacuum distillation.
10% sodium carbonate(20mls) was added to the residue and this mixture
was then extracted with chloroform. The chloroform extract was dried over
magnesium sulphate and the chloroform was then distilled off leaving a

brown 01i1(2.3g). The brown oil was dissolved in the minimum quantity of
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anhydrous ether, and methyliocdide (14.2g,0.lmole) was added. The

mixture was allowed to stand for 2 days. The product was recrystallised
once from ethanol and then twice from diacetone alcohol to give colourless
needles of 4-acetoxy-N,N-dimethylpiperidinium iodide (4-acetoxypiperidinium)
(82)(2.59,42%)mp161—162(lit.164°)vmax(nujol}2900,1740(acety1 ester) ,1480,
1380,1340,1260-1220,1160,1100, 1040, 980,920, 830cm™ L.

Anal: (CQHlBINOZJrequiresgc,36.12:3,6.02:1,42.483N.4.68%£oundxc,36.313

H,6.21;1,42.26;N,4.7%.

6.2.4.9 Synthesis of 3-hydroxy-§r[i4c]-methyl-gfmethylpiperidinium iodide

([14C]—3-hydroxypiperidiniumﬁ

The methods of synthesis and purification followed those described
by Barker and Mittag, (1975). To verify the methods used, the reaction

was first run using 'ccld' methyliodide.

6.2.4.9.1 Reaction with non-radioactive methyliodide

3-hydroxy-N-methylpiperidine was diluted with methanol such that
5ml contained 4.6mg(0.04mmole). Methyliodide was treated in the same way
to give 2.48mg(0.017mmole) in 5ml of methanol. The two reactants were
then mixed and refluxed gently with stirring. After lhr the methanol
was removed by vacuum distillation. The residue was dissloved in dist-
illed water (2ml) and passed through an ion-excahnge column (SP-Sephadex
C-25, swollen ;n distilled water and supported in a 3" pasteur pipette)
and eluted with distilled water (20ml). This procedure elutes any
unreacted starting material. Samples of the agueous eluates were run on
a cellulose thin layer plate (butanol-methanol-acetic acid-water;8:2{1:3}
and developed with iodine. The starting material 3-hydroxy-N-methyl
Piperidine, had an Rf value of 0.5. When no more starting material could

be detected the column was eluted with NaCl (300mM). Samples of these
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eluates were also run on the TLC plate as before until the quaternary
product, 3-hydroxy-piperidinium (74) could be detected, Rf value of 0.6.
Another sample of this eluate gave a precipitate with Reinekate, indicating
the presence of a quaternary nitrogen. No starting material could be

detected in any of these eluates.

6.2.4.9.2 Reaction with radiocactive [}4é]—methyliodide

3-hydroxy-N-methylpiperidine was diluted with methanol such that
5ml contained 2.30mg(0.02mmole). The was poured into the top of a 'Break-
seal ampoule (Type Pl)', which had just been taken from the freezer, and
which contained [14C}-methyliodide(l.24mg,0.0086mmole,5BmCi/mmole). The
ampoule was then surrounded with an ice-salt mixture and cooled. A cond-
enser was fitted to the top of the ampoule. The ampoule seal was then
broken with a glass rod and the methanol solution poured into the bottom
of the ampoule and mixed with the [14C]-methyliodide. This solution was
refluxed and purified as described above. No radiocactivity could be
detected in samples of the agueous eluates indicating that no [145]-methy-
liodide had been present in the residue. However, the NaCl eluates did
contain radioactivity and these eluates were pooled. The product 3-hydroxy-
Ef[14CJ—methyl—grmethylpiperidinium iodide (79) was detected by paper
electrophoresis as described by Potter and Murphy, (1967). After being
subjected to electrophoresis for 2hr the paper strips were dried and cut
into lem secti;ns. Only the section 7-8cm from the origin gave high counts.
This corresponds to 3-hydroxypiperidinium iodide (74) (7.5cms). (Fig.6.8).

Specific Activity of Product = 58mCi/mmole

Yield =98%in300mM NaCl (50pl of NaCl solution contained 0.55ucCi/9

nmole)
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6.3 PHARMACOLOGY

6.3.1 Meuromuscular blocking: action

The actions of the hydroxyéiperidinium and hydroxypyridinium ana-
logues were observed on the rat hemidiaphragm and the frog rectus abdominis
muscle to determine the extent of pre- and postjunctional block at the

neurcmuscular junction.

6.3.1.1 Rat phrenic nerve-hemidiaphragm preparation

3-hydroxypiperidinium, 4-hydroxypiperidinium and 3-hydroxymethyl=-

piperidinium were found to cause a slowly developing block of the rapidly
stimulated muscle (1Hz) but had no effect on the more slowly stimulated
muscle (0.lHz) at the doses employed. When choline was added to the
incubating medium in the presence of one of the hydroxypiperidinium anal;
ogues or if the analogue was washed out of the bath then the muscle

, contractions of the rapidly stimulated muscle returned to the control
height of contraction. It was concluded that these analogues gave a
frequency dependent -prejunctional block at the doses employed (Table 6.1).
.4-hydroxypiperidinium wasnabout twice as potent in this respect as 3-hy-
droxypiperidinium and 3-hydroxymethylpiperidinium.

Hydroxypyridinium did not give a prejunctional block. Instead
this analogue caused a block of both the slow and rapidly stimulated musc=-
les which was not reversible with choline. When the drug was washed out
of the bath the muscle contractions eventually returned to the control
height of contraction. It was concluded that this analogue gave a post-

junctional block (Table 6.1).

6.3.1.2 Frog rectus abdominis muscle

3-hydroxypiperidinium, 4-hydroxypiperdinium and hydroxypyridinium

(0.4 to 1.9umole/ml) all slightly enhanced the ACh induced contraction of
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Analogue Minimum effective dose Minimum effective
giving a prejunctional dese giving a post-
block (umole/ml) junctional block

(umole/ml)
3-hydroxypiperidinium 2.7
4-hydroxypiperidinium 1.2
3-hydroxymethylpiperidinium 2.6
~hydroxypyridinium No block 3.2

TABLE 6.1l:- Effect of the hydroxypiperidinium and hydroxypyridinium

analogues on nerve transmission in the rat phrenic nerve-hemidiaphragm

preparation. Any prejunctional block could be reversed by choline

(0.02 to 0.l4umole/ml). Those compounds giving a prejunctional block

were not tested for postjunctional activity in this preparation. Each

experiment was repeated twice. *SEM were l0% or less.
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Enzyme

Analogue Bovine Erythrocyte Horse Serum Rat Brain Substrate
(AChE) (ChE) Homogenate
-2 -2 -3
3-hydroxy- 1.7 x 10 5.7 x 10 5.6 x 10 ACh
piperidinium 2.1 x 10> | Ac-B-MeCh
-2

8.9 x 10 BuCh

4-hydroxy- _ -2
piperidinium . l.6 x 10 ACh
3-hydroxy-
methyl- -2
piperidinium . 1.7 x 10 ACh
-3 -3 -3
hydroxy= 2.4 x 10 2.2 x 10 6.7 x 10 ACh
pyridinium - 1.4 x 10—3 Ac-B-MeCh
4.9 x 10 2| Buch
-2 =2 -3| acn
4-acetoxy- 2.7 x 10 9.4 x 10 9.1 x 10 c
piperdinium 8.2 x 10'3 Ac-B-MeCh
-2

6.2 x 10 BuCh

TABLE 6.2:~- Ic50 (molar) wvalues for the inhibition of cholinesterase activity '
by the hydroxypiperidinium*hydroxypyriQinium analogues.

