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CHOLINE UTILIZATION AT PERIPHERAL NERVE TERMINALS

T. B. Tjandramaga, M,D,
ABSTRACT

Choline’(cﬁ) uptake by sciatic nerves of the frog has been
shown to confo}mvwith a two component mechanism of uptake found earlier
for the giant axons of loligo, |

At 10w:§oncentration of Ch (10“5 M) there is evidence indicating
uptake against a concéntration gradient; ‘The‘findiﬁg'that Ch uptake 15
inbibited under_anaérobic condition further suggests thgt the accumulation
of Ch is an enefgy‘requiring process, Hemicholiniuﬁ-ﬂo;‘a (Hc-é) showed
a significant inhibitory effect on the Ch influx, which appears to'be of
the competitive type, This first component of uptake is cOmpatible'with
a ‘carrier’ mediafed process,

- 10 M), Ch enters the sciatic .

At greatér concentrations (10~
nerves at an apparent rate proportional to the concentfation of Ch in the

external medium,lsuggesting passive diffusion to be the second component

" of uptake.

Repetitivé electrical stimulation using difiérent frequencies
(1, 5, 20 and 40 pﬁlses/sec) has no obvious effect on the:uptake of‘Ch.

No important migration of labelled Ch towards_the axon terminals
was found during‘a 24 hour incubation period under continuous stimulation
(2/sec). o

The dynahics of transmitter release at the neurémuscular

Junctions have been studied with the use of two different radioactive
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tracers ( C-Ch and 3H--Ch) as precursors for acetylcholine (ACh) synthe-
sis. The two tracers were loaded sequentially to replace the endogenous
ACh stores, Each loading was followed by a washout procedure to remove

the fraction of radioactive material not retained by the tissue, On

the assumption that the retained tracer molecules have.been-transtormed

into labelled ACh carrying two different labels, studies were carried

out to determine the release patterns of both tracers under different

"experimental conditions.

It was found that the newly introduced tracer is released ‘in

preference to the previously introduced one, providing evidence that

newly synthesized transmitter is released preferentially. The preferen- S

tial release of- the second tracer cannot be demonstrated when the second

tracer is introduced into the. tissue in the presence of uc-s From the

release data the existence of a 'readily releasable pool and a’ 'storage'
' pool of the - transmitter is readily apparent, The existence»of,a surplus

o pool is suggested by experiments in which the second loading was carried

out under. resting ‘conditions and in the presence of cholinesterase (neo-~

stigmine or'eserine) ACh and electrical stimulation (40/sec) release

the transmitter pool. Carbachol is more effective than ACh in releasing
the surplus'pool. Selective labelling of the surplus pool by loading
under resting conditions was not successful. There is.evidence of signi-
ficant exchange and mixing of the newly synthesized transmitter with the
transmitter pools even under resting conditions. KCl,in the presence of
neostigmine, produced a release pattern similar to that produced by.
electrical stimulation. However, if eserine was the anticholinesterase .

used, the patternvof release with KCl was reversed,
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The present studies in the neuromuscular Junction of the
frog provide some experimental evidence indicating that the overall
model for transmitter dynamics known for the ganglion (Birks and Mac=~

Intosh, 1961) is applicable to the neuronuscular Junction,
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SECTION 1

INTRODUCTION




-]

A. THE NEUROMUSCULAR JUNCTION: STRUCTURAL FEATURES

The term neuromuscular junction is used to-describe the local~-
ized synaptic zone that relates motor nerve terminals to skeletal muscle
fibres,

Classieal light-microscopical studies reveal»that the motor
axon, quite close to the branching of the terminal,~lbses its myelin
sheath and eipahdé to make a series of discrete contactsvwith a special-
ized region dfetﬁe muscle fibre, the motor end-plate, This is shown
diagrammaticall& in Fig. 1A (Couteaux, 1958). |