Incubation mixtures contained enzyme, [}4cJ-labelled substrate and a range

of concentrations .of each inhibitor. A Dixon plot was drawn for each compound
and the Ic50 values are calculated from these plots, they represent that
concentration of inhibitor which inhibited the hyd?olysis of the various
substrates by 50%. For each plot regression lines with correlation coeffi-
cients of 0.98 to 0.99 were drawn through at least five points. Each

point was the mean of at least three determinations *SEM of 10% or less.
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the frog rectus abdominis muscle. However,3-hydroxymethylpiperidinium
was shown to have a direct depolarising action on the muscle at a dose of
0.7umole/ml and above. The equipotent molar ratioc of this compound

compared to ACh was 887:1.

6.3.2. Anticholinesterase activity

The effect of the hydroxypiperidinium and hydroxypyridinium ana-
logues on cholinesterase activity was determined by including these ana-
logues in incubation mixtures containing enzyme, buffer and radicactive
substrate as described in the Methods (Section 3.4). The degree of hydro-
lysis of the substrate was then compared with that obtained in controls
containing distilled water in place of the analogues.

The activities of the hydroxypiperidinium and hydroxypyridinium
analogues are shown in Table .6.2. All the analogues were shown to. inhibit

both ChE and AChE. However, they were all very much weaker in this respect

than physostigmine (Table 4.3).

6.3.3 In vitro acetylation by ChAc

The rate of acetylation of the hydroxypiperidinium and hydroxy-
pyridinium analogues was determined by incubating the analogues at 37° for
10min. with [14C]-ACCOA and a partially purified extract of ChAc obtained
from rat brainr The acetylated products were routinely isolated and quan-
titatively assayed by following the method of Fonnum, (1975). The rates
of acetylation of the analogues were compared to that of choline. Blank
determinations were obtained by substituting the substrate for distilled
water.

The relative rates of in vitro acetylation of the hydroxypiperidinium
and hydroxypyridinium analogues were determined and compared to the acet-

ylation of choline (Fig. 6.1), 3-hydroxypiperidinium was acetylated at a

rate of 55% compared to choline 1l00%.
251



100

-

.

80

60

40

30 1

percent acetylation

Fig. 6.1:-

| B -

Choline  3-hydroxy-4~-hydroxy-3-hydroxy-2-hydroxy- hydroxy-
piperidini-piperidi~ methyl- methyl- pyridinium
um nium piperidi- piperidi-

nium nium

The rates of acetylation of choline and the hydroxypiperidinium
and hydroxypyridinium analogues by ChAc extracted from gat
brain. The incubation was carried out for lOmin. at 37 .

The final substrate concentration was 20mM. Each experiment
was performed in duplicate and repeated six times *SEM were
less than 5%.
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Fig. 6.2:- The rate of acetylation of 3—hydroxypiperidiniug by ChAc
extracted from rat brain. Incubation was at 37 . V=umole of

l4c]—acetylated—3-hydroxypiperidinium/g of protein.
Concentration of 3-hydroxypiperidinium ZOOmMﬁD, 200uMﬁ$'rheexperiments
were performed in duplicate and repeated twice. +SEM were less

than 10%.
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Velocity/substrate curve of the acetylation of 3-hydroxypiper-
idinium by ChAc extracted from rat brain. Incubation was at

37° for 1Omin. V = ymole of [14C] -acetylated-3-hydroxpypiperidine/
g of protein/lOmin. The experiment was performed in duplicate
and repeated twice *SEM were less than 10%.
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Fig. 6.4:- Acetylation of 3-hydroxy-piperidinium by ChAc extracted
from rat brain. Derivation of Michaelis-Menten constants

from a Lineweaver-Burke (1934), plot. Incubation was at
37° for 10min V=umole of[l4cj-acetylated-3-hydroxypiperi-
dinium/g of protein/lOmin. The apparent K _ for 3-hydroxy-
piperidinium (concentration of AcCoA was lgnM) was 0.88mM
and the Vm « was 7.4umole/g/10min (choline, not shown

had a oF 0.29mM). Each point is the mean of six
determinations. #SEM less than 1lO%.
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Because of the relatively high rate of acetylation seen, the ace-
tylation of 3-hydroxypiperidinium by ChAc was further investigated. Time
studies demonstrated that the rate of acetylation of 3-hydroxypiperidinium
was linear for at least lOmin. at the concentrations employed. (Fig. 6.2).
The plot of velocity of acetylation against substrate concentrations showed
a typically shaped curve for an enzyme-one substrate reaction (Fig. 6.3).
However, at a substrate concentration of 400mM substrate inhibition was
seen. The apparent Michaelis-Menten constants were derived from the plot
(Fig. 6.4), according to Lineweaver and Burke (1954), at a constant
concentration of AcCoA. 3-hyd;oxypiperidin1um had a Km of 0.88mM which

is about three times that of choline.

6.3.4 In vitro inhibition of Chac

A partially purified extract of ChAc and AcCoA were incubated with
equimolar concentrations of choline and one of the hydroxypiperidinium or
hydroxypyridinium analogues and the amount of acetylated product synthesised
was assayed. These incugations were compared with control incubations
containing the same concentration of choline, but distilled water instead
of the analogue, (Table 6.3). The method of isolation of the acetylated
product does not distinguish between ACh and any acetylated hydroxypilperi-
dinium analogue. This need only be taken into consideration in the case

2=hydroxymethyl
of 3-hydroxypiperidinium and to a lesser extent cr -piperidinium which
have been shown to be acetylated by Chac (Section 6.3.3). However, it should
be remembered that in these experiments choline, the natural substrate for
ChAc, is present in relative high concentrations and therefore will presu-

mably favourably compete with these choline analeogues for the enzyme.

In this study the most potent inhibitor of ChAic is hydroxypyridinium.
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Inhibitor . Percent Inhibition

3~hydroxypiperidinium 5(1£0.4)
.4-hydroxypiperidinium 0(+0.01)
3-hydroxymethylpiperidinium ) 0(+0.01)
2-hydroxymethlpiperidinium 5(+0.02)
hydroxypyridinium 23(£1.2)

TABLE 6.3:- Percentage inhibition of the acetylation
of choline by ChAc extracted from rat
brain. Both choline and the hydroxyp-
iperidine and hydroxypyridine analogues
were at a concentration of 1l4mM.
Incubation was carried out at 37° for
10min. Each value is the average of

four determinations (t+ SEM).
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6.3.5 Transport of [35]—choline and [140]-3-hydroxypiperidinium into

synaptosomes

A crude preparation of synaptosomes from mammalian brain tissue
accumulates choline from the extracellular medium by two distinct trans-
port mechansisms, one has a high affinity for choline and is sodium depe-
ndent and the other has a low affinity for choline (Yamamura and Snyder,

1972; 1973).

6.3.5.1 Inhibition of the high affinity transport of choline by the

hydroxypiperidinium and hydroxypyridinium analogues

A crude preparation of synaptosomes was incubated with [35]—choline
(luM, O.55uCi/nmole) at 37° and 0°. The transport of choline into syn-
aptosomes at 37° was linear for 7min. (Fig. 4.21). The amount of choline
accumulated by synaptosomes at 37° was 4-6 times greater than that
accumulated at O° for 7min. The inhibition by the hydroxypiperidinium and
hydroxypyridinium analogues was determined by adding the compounds to the
buffer containing [3H]-choline (luM) and synaptosomes and incubating at
37° for 7min. The concentration of the analogues inhibiting the trans-
port of choline into synaptosomes by 50% (Icso)(Table 6.4) was determined
graphically from a Dixon plot, (1953), and one such plot is shown for
3-hydroxypiperidinium (Fig. 6.5). 1In this study 3-hydroxymethylpiperidin=-

ium was the most potent inhibitor of choline transport.

6.3.5.2 Transport of [14c}-3-hydroxypiperidinium into synaptosomes

[14¢]-3-hydroxypiperidinium (9uM; 0.55,Ci/9nmole) , was prepared as
described in Section 6.2. and it was incubated with a crude preparation
of synaptosomes in KRP buffer. Non-radioactively labelled 3-hydroxypiper-
idinium (2uyM to 500uM) was added to the incubation medium to give final

concentrations of 1llyM to 509uM. The final incubation volume was 1lml.
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Inhibitor ICSO{HM)
Bydroxypiperidinium and hydroxypyridinium
analogues
3-hydroxypiperidinium 31
4-hydroxypiperidinium 33
2-hydroxymethylpiperidinium 14
3-hydroxymethylpiperidinium 8
hydroxypyridinium 76
TABLE 6.4:- Inhibition of high-affinity choline transport into

synaptosomes. The Icso values were determined
graphically from Dixon plots (1953). For each
plot a regression line with a correlation coeff-
icient of 0.98 was drawn through at least six
points. Each point was the mean of at least five
determinations #S.E.M. of 10% or less. The synap-

tosomes were incubated with [?H}choline (luM) and

inhibitor for 7min. at 37°.
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Dixon (1953) plot of the inhibition of the high affinity transport
of choline into synaptosomes by 3-hydroxypiperidinium V is the

% uptake compared to control (no inhibitor). Each point is the
mean of at least five determinations + SEM of 10% or less. The
correlation coefficient is 0.98. The synaptosomes were inCubaged
with [3H]-choline (1uM) and inhibitor for 7 min at 37 .
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The amount of 3-hydroxypiperidinium accumulated by the synaptosomes was
calculated by taking into consideration the specific activity of the

[14 ] 3-hydroxypiperidinium at the various concentrations used, it was
expressed as umole of [14C]—3-hydroxypiperidinium transported into
synaptosomes/g of protein/7min. The accumulation of 3-hydroxypiperidinium
by synaptosomes at 37° was about three times that at 0°. Values obtained
at 0° were subtracted from the values obtained at 37°. The transport of
3-hydroxypiperidinium was shown to be linear for 7min. for the range of
concentrations chosen (Fig. 6.6).

A Lineweaver-Burke plot was drawn (Fig. 6.7). The curve could be
resolved into two distinct components. This is similar to the transport
of choline into synapfosomes (Yamamura and Snyder, 1973). Lower concen=-
trations of 3-hydroxypiperidinium (11-33uM) gave a straight line as
calculated by regression analysis, with a correlation coefficent of 0.98.
This component presumably represents the high affinity transport of
3-hydroxypiperidinium into synaptosomes, the KTH value was 6.7uM and the
Vﬁax was 0.039%umole/g of protein/7min. Higher concentrations (49-509uM)
gave the other straight line, with a correlation coefficient of 0.99.

This component represents the low affinity transport of 3-hydroxypiperidinium
into synaptosomes, the K, was 192.9uM and the Voax ¥Was 0.235umole/g of
pr otein/7min.

Studies with [Bﬁ]-choline concurred with the work of Yamamura and
Snyder (1973), in that the transport of choline into a crude preparation
of synaptosomes could be resolved inte two components. The KTH value was
3.5uM, the vmax was 0.l3pymole/g of protein/7min., the KT was 35uM and
the vmax was O.4uymole/g of protein/7 min. Thus the KTH of 3-hydroxypiper-
idinium is twice that of choline.

The biphasic plot (Fig. 6.7), is only an indication that there are

two distinct transport mechanisms for 3-hydroxypiperidinium. Further
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Fig. 6.6:~ Velocity/time curves for the transport of[lqc]-B—hydroxy-

pPiperidinium into synaptosomes. V 1s expressed as ymole
of [14C]-3-hydroxypiperidinium accumulated/g of protein
at 37°. Each point is the mean ©f six determinations.
*SEM of 10% or less.
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confirmation of the two component system would come from a study of met-
abolic inhibitors and a reduction in sodium concentration; since the high
affinity transport system for choline, unlike the low affinity system, has
been shown by some workers to be more sensitive to metabolic inhibitors
and to be sodium dependent (Yamamura and Snyder, 1973). Consequently
further study was conducted taking into consideration the fact that the
proposed high affinity transport would contribute more to the uptake seen
at lower concentrations, whereas the proposed low affinity transport would
contribute more to the uptake seen at higher concentrations. Hence, the
effect of some metabolic inhibitor and other drugs on the proposed high
and low affinity transpor£ systems was measured at 1luM and 49uM respectively.
(Table 6.5). DNP, KCN and ouabain seemed to inhibit the transport of
3-hydroxypiperidinium at both concentrations to about the same extent.
Haga and Noda (1973), unlike Yamamura and Snyder (1973), did not find that
NaCN or DNP significantly affected the high affinity transport of choline
into synaptosomes. Hence, the results presented in this thesis are not
incompatible with the hypothesis that 3~hydroxypiperidinium is transported
into synapéosomes-by a high and low affinity mechanism. Ouabain was a
weak inhibitor of the transport of 3-hydroxypiperidinium into synaptosomes
and it is possible that a sufficiently high concentration was not used.

HC-3 and choline, however, both inhibited the high affinity
transport more than the low affinity transport as shown (Table 6.5). The
latter results indicate that 3-hydroxypiperidinium is transported by the
two component choline transport system.

The transport of 3-hydroxypiperidinium into synaptosomes was studied
at reduced sodium concentrations (Table 6.6). The high affinity transport
system was more sensitive to sodium_than the low affinity system. This
is similar to the transport of choline where again the high affinity system

was more sodium dependent than the low affinity system (Yamamura and Snyder,

1973; Haga and Noda 1973).
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Inhibitor Concentration of [?4C]—3—hydroxypiperidinium
lluM 49uM
DNP 200uM 30% 37%
KCN 100uM 55% 64%
Ouabain 1OOuM 5% 1l%
HC-3 2uM 72% 40%
" l1o0uM 77% 75%
Choline 1lOO0uM 100% 33%

TABLE 6.5:- Effect of some metabolic inhibitor and other drugs
on the transport of [14CJ-3-hydroxypiperidinium
into synaptosomes.

Synaptosomes were incubated with [14C1-3-hydroxY"
piperidinium at 37° for 7min. Results are expre-
ssed as percentage inhibition of uptake compared
to control value (incubation in the absence of
inhibitor) of O%. Values are the mean of four

determinations. *S.E.M. were less than 10%.
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Incubation Conditions [}4q1-3—hydroxypiperidinium accumulate
at the following
concentrations
13uM 19uM 59uM 209uM
NaCl (185mM) (control) 100% 100% 100%° 100%
NaCl (lOmM) and LiCl (175mM) 53% 58% 89% 91%

TABLE 6.6:~-

Influence of sodium ions on the transport of [14CJ-3—
hydroxypiperidine into synaptosomes. Synaptosomes
were incubated with[}4é}-3-hydroxypiperidinium

37° for 7min. in the appropriate Krebs-phosphate
buffer. The sodium chloride concentration was as
shown. Values are the mean of four determinations.

-

*S.E.M. were less than 10%.
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It is concluded that 3-hydroxypiperidinium was transported by both

a high and low affinity mechanism into a crude preparation of synaptosomes.