There have been several thorough electron—microscopic studies
of neuromuscuiar junctions of amphibia, reptiles and mammals (Palade and
Palay, 1954; Robertson, 1956, 1960; Reger, 1958; Andersoﬁ-Cedergren,
1959; Birks, Huxley and Katz, 1960), and it is now we11 established
that a11 have the common structural features that are required for physi-
ological explanations of chemical transmission at the neuromuscular
synapses (Fig;le). The structural design of the neurpﬁuscular junction
is very effiéient for the operation of a chemically.transmitting synapse
(see review by Eecles, 1964), Firstly, there is a syneptic cleft (of
about 500 X) width completely separating the surface”meybranes of the
ner&e terminarvand the motor end-plate. Secondly, there are numerous
vesicles (about 500 X in diameter) in the motor ending, and they tend
to collect in groups at some regions of the presynaptic ﬁembrane, partic~
ularly in preéimity to the junctional folds, These synaptic vesicles are
thought to be‘the:stofage sites of the transmitter (De Robertis and
Bennett, 1955; Robertson, 1956). Mitochondria are.concentrated within

the nerve ending,
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B. CHEMICAL TRANSMISSION ACROSS THE NEUROMUSCULAR JUNCTION

Du Bois—Raymond (1877) in discussing the possible mechanisms
of transmissionAfrOm nerve to muscle at the neuromuscular junction sug-
gested that it conld be either electrical or chemical, In this way he
initiated a controversy that would last for 60 yearse ,Elliot (1904a,
1904b) , who was impressed by the close correspondence between the effects
of adrenaline on various organs and those produced by stimulation of
their sympathetic nerve supply, suggested that sympathetic nerve impulses
liberate adrenaline at the junctional regions of the smooth muscle fibres;
Dixon (1906) suggested that vagal stimulation releases a‘muscarine-like
substance from: the dog's heart, - | |

Dale (1914) noted that the actions of parasympathetic stimula- :
tion were mimicked very faithfully by acetylcholine (ACh) ‘He also was
able to differentiate between the nicotinic and muscarinic actions of
ACh. The former ‘action first stimulates then paralyzes ganglia, and is
blocked by curare, whereas the muscarinic action is abolished by a small
' dose of atrOpine and unaffected by curare,

The'experimental proof of the existence of chemical transmission
was provided by the classical experiments of Loewl (1921). He showed
that the fluid collected from a beating isolated frog s ‘heart during
vagal stimulation inhibited a second isolated frog ] heart. A substance
called the "Vagnsstoff", was apparently liberated at'the vagal nerve
endings in the first heart. Since this substance had-the same effect on
the second heart as vagal stimulation, it could be cOncluded that the
nerve acted on the heart by liberating this substance at its endings.

As a result Of the earlier pharmacological studies of Dale the Vagusstoff




-
was identified es'acetylcholine.

In the>ear1y 1930's a series of classical investigations
(Feldberg and Gaddum, 1934; Feldberg and Vartianen, 1934; Brown, Dale
and Feldberg,‘lgéﬁ; Dale et al., 1936) established that ACh was liber-
ated at a wide variety of mammalian peripheral synapses. The release of
ACh was demonstrated in the autonomic nervous system at all preganglionic
endings, and.at the terminals of postganglionic parasympathetic fibres
(review by Hebb; 1963). An 1mportant aid to the experlments on the pre-
ganglionic sympathetic endings was the method described by Kibjakow (1933)
for the perfusion ‘of the superior cervical ganglion in situ in isolation
from the rest.cf the body, It was thus possible to collect in a relatively
small volume of solution any substance liberated from the presynaptic
nerve endings.v in 1933 a new terminology was suggested by Dale to de-
scribe nerve fibfes in the autonomic nervous system. He proposed that
fibres which act b& the liberation of ACh should be»catled cholinergic
and those which act by the liberation of the adrenaline-like substance
("sympathin")'adreﬁergic.

The concept of chemical transmission across the neuromuscular
junction was given a secure foundation in 1936 when the release of trans-
mitter (ACh) at the neuromuscular junction was first demonstrated con=
vincingly by Dale_and his colleagues (Dale et al., 1936). Their evidence
showed that ACh was released by stimulation of the motof‘nerve in amounts
corresponding tovthose to be expected from previous experiments on
ganglia; that ACh mimicked the effect of an asynchronous discharge of
the motor nerve; and that certain pharmacological agents, in particular

curare, modified the response to motor nerve stimulation’in the same way




as they modified.the action of ACh, Following this,'tﬁe‘term cholinergic
was also applied to the somatic motor fibres, The entire period of the
development of the concept of chemical transmission and the identification
of ACh as a transmitter compound was reviewed by Dale (1938),