6.3.5.3 Identification of the radiocactive materials accumulated by

synaptosomes

In these experiments a crude preparation of synaptosomes was
incubated with [14C]-3-hydroxypiperidinium (11pyM) at 37° for 7min. as
described (Section 3.6). After incubation, the contents of the synaptosomes
were extracted and non-labelled 3-hydroxypiperidinium and 3-acetoxypiperid-
inium (synthesised as described in Section 6.2), were added to this
extract. The compounds now present in the extract were separated by paper
electrophoresis. -Two bands corresponding to 3-hydroxypiperidinium and
3-acetoxypiperidinium were visualised with iodine vapour. The electro-
phoresis paper was cut into strips and any radicactivity on the strips
was detected. Two peaks of radiocactivity corresponding to the two bands
previously visualised with iodine vapour were detected (Fig. 6.9). It is
concluded that the [i4é]-3-hydroxypiperidinium is metabolised to [}4CJ-
3-acetoxypiperidinium by synaptosomes. Apart from the acetylated derivative

no other metabolite was detected. Approximately 50% of the accumulated

analogue is metabolised.

6.3.6 Mouse phrenic nerve-hemidiaphragm preparation

6.3.6.1 Introduction

3-hydroxypiperidinium, like choline, has been shown to be trans-
ported into synaptosomes where, again like choline, it was acetylated, to
an ACh analogue the 3-acetoxypiperidinium compound. It was thought
possible that 3-acetoxypiperidinium could behave as a false transmitter
and be released from the cholinergic nerve terminals by nerve stimulation.

Potter, (1970), showed that by incubating the rat phrenic nerve-
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Fig 6.8:- Paper electrophoresis of [14QLhydroxypiperidinium (P)

after 2hr. following the methad of Potter and Murphy (1967).
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Fig. 6.9:- Paper electrophoresis (as for figure 6.8), of an extract of
from synaptosomes that had been incubated with [14c]—3-hydroxy-

piperidinium (lluM) at 37° for 7min. For each experiment the
contents of three incubating tubes were extracted and one third
of the pooled extracts was subjected to electrophoresis. The
experiment was repeated three times. AcP and P show the
position of non-labelled 3-acetoxypiperidinium and 3-hydroxy-
piperidinium respectively on the electrophoresis paper and

the bar graph above shows the radioactivity detected (*SEM)

on the corresponding paper strips cut from the electrophoresis

paper.
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diaphragm in a medium containing [14C]-choline (30uM) at 3?0, the synthesis,
storage and release of [14C]-ACh by this muscle preparation could be
studied. Since 3-hydroxypiperidinium is a choline analogue it was thought
of interest to incubate this tissue in a medium containing [14C]-3-hydrox-
ypiperidinium. It was thought possible that [14é]-3-acetoxypiperidinium
could be synthesised by the rat phrenic nerve-diaphragm tissue and then
released as a false transmitter. If this was shown to occur then it would
be interesting at some future date to study the postsynaptic action of 3-ace-
toxypiperidinium on the diaphragm muscle using electrophysiological tech-
niques. 1In our laborétories the mouse diaphragm is used rﬁutinely in elec-
trophysioclogical experimenés. Therefore, in order to be able to directly
relate the biochemical work presented in this thesis with the proposed
electrophysiological study it was decided to use the mouse phrenic nerve-
diaphragm preparation in this study, as opposed to the rat preparation used
by Potter, (1970).

Potter, (1970), showed that the diaphragm muscle accumulated choline-
from the incubation medium and there is some evidence that ChAc is present
in small amounts in skeletal muscle (Tugek, 19733p), Therefore, to increase
the likelihood that any acetylation of the 3-hydroxypiperidinium is

effected by neuronal ChAc only the nerve-end plate region of the muscle

was used.

6.3.6.2 Verification of method

In preliminary experiments the phrenic nerve-end plate region
dissected from a mouse diaphragm was preincubated in Krebs containing
[33]—choline, washed and then incubated in fresh Krebs as described in the
Methods (Section 3.7). The tissue was allowed to rest for 10min. during
which time a 100;1 sample of the Krebs was taken at time O, 5 and’ lOmin.
Then the phrenic nerve was stimulated and 100Ul samples subsequently taken

at 5, 10 and 20min. after the commencement of stimulation. The amount of
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Fig. 6.10:- Radiocactivity detected in 100Oul samples of Krebs bathing

the phrenic nerve-end plate region of a mouse hemidiaphragm
taken at the times indicated, before and after nervous
stimulation.3 The tissue was preincubated in Krebs
containing [ aﬂ-choline
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Fig 6.11:- Paper electrophoresis (See Fig. 6.8) of an extract from the

phrenic nerve-end plate region of a mouse hemidiaphragm

that had been preincubated with [3H]-choline. One third

of the extract has been subjected to electrophoresis. The
experiment was repeated three times. ACh and Ch show the
position of non-labelled acetylcholine and choline
respectively on the electrophoresis paper and the bargraph
above shows the radicactivity detected (+SEM) on the
corresponding paper strips cut from the electrophoresis paper.
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radiocactivity in these agqueous samples was determined using NE260 as the
fluor. A plot of cpm against time is shown (Fig. 6.10), it can be seen
that stimulation increased the amount of radicactivity released into the
Krebs. At the end of the incubaticn period (30 min) the tissue was
extracted and the compounds present in the extract were identified by paper
electrophoresis. Unfortunately in these preliminary experiments the radio-
activity present on lcm strips of the electrophoresis paper was determined
and two separate peaks of radiocactivity could not be seen (Fig. 6.11).
However, the results did indicate the presence of ACh. It can be concluded
from these experiments that scme radiocactively labelled compound(s) is
released from the tissue on electrical stimulation of the phrenic nerve and
that the tissue metabolises choline to ACh. On the basis of this prelimin-
ary work and the work of Potter, (1970), further experimentation was con-

ducted with the 3-hydroxypiperidinium compound.

6.3.6.3 Incubation with [14é]-3-hydroxypiperidinium

The phrenic nerve-endplate region dissected from a mouse diaphragm
was pre-incubated in Krebs containing [“c] -3-hydroxypiperidinium, washed
and then incubated in fresh Krebs. After nerve stimulation the surrounding
Krebs medium was found to contain [14é]-3—hydroxypiperidinium and [14é]-
3-acetoxypiperidinium (Fig. 6.12). An eitract of the tissue, after nerve
stimulation also contained both [14é]—3-hydroxyperidinium and [14€]-3-
acetoxypiperidinium (Fig. 6.13). 1In control experiments where the tissue
had been pre-incubated with [Mc]—s—hydroxypipendmim and then incubated
in fresh Krebs without any nervous stimulation, no [14€]-3-actoxypiperidinium
was detected in the Krebs. Therefore, it can be concluded that the phrenic
nerve-endplate region of a mouse diaphragm accumulated 3-hydroxypiperidinium,
this compound was then acetylated by the tissue to 3-acetoxypiperidinium

which was released as a false transmitter at the neuromuscular junction .

There is no evidence of any other radiolabelled metabolite.
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Fig. 6.12:- Paper electrophoresis (See Fig. 6.8) of the Krebs which bathed

the electrically stimulated mouse phrenic nerve-diaphragm pre-
paration. This tissue had been preincubated with [ Cﬂ—3-hyd-
roxypiperidinium. . One third of the Krebs has been subjected to
electrophoresis. The experiment was repeated six times. AcCP
and P show the position of non-labelled 3-acetoxypiperidinium
and 3-hydroxypiperidinium respectively on the electrophoresis

_ paper and the bar graph above shows the radioactivity detected

(+SEM) on the corresponding paper strips cut from the electro-
phoresis paper.
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Fig. 6.13:~ Paper electrophoresis (See Fig. 6.8) of an extract from the
electrically stimulated mouse phrenic nerve-diaphragm preparation. One
third of the extract has been subjected to electrophoresis. The
experiment was repeated six times. See Fig. 6.12 for further details.



The 3-acetoxypiperidinium compound presumably diffuses from the
synaptic gap into the surrounding incubation medium. It is possible that
the tissue extract contains some 3-acetoxypiperidinium which has been
released into the synaptic gap but which has not diffused into the Krebs,
as well as intracellular 3-acetoxypiperidinium. It is also possible that
the washing procedure after the pre-incubation with [}4é]—3—hydroxy-
piperidinium does not remove all of this compound from the extfacellular
spaces, therefore the [}4q]-3-hydroxypiperidinium detected in the Krebs
and tissue extracts may not all be intracellular in origin. These
observations may affect the calculations described below.

Fig. 6.12 and 6.13, shows the average results of six separate
experiments conducted, in which one third of the tissue extract and one
third of the Krebs were subjected to electrophoresis. From these results
it can be tentitively calculated: _

When specific activity of 3-hydroxypiperidinium = 1uCi/0.018 umole

Total amount of [146]-3—hydroxypiper1dinium accumulated by the

= 1.3umole/kg of

tissue
tissue (wet weight)

% of the accumulated [}4q]—3—hydroxypiperidinium

= 60% (0.8umole/kg of

that is acetylated
’ tissue (wet weight)

% of the total amount of [i4q]—3—acetoxypiperidinium
released from intracellular sites with no nervous

stimulation = 0%

with nervous stimulation = 90%

6.3.7 Pharmacological actions of the acetoxypiperidinium compounds

6.3.7.1 Guinea=pig ileum

The acetoxypiperidinium compounds caused contractions of the
guinea-pig ileum. Their log dose - response curves were parallel to that

of ACh. The equipotent molar ratio of these compounds compared to ACh is
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Compound Equipotent Mélar Equipotent Molar Ratio
Ratio ({ Abramson's Results)
Acetylcholine 1 1
3-acetoxypiperidinium 162 156
M-acetoxypiperidinium 68 77
3-methacetoxypiperidinium 3760 1703

TABLE 6.7:- Action of acetoxypiperidinium compounds con the guinea-

pig ileum. Results from previous work by Abramson

(1964) are shown for comparison.

The response of the

tissue to the analogues was no different in the presence

of hexamethonium
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Compound Equipotent Molar Ratio

-

ACh 1
3-acetoxypiperidinium 57
4-acetoxypiperidinium 57
3-methacetoxypiperidinium 105

TABLE 6.8:~ Action of the acetoxypiperidinium compounds on

the frog rectus abdominis muscle
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Compound Km(uMJ '

ACh 0.56 9.09
3-acetoxypiperidinium 1.13 3,13
4-acetoxypiperidinium 0.27 1.07
3-methacetoxypiperidinium 0.63 L.52

TABLE 6.9:- Hydrolysis of the acetoxypiperidinium compounds

by AChE
Compound Km(uM) Vmax
ACh 0.84 3.2
3-acetoxypiperidinium 0.90 25
4-acetoxypiperidinium 0.29 1.2
3-methacetoxypiperidinium 0.97 1.6

TABLE 6.10:- Hydrolysis of the acetoxypiperidinium compounds
by ChE.

Qﬁax is the maximuﬁ rate of hydrolysis (number of mole of

analogue hydrolysed by lmg of protein in 1 min) at

-infinite substrate concentration.

Correlation coefficients are at least 0.90 .
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shown in Table 6.7.

6.3.7.2 Frog rectus abdominis muscle

The acetoxypiperidinium compound caused a contracture of the frog
rectus abdominis muscle. The eguipotent molar ratios compared to ACh is

shown in Table 6.8.

6.3.7.3 Degradation of the acetoxypiperidinium compounds by cholinester-

ase enzymes

The degradation of the acetoxypiperidinium compounds by AChE from
bovine erythrocytes and pseusodcholinesterase (ChE) from horse serum was
determined using the Null point-titration method as discussed in the
Methods (Section 3.4.2.2.). All the analogues were substrates for these
enzymes. It was found that the rate of hydrolysis of the analogues
decreased significantly after 24min and the results obtained after this
time were not representative of the initial rate of hydrolysis.

Therefore, the number of moles of analogue hydrolysed by lmg of
enzyme in 1 min (rate of hydrolysis) were calculated. Lineweaver-Burke,
(1934) , plots of the reciprocal of the rate of hydrolysis against the
reciprocal of the substrate concentration were calculated using regression

analysis, and the Km and vmax for each analogue is shown in Table 6.9 and

6.10.

6.4 Discussion

6.4.1, Action at the neuromuscular junction

Preliminary pharmacological screening using the rat phrenic nerve-
diaphragm preparation showed that the hydroxypiperidinium analogues caused
a prejunctional block on the rat phrenic nerve-diaphragm preparation. They

also had some depolarising action on the nicotinic receptors of the
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frog rectus abdominis muscle. The hydroxypyridinium compound however,

did not give a prejunctional block on the rat-diaphragm preparation.

6.4.2 anticholinesterase activity

All the hydroxypiperidinium and hydroxypyridinium analogues poss-
essed very weak anticholinesterase activity and it is unlikely that this

plays any significant part in their action at cholinergic synapses. -

6.4.3 Mechanism of action of the hydroxypiperidinium analogues in causing

a prejunctional block at the neuromuscular junction

Preliminary screening has suggested that the hydroxypiperidinium
analogues have a prejunctional blocking action at the neuromuscular jun-
ction. Further study was carried out to try to determine more about the

mechanism of action of these analogues which results in this prejunctional

block.

6.4.3.1 Inhibition of the high affinity transport of choline into

synaptosomes

A drug can cause a presynaptic block at the cholinergic neuron by
inhibiting the supply of choline for ACh synthesis. This can be achieved
by inhibition of the high affinity transport of choline into the neuron.

All the hydroxypiperidinium compounds inhibited the high affinity
transport of choline into synaptosomes. 3=-hydroxymethylpiperidinium was
the most potent in this respect, and this cyclic three carbon analogue of
choline was half as potent as 3C-choline (homocholine) which had an IC50
of 3.6uM (Results Chapter II section 5.3.5.). The other 3C-choline
analogue, 4-hydroxypiperidinium was about nine times less potent than
3C-choline. The ﬁyclic choline analogues, 2-hydroxymethylpiperidinium and

3-hydroxypiperidinium were at least nine times less potent than choline
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itself, which has an IC of l.6uM. (Simon, Mittag and Kuhar, 1975), ‘in

50

inhibiting the high affinity transport of choline into synaptosomes.
Hydroxypyridinium was a weak inhibitor of the choline transport

and this could account for the fact that it did not give a prejunctional

block on the rat diaphragm muscle.
-

6.4.3.2 Inhibition of and acetylation by ChaAc in vitro

A drug could cause a presynaptic block at the cholinergic neuron
by inhibiting Chac. Of the hydroxypiperidinium and hydroxypyridinium
analogues studied, the hydroxypyridinium compound was the most potent
direct inhibitor of ChAc.

A drug can inhibit the synthesis of ACh and therefore cause a
presynaptic block by acting as a substrate for ChAc and thereby compete
with choline for the acetylating enzyme.