C. IDENTIFICATION OF ACETYLCHOLINE AS THE CHOLINERGIC NERVE TRANSMITTER

Among a large series of choline esters prepared by Hunt and
Traveau (1906)5'ecety1choline was later shown to be the most active bio-
logically, on éﬁ_ayerage about 1000 times more active than choline (Dale,
1914), Dixon and Hamill (1909) applying to parasymﬁathetic nerves the
idea, previously'suggested by Elliot (1904), of chemicel'transmission of
nerve impulsee;claimed to have shown that vagal stimulation liberated a
muscarine-like sﬁbstance from the dog's heart, However;.this concept
was not pursued further at the time,

During,Studies on ergot extracts, Dale found‘é substance which
produced act1ons similar to those produced by muscarine and identified
this substance as acetylcholine, He also found it to have on many organs
actions which closely corresponded to those produced by .the stimulation
of their parasympathetic supply. Furthermore, in his publication (1914)
he'also made the'important suggestion that the brevity of its action
might be due to‘its destruction by a tissue esferase. vFollowing Loewi 's
experiments (19215, the evidence that the cholinergic nerve transmitter
might be ACh became more convincing, especially once its presence in an-
imal tissues was,definitively established by Dale and4Dudiey (1929).
Using chemical methods these authors demonstrated its presence in the
bovine and equine spleen, However, the amounts of ACh present in tissues

were found to be so small that they were below the limits of accurate




chemical detection, In order‘to obtain quantitative information from
small samples of tissue, or tissue fluids, another method of identification
was necessary.

It became thus necessary to develop bioassay methods sensitive
enough to measqre the small amounts of acetylcholine‘pfesent in biological
samples. B |
Bioassay

Probably the first bioassay method available was based on the -
observation of Fuhner (1917) that the eserinized leéch muscle is extreme-
ly sensitive t§>ACh, approximately one million times more than the un-
eserinized leecﬁ muscle. This method was used fof the assay of ACh‘by
Minz (1932) and 1éter by Dale, In 1933 Chang and Gaddum publiéhed a
paper on the proéerties of a number of preparations which are specially
sensitive to ACh and showed how they can be used in different combinations’
to distinguish ACh from other bioactive substances, 1nc1uding other cho-
line esters., There are numerous bioassay methods available, in between
the ones most'widely used we should mention: the negative inotropic
action of acetylcholine on the heart of the frog, the hypotensive effect
in the cat, and the contracting effect on the intest1ne of the guinea pig,
or the rectus abdominis muscle of the frog, A detailed review of these
bioassay procedures for identification of ACh has been published by
Whittaker (1963).

In order to conclude from these bioassays that the actions ob~-
served are due to ACh, certain other conditions must be’fuifilled. The
action of the uﬁknown must be potentiated by the drugs'that inhibit the

enzyme which hydrolyzes ACh, the unknown must be inactive after a 10 min
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exposure to 1IN alkali and, of course, it must display the same properties

of ACh,

D, LEARLY EXPERIMENTS DEMONSTRATING ACETYLCHOLINE SYNTHESIS

ACh synthesis in the ganglion was first demonstrated by Brown
and Feldberg (1936 see also review by Feldberg, 1945). " They found that,
after a perlod of prolonged stimulation, the amount of ACh released by

the pregangllonlc nerve of a perfused sympathetic ganglion was greater
than the total ‘amount that it originally contained, This can only be ex-
plained if the suéﬁly of preformed ACh had been supplemented as the stim-
ulation-progresSe&; by the synthesis of new ACh,

The flrst in vitro demonstration of ACh formation by nervous
tissue, however, was obtained by Mann et al, (1938, 1939) on respiring
slices of mammalian prain., They used a bioassay to measure the amounts
of ACh formed, The amounts of ACh synthesized by the sllces were small
with a maximum y1e1d of 50 ug/g tissue/hr (Mann et al., 1938, 1938). By
these experiments, it was shown that isolated nervous tissue is |
capable of synthetizing ACh,

The next significant step was made by Stedmgn and Stedman
(1937, 1939) whovdémonstrated the production‘of ACh by ground brain
tissues suspemded'in chloroform~saline or ether~saline; fhus showing
that the synthetic mechanism survives disruption of thé cell,