4-hydroxypiperidinium and 3-hydroxymethylpiperidinium, the cyclic
3C-choline (homocholine) analogues, were acetylated in vitro by ChAc by
less than 5%, compared to cholihe, 100% and compared to 3C-choline, less
than 5% (see results Chapter II, Section 5.3.3.). However, the cyclic
choline analogues were acetylated. 2-hydroxymethylpiperidinium was ace-
tylated by 18% and 3-hydroxypiperidinium by 55% compared to choline 100%.

Rydroxypyridinium, however, was not acetylated, this agrees with
a similar find;ng made by Barker and Mittag (1975), who also studied the

acetylation of a hydroxypyridinium compound (Table 1l.2).

6.4.3.3 False transmitter hypothesis

6.4.3.3.1 3-hydroxypiperidinium

Since 3-hydroxypiperidinium was acetylated by ChAc in vitro at the
highest rate compared to all the other choline analogues investigated in

this study, and because there has been no reports of .any investigation of
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the piperidinium compounds as cyclic analogues of choline it was thought
of interest to investigate the 3-hydroxypiperidinium compound further.
These furéher studies requireé the use of radicactively labelled 3-hydroxy-
piperidinium. This was commercially unavailable and therefore [145]-3-
hydroxypiperidinium was synthesied from the readily available [14é]-methyl-

iodide.

6.4.3.3.1.1 Transport into synaptosomes

Due to the %n vitro acetylation of 3-hydroxypiperidinium by ChAc
it was thought possible that 3~hydroxypiperidinium could be acetylated
in vivo by the cholinergic neuron to 3-acetoxypiperidinium which could
behave as a false transmitter. However, in order for 3-hydroxypiperidinium
to be acetylated in vivo it has, like choline, to be transported into the
nerve terminal, from the extracellular fluid to the intracellular sites of
acetylation.

Therefore, in order to determine whether 3-hydroxypiperidinium can
be transported into cholinergic neurons radioactively labelled 3-hydroxy-
piperidinium was incubated with a crude preparation of synaptosomes.
3-hydroxypiperidinium was found to be transported into the synaptosomes.
The transport could be resolved into a high and low affinity component.

The high affinity transport was more dependent upon Nae, and more sensitive
to the inhibitory action of HC-3, than the low affinity transport. This is
similar to the transport of choline as discussed in the Introduction
(Section 1l.1), and similar to some other choline analogues which have been
shown to be transported into synaptosomes (Barier and Mittag, 1975; Collier,
lovat, Ilson, Barker and Mittag, 1977). The apparent KT of the high
affinity transport of 3-hydroxypiperidinium was twice that of choline,

and the maximum velocity of transport was about 26% that of choline. Cho-
line and 3-hydroxypiperidinium antagonised each others transport, therefore,

the high affinity transport of 3-hydroxypiperidinium appears to be by the
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same mechanism as that responsible for the high affinity transport of chol-

ine into the cholinergic neuron. The difference between the KT and the
L

KT of 3-hydroxypiperidinium (about 29 fold) was greater than the differ-

H
ence between the KT and the KT of choline (about 10 fold), but the

L H
present experiments did not try to characterize this low affinity transport

process further.

6.4.3.3.1.2 Metabolism by synaptosomes

It has been previously discussed, in the Introduction (Section
1.1), that the acetylation of choline Zn vivo by cholinergic neurons might
be coupled to its high affinity transport system. On incubating synapto-
somes with concentrations of choline, MEC and pyrrolcholine which favour the
high affinity transport system Barker and Mittag (1975) showed that in each
case 45% of the total amount of choline and choline analogue transported
into synaptosomes was acetylated. Similarly the results presented in the
present study show that about 50% of the accumulated 3-hydroxypiperidinium
was acetylated. Therefore the difference between the rates of acetylation
(and the Km and Vmax values) of choline and these analogues seen with
ChAc in vitro is apparently not seen 21 sttu. Thus the results of the
present study are consistant with the hypothesis that the transport of

choline into synaptosomes is coupled to its acetylation.

6.4.3.3.1.3 Mouse phrenic nerve-diaphragm preparation

It has therefore been shown that 3-hydroxypiperidinium can be
accumulated by isolated cholinergic nerve terminals (synaptosomes) and
acetylated to 3-acetoxypiperidinium. It is possible that this acetylated
derivative could behave as a false transmitter, but to be a false trans-
mitter it must like ACh be released from the cholinergic neuron on
electrical stimulation. Potter, (197Q), showed that by incubating the rat

phrenic nerve-diaphragm (a neuromuscular junction) in a medium containing
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[}4q]—choline, the synthesis, storage and release of [}4C]-ACh by this
muscle preparation could be studied. 1In a similar way, since 3-hydroxy-
pPiperidinium is a choline analogue and since it has been shown to be
accumulated by synaptosomes and acetylated, it was thought of interest to
incubate thg phrenic-nerve éndplate region of a mouse diaphragm in a
medium containing [14¢}-3—hydroxypiperidinium. The experiments showed that
this tissue accumulated 3-hydroxypiperidinium where it was acetylated to
3-acetoxypiperidinium which was released, on electrical stimulation, as

a false transmitter. Due to a shortage of material, no time studies were
carried out and therefore the turnover of 3-acetoxypiperidinium was not
determined. For the same reason the effect of HC-3 on the accumulation

of 3-hydroxypiperidinium into this tissue was not determined. However,

it was possible to calculate from these experiments how much of the
accumulated 3-hydroxypiperidinium was acetylated, that is 60% (0.8umole/
Kg of tissue). This rate of acetylation is similar to that found in
synaptosomes. Potter, (1970), calculated from his experiments in which he
used the phrenic nerve-muscle preparation from a rat, that the total
content of ACh in his tissue was approximately 0.%mole/Kg. On the basis
of this result it can be concluded that if the 3-acetoxypiperidinium compound
replaces the endogencus ACh on a molar basis, then 3-acetoxypiperidinium re-
places 88B% of the endogenous ACh, although this calculation must be cons-
idered with cgution since a different preparation has been used. Obviously
further experiments are reguired to determine the turnover of choline

and the turnover of 3-hydroxypiperidinium in the phrenic-nerve endplate
region of a mouse diaphragm. This preparation can provide an alternative
tissue to the superior cervical ganglion of the cat for studying the

synthesis, storage and release of ACh and other analogues.

285



6.4.3.3.1.4 Conclusion

It can be concluded that like choline, 3-hydroxypiperidinium is
accumulated by cholinergic neurons by a high and low affinity transport sys-
tem, where it is acetylated to the ACh analogue, 3-acetoxypiperidinium.

This compound can be released from the phrenic nerve, on electrical

stimulation as a false cholinergic transmitter.

6.4.3.3.2 2-hydroyxmethylpiperidinium, 3-hydroxymethylpiperidinium

4-hydroxypiperidinium

The small rate of acetylationof 2-hydroxymethylpiperidinium and
the lack of acetylation of 3~hydroxymethylpiperidinium and 4-hydroxy-
piperidinium does not rule ocut the possibility that these analogues cannot
be acetylated in vivo provided they.can be transported into the neuron.
Since Collier, Lovat, Ilson, Barker and Mittag (1977), found that 3C-chol=-
ine (homocholine) was acetylated in vitro by ChAc by less than 5% compared
to choline 100%, but was acetylated at a much higher rate in 8itu to form
a falge cholinergic transmitter. Similarly it is possible for these three
piperidinium analogues to be acetylated in vivo and then released as a false

transmitter. Obviously further experimentation is required.

6.4.4 Structure/activity relationships

Bond lengths and bond angles havelbeen taken from Tables of interatomic
distances and configuration in molecules and ions (ed by Sutton, Jenkin, Mitch-
ell and Cross, (1958). In the case of the choline moiety additional reference
has been made to Hjortas and Sorum (1971). 1In the present work certain inter-
atomic distances have been calculated by use of a Fieser model. The maximum
and minimum interatomic distance between the nitrogen and oxygen atoms has
been calculated for all the hydroxypiperidinium molecules although there are
obviously an infinite number of conformations between these two extremes.

The maximum interatomic distance between the quaternary nitrogen
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and the hydroxyl group of choline, is approximately 3.78 (Fig. 6.14). mThis
distance is similar to that found in the choline moieties of the two cyclic
analogues, 3-hydroxypiperidinium and 2-hydroxymethylpiperidinium (Fig. 6.15
and 6.16). These two analogues can be considered to be B and o substituted
choline analogues respectively. Hemsworth and Smith (1970a)studied

methyl substituted choline analogues and found that the o substituted anal-
ogue was acetylated at a higher rate than the B. This trend is not followed
by these cyclic choline analogues since the B substituted 3-hydroxypiperi-
dinium is acetylated at a higher rate than the a substituted 2-hydroxyme=-
thylpiperidinium compound. However, inh the choline analogues studied by
Hemsworth and Smith (197Ca)free rotation is allowed around all of the bonds,
whereas in the cyclic choline analogues examined in this study rotation is
prevented around some bonds.

The choline moiety in the 3-hydroxypiperidinium and 2-hydroxymethyl-
piperidinium molecules is shown (Fig. 6.15 and 6.16). ChAc can presumably
combine with the choline moieties in both molecules, since both analogues
are acetylated . to some extent as shown. However, 3-hydroxypiperidinium is
acetylated at about three times the rate of 2-hydroxymethylpiperidinium, so
presumably a choline moiety in which the o methylene group and the hydroxyl
group are directed towards tge enzyme surface and the B methylene group dire-
cted away from the enzyme surface is a more favourable conformation for
acetylation by ChAc Zn vitro. Such a conformation is fixed in the 3-hydroxy-
pPiperidinium compound since the piperidinium ring prevents rotation around
the N-C-C bonds (Fig. 6.15). The enzyme is not able to combine with such a
conformation in the 2-hydroxymethylpiperidinium due to both Steric hindrance
of the piperidinium ring and because the ring prevents rotation around the
N-C bond. However, rotation can occur around the C-0 band in this

molecule and a cis conformation can exist where the o methylene
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(a) maximum distance = 3.7

N\%( .~ CB\

enzyme

(b) minimum distance = 2.48

+

N\C c/o

Fig. 6.14:- Choline, N-O interatomic distances (100% acetylation by
ChAc Zn vitro.)
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(a) maximum distance = 3.7§
/C\
C C
B
C 0

enzyme

+ N

(b) minimum distance = 2.92

N

C

8

 + N\CE(/E\O

Fig. 6.15:- 3-hydroxypiperidinium, N-O interatomic distances (55%
acetylation by ChAc in vitro.)
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(a) maximum distance = 3.?&

N

c\};/oct\f’/o

enzyme

(b) minimum distance :.2q4g

N

C\ E/CSC\C .

0

» Fig. 6.16:- 2-hydroxymethylpiperidinium, N-O interatomic distances (18%
acetylation by ChAc in vitro. )
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(a) minimum distance (boat, as drawn) = 3.3%

(b) maximum distance (chair) = 3.58

enzyme

Fig. 6.17:- 4-hydroxypiperidinium = N-O interatomic distance

(less than 5% acetylation by ChAc in vitro.)
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(a) (i) maximum distance (as drawn) = 4.8%

(1i) minimum distance = 4%
,af”’//’//’t:\\\\\\\\\xx
C C

+N

N —

enzyme

(b) (i) maximum distance = 4.82

+N C 0
C C

(ii) minimum distance = 0.72

+

Fig.6.18(a):~ 3~hydroxymethylpiperidinium, N-O interatomic distance
(b) 3C=-choline (homocholine), N=O interatomic distance

(both analogues are acetylated by less that 5% by ChAc
in vitro).
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group is directed away from the enzyme surface, while the hydroxyl group

is directed towards the enzyme surface (Fig. 6.16b). This cis conformation
can occur in the choline molecule itself (Fig. 6.14b), but not in the 3-
hydroxypiperidinium molecule and since this latter molecule is acetylated

by 55%, the cis conformation is unlikely to be the conformer that reacts
with the enzyme, ChAc. Apart from the conformational difference just
degcribed, there seems to be no:other difference between the two moieties

in these cyclic choline analogues to account for the var?ing rates of
acetylation by ChAc in vitro. Therefore, it seems possible, that the

role of the alkyl chain in the choline group is not only to maintain the
correct interatomic distance between the guaternary nitrogen and the hydroxyl
group but could itself bind to the enzyme and/or ensure that the hydroxyl
group is in a fawvourable conformation for acetylation to occur. Possibly
ChAc has a site in which the a methylene group can f£it, as shown in Fig.6.l15a.

The importance of the alkylchain is again shown on consideration of
the 4-hydroxypiperidinium compound. 1In this analogue the quaternary nitro-
gen atom and the hydroxyl group are separated by an interatomic distance of
between 3.3% ana 3.58 depending upon the conformation of the piperidinium
ring (Fig. 6.17). This is about the same distance as that in.the choline
molecule (Fig. 6.14) yet the 4-hydroxypiperidinium analogue is acetylated
by ChAc in vitro at less than 5% the rate of choline. This suggests that
the alkylchain between the nitrogen atom and the hydroxyl group in this
cyclic analogue is not of the correct conformation to allow the acetylation
of the compound by ChAc in vitro.

The 3-hydroxymethylpiperidinium compound is a B substituted homo-
choline analogue, and like homocheoline it is not significantly acetylated
by ChAc in vitro. The maximum interatomic distance between the quaternary
nitrogen atom and thehydroxyl group of the cyclic homocholine analogue

is about the same as that of homocholine itself that is 4.BR (Fig. 6.18).
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This distance is presumably too large to allow the ChAc enzyme to
acetylate these analogues. The minimum interatomic distance (42} is still
presumably too large and/or the conformation of the molecule is wrong.
There seems to be no relationship between the interatomic distances
or conformation of the hydroxypiperidinium analogues and the potences of
these analogues in causing a prejunctional block at the rat phrenic nerve
diaphragm preparation and their potency of inhibition of the high affinity
transport of choline into synaptosomes. Only the acetylation of the

compounds by ChAc in vitro can be rationalised in this way.

6.4.5 QAcetylated derivatives of the hydroxypiperidinium compounds

Since 3-acetoxypiperidinium has been shown to be a false choliner-
gic transmitter, it was thought of interest to study the postjunctional
action of this compound on the muscarinc receptors of the guinea-pig ileum
and on the nicotinic receptors of the frog rectus abdominis muscle.

Its breakdown by AchE and ChE was also investigated. For comparison, and
éince it was thought that the other piperidinium analogues investigated

* in this study might be tested in the future to see if they are precursors
of false transmitters, 3-methacetoxypiperidinium and 4-acetoxypiperidinium

were also studied.

Previous work on the acetylated analogues by Abramson (1964), showed
that all three cf the acetoxypiperidinium compounds caused a contracture
of the guinea pig-ileum and his results are shown, (Table 6.7), w@ich are
slightly different from the results of the present study. Lambredt (1976),
found that 3-acetoxypiperidinium was an agonist on the rat ileum.

Lambrecht (1979) showed that 4-acetoxypiperidinium.was an agonist on the

guinmpig ileum and heart
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Ing {i949), stated that for active cholinergit drugs, the following
skeleton was necessary en-c-c-o-c-c and with a few exceptions any dev-
iation from this structure results in a marked loss of potency.

In the present study, all three acetoxypiperidinium compounds gave
a maximal response on the guinea pig ileum showing that they all have the
same intrinsic activity as ACh. The 4-acetoxypiperidinium analogue was
found to be more active than the 3-acetoxypiperidinium which is different
towhat- would be expected on consideration of the: tonclusions of Ing,
(1949).

Lambrecht and Mutschler (1974), found that the conformation of the
N -methyl-3-acetoxypiperidine ion needed for muscarinc action is one in
which the N-C-C-0 atoms are in a boat conformation as shown in Fig. 6.19%a.
Lambrecht and Mutschler, (1974), concluded from thermodynamic work that
only 0.15% of the molecules of the N-methyl=-3-acetoxypiperidine ion exists
in the boat conformation (Fig. 6.19a), at 350. In other words the N-
methyl-3-acetoxypiperidine ion exists predominantly in the chair conforma-
tion (Fig. 6.19b). Lambrecht and Mutschler, (1974), also concluded that
the free energy difference between the boat and chair conformers was
5-6kcal/mole and they suggested that this could not be overcome drug
receptor interactions. Therefore, only the small percentage of molecules
of the N-methyl-3-Rcetoxypiperidine ion in the boat conformation (Fig.
6.19a), can activate muscarinic receptors. A similar situation presumably
exists for 3—acétoxypiperidinium.

However, if 4-acetoxypiperidinium is considered, (Fig. 6.20), the
boat conformation of this molecule can be stabilized by attractive forces
between the positively charged nitrogen atom and the lone pair of electrons
(6=) on the ester oxygen atom. This presumably results in a higher propor-
tion of molecules being in the boat conformation, compared to 3-acetoxypipe-
ridinium where no such stabilisation can occur. Since the boat conformation

is necessary for muscarinic activity (Lambrecht and Mutschler, 1974),
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(a) boat conformation

\ -
\

0Ac

(b) chair conformation

H
+ / \
CHjy T 0 Ac
R
Fig. 6.19:- R = H: N-methyl-3-acetoxypiperidine ion

R = CH3: 3-acetoxy-piperidinium

2%



Fig. 6.20:-

boat conformation of
4-acetoxypiperidinium
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this is presumably why, despite the .conclusions of Ing (1949), '4-acet-
oxypiperidinium is more active than 3-acetoxypiperidinium.

The interatomic distance between the quaternary nitrogen atom
and the ester oxygen atom in 3-acetoxypiperidinium is about the same as
that in ACh. Howéver. in 3-methacetoxypiperidinium, this distance is
greater (because of extra CH2) and this is presumably why this compound

is less active on muscarinic receptors than 3-amtoxypiperidinium.

6.4.5.2 Frog-rectus ahdominus muscle

In experiments with the frog rectus abdominus muscle 3-acetoxy-
piperidinium was found to be equipotent with 4-acetoxypiperidinium.
3-methacetoxypiperidinium was less active than the other two analogues
but not to the same extent as that found on the guinea-pig ileum. These
results indicate that the sterochemical requirements for drug combination
with the nicotinic receptor on skeletal muscle are less stringent than

the
for muscarinic receptbdr.

6.4.5.3 Cholinesterase enzymes

AChE hydroiysed 3-acetoxypiperidinium faster than the 3-methaceto-
xypiperidinium which in turn was hydrolysed faster than the 4-acetoxy-
piperidinium compound. ChE was less active on the three analogues than
AChE, but showed the same trend. These results indicate that the active
conformation for these enzymes is the chair form, which predominates in
aqueous solutions of both 3-acetoxypiperidinium and 3-methacetoxypiper-

idinium but not of 4-acetoxypiperidinium.

6.4.6 Conclusions on the mechanism of action of the hydroxypiperidinium

analogues in causing a prejunctional block at the neuromuscular

junction

The prejunctional blocking action of the hydroxypiperidinium com-
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pounds is probably due, at least in part, to their inhibitory action on the
high affinity transport of choline infﬁ nerve terminals. 3-hydroxypiper=-
idinium has been shown to be transported into cholinergic neurons and
metabolised by them to the false transmitter 3-acetoxypiperidinium. There-
fore, part of the presynaptic blocking action of 3-hydroxypiperidinium

is probably due to the release of a false transmitter which has been shown
to be 57 times weaker than ACh as an agonist of the nicotinic receptor

of the frog rectus abdominis muscle.

6.4.7 Summary of Results

The hydroxypiperidinium analogues were shown to possess a prejunc-
-tional blocking action at the neuromuscular junction, weak anticholines-
terase activity and inhibitory activity on the high affinity transport
of choline into synaptosomes. Only 3-hydroxypiperidinium and 2-hydroxy-
methylpiperidinium were acetylated by ChAc fn vitro by more than 5% (compared
to choline, 100%). It has been demonstrated that 3-hydroxypiperidinium
is transported into cholinergic neurons, acetylated to 3-acetoxypiperidinium
which is then released as a false transmitter. 3-acetoxypiperidinium was
shown to be a weaker cholinergic agonist than ACh.

The hydroxypyridinium analogue did not possess a prejunctional
block on the rat diaphragm preparation and possessed a weak anticholine-
sterase action{ a weak inhibitory action on the high affinity transport of

choline into synaptosomes and was a poor substrate for Chac in vitro.
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7 GENERAL DISCUSSION

Three series of choline analogues have been studied and their
action at cholinergic synapses has been investigated especially with
regard to their presynaptic action.

Structure/activity relationships have been discussed but only
with regard to the acetylation of the analogues by ChAc in vitro. It appears
as though 7Zn vitro ChAc is more specific in its structural requirements
than any of the other preparatioﬁs used in this investigation. The long-
chain choline analogues were not acetylated by ChAc in vitro but the five
carbon analogue (5C-choline) was a potent inhibitor of in vitro Chac.
Cyclic HC-3 is apparently a stable Eonformer and most of the acetylated-
HC-3, as synthesised by ChAc in vitro, was in the cyclic form so it seems
as though a cyclic choline moiety can be acetylated by ChAc. Similarly,
3C-HC, 3-hydroxypiperidinium and 2-hydroxymethylpiperidinium were acetylated
by ChAc inm vitro. It is likely that the structure/activity relationships
discussed in relation to 3-hydroxypiperidinium could equally appiy to
HC-3 and 3C-HC, since the choline moiety in all three cyclic analogues
is in the same conformation.

All of the analogues studied inhibited, to some extent, the high
affinity transport of choline into synaptosomes but the bisquaternary
hemicholinium analogues were the uﬁst potent in this respect.

Both HC-3 and 3-hydroxypiperidinium have been shown to be accum=
ulated by a crude preparation of synaptosomes. A two component transport
system (high affinity and low affinity transport) has been demonstrated
for 3-hydroxypiperidinium which is similar to that of choline, whereas
HC-3 seems only to be transported by a low affinity mechanism. Only
3-hydroxypiperidinium was acetylated in situ by synaptosomes whereas HC-3
was not acetylated despite the fact that Hc-é was acetylated in vitro by

ChAc. This supports the hypothesis that high affinity transport and ace-
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tylation Zn situ are coupled. 3-acetoxypiperidinium has been shown to
be released as a false cholinergic transmitter at the neuromuscular

Jjunction.
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