At thié’stage 1ittle was known about the conditions necessary
to activate the s&nthetic mechanism, or what are its enérgy or substrate
requirements, ﬁVidence pertaining to these questions was provided by
Nachmansohn and Machado (1943) who showed that,in the presence of choline,

extracts of brain and nervous tissue will synthesize ACh, The synthesis




will continuebeven under anaerobic conditions and in thevabsence of glu-
cose, as long as.long as adenosine triphosphate (ATP) is supplied, which
was found to acceierate greatly ACh synthesis. The enzymatic system was
termed choliné acetylase by Nachmansohn and Machado (1943). Further ob-
servations by these authors suggested that the enzyﬁe concerned in the
synthesis contains ~SH groups. This was later confirmedﬁby Reisberg
(1954) who shéWed that choline acetylase activity is'deppessed by sulfthy-
dryl inhibitofé, Such as p—chloromercuribenzoate and:iodobenzoate, that
react with thiol'groups.

Feldberg and Mann (1946) reported that a heéf stable, dialyzable
substance, normaily present in extracts prepared from écetone dried tissue,
is required fqr’thimal synthesis of ACh. Similar observations were made
independently by Lipton (1946) , Lipmann and Kaplan (1946)'and Nachmansqhn
‘and Berman (1946).' This substance was called the coenzyme of acetylation
or coenzyme A.(Lié@ann, 1954)., It is of general importance in biological
acetylations ahd-ifs constitution is now well establiéhe& (vovelli et al,,
1951; Snell et'ai;, 1950; Lynen and Reichert, 1951). - Acetyl-CoA is
essential for the formation of acetylcholine, and together with choline
it is the subétrate of choline acetylase, the enzyme thaf confrols the -
rate of synthesis of ACh (Korkes et al,, 1952), The reaétion is as
follows: v

Q ST Q N |
CHSC—SCOA + (CHS)SNCHZCHZOH ——— CHBC-O-CHZCHZN(pﬂs)3 + CoOASH

Acetyl Choline Acetylcholine Coenzyme
coenzyme A ' ‘ A

Acetyl-CoA is formed during the oxidative breakdown of fatty acids, amino

acids and sugérs._ Pyruvate is often the immediate precursor of acetyl-CoA,
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the reaction involved being as follows:

Pyruvate + DPN + CoOA —— Acetyl-CoA + CO2 + DPNH2

Thus oxidative metabolism of glucose via pyruvate is a principal source

of acetyl-CoA and hence of ACh in the brain, In braiﬁ cell extracts, in
which pyruvate oxidation does not'proceed, acetate is a source of acetyl-
CoA so long as ATP, CoA and the necessary activating énzyme (acetyl kinase)
is present (Bérg,.1956).

E. HYDROLYSIS OF ACh

In 1914 Dale suggested that the rapid disapbeﬁ}ance of ACh
from blood and tissues is due to the action of an esterase. Further
support for this idea was obtained by Fdhner (1917) who showed that in
- the presence of eserine ACh becomes far more effective in causing a con-
traction of leech muscle, while the action of choline, which also stimu~
lates the’musglé in a smaller degree, is not affected b& eserine. This-
suggested that.the potentiating action of eserine was due to an inhibitory
effect on the hydrolysis of ACh., Subsequently, a similar conclusion was
reached by Loewi et al. (1930) and Matthes (1930) who 1ndependent1y
demonstrated the enzymatic nature of the tissue hydrolysis of ACh., Two
years later, in 1932, Stedman et al. (1932) prepared from horse serqm'an
eserine sensitivé énzyme which hydrolyzed ACh. They hamed this enzyme,
that they conéidered to be a specific esterase for acefylcholine, choline
esterase (ChE).. However, it splits butyrylcholine and proprionyl-choline |
at a higher réte than acetylcholine., Later, Nachmansohn:and Rothenburg '
(1945) demonstrated that the cholinesterase in nerves, muscle tissue and
erythrocytes,biﬁ contrast to the serum esterase, has a high affinity for

ACh and acetyliB-methylcholine, but splits butyrylcholine at a very low
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rate. Enzymes efvthis type were called acetylcholineeferaseS‘by
Augustinsson and Nachmansohn (1949). Following recommendation of the
Enzyme Commiseion in 1964 the name acetylcholinesterase is used to denote
the so—called true or specific enzyme which hydrolyzes ACh into choline

and acetate according to the following reaction:

H + . T +
Jr, : : + ' - +

CH ,C-0~CH,CH,N(CH) 5 H,0 ——— CHyC-OH HO=CHCH,N(CH,) 5
Acetylcholine Acetic Acid " Choline

The use’of-histochemical techniques has been a'great aid in mapping
tissular and ce11u1ar distribution of the esterase, and iﬁ pinéeinting
the location of ACh in such tissues as skeletal muscleﬂ where the overall
ACh activity is lqw (Koelle, 1950; Couteaux and Taxi 1952- Coers, 1953;
Gerebtzoff et1§1;, 1954; Couteaux, 1958), The skeletai neuromusculer
junction has ﬁeen,intensively studied with respect to both the localiza-

" tion of acetylcholinesterase and also the pharmacological actions of the
anticholinesterasee. Prior to the development of histochemical methods,
Marnay and Naehmaﬁsohn (1938) obtained indirect evidence that the acetyl-
cholinesterase of skeletal muscle was concentrated in the terminal areas
of motor nerves.. . This selective localization of acetylcholinesterase at
the endplate fegion has been confirmed and clearly demonstrated by the
ultramicroanalytical determinations of Giacobini and Holmstedt (1960)
The highest concentration of acetylcholinesterase (which accounts for
most of the cholinesterase at neuromuscular junctions (Denz, 1953))
appears postsynaptically, at the surface on the subsynaptic mem=-

brane of the neuromuscular junction and at the 1nfoldings of the sub-

neural apparatus, :The axonal terminals contain relatively little enzyme ‘
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(Couteaux, 1958; Barnett, 1962), The amount of acetylcholinesterase
present at therneuromuscular junction was estimated b} Marnay and Nach-
mansobn (1938) to be capable of hydrolyzing some 109vmolecu1es of ACh in
ine millisecond The hydrolysis of ACh is also catalyzed by various in-

organic and organic agents, although the most important is the acetyl-

cholinesterase of living tissues (see reviews by Davies and Green, 1958;
Nachmansohn, 1959).

F. DISTRIBUTION OF ACh AND CHOLINE ACETYLASE

Between 1943 and 1951 Feldberg with various colleagues carried out

a number of studies of the distribution of choline acetyl transferase in

the mammalian nervous system (Feldberg, 1945; Feldberg and Mann,'1946;
Feldberg and Vogt, 1948; Feldberg et al., 1951), ’A-result‘of first
importance which emerged from these studies is that;the»enzyme could be ;
detected only in those parts of the peripheral and autonomic nervous . |
systems which contained cholinergic neurones. It'was ahsent from sensory -

or adrenergicbnerves. The ability to form and store ACh in the peripheral §f
nervous system appears to be confined to motor nerves: innervating skeletal '
muscles, autonomic preganglionic trunks and parasympathetic postganglionic
fibres (Hebb,,1963). The evidence that postganglionic:adrenergic nerves

do not contain acetylcholine or its synthetizing system has been derived

mainly from experiments in which the superior cervical ganglion and the
proximal part of its postganglionic fibres have been analyzed after

chronic preganglionic denervation (Hebb, 1963). After such a procedure

the normally high content of ACh and choline acetyltransferase in auto~
nomic ganglia is drastically reduced, suggesting that-most of the enzyme 5

is located presjnaptically (Buckley et al,, 1967), The reduction of
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choline acetyitransferase levels in degenerating somatic nerves occurs
ot about thelsame rate as in the superior cervical gangiion (Hebb et al.,
1959). |

Hebb et ai. (1964) suggest that ACh and its synfhesizing enzyme
are present in Iafge amounts at the motor nerve endings.‘ They found that
the eod-plate7zoﬁe of the rat hemidiaphragm contains 90% of the total ACh
content of the whole muscle, while the nerve free part contains only 10%.
Potter (1970)'conf1rmed the localization in the neuromuscular Junction
of both choline acetyltransferase and ACh, He also showed that following
denervation both enzymes levels were reduced to a small percentage of
their normal valqe. 1t had previously been noted by Bhatnagar and Mac—
Intosh (1960)-thaf'some ACh can persist in somatic muscle for long periods
of time (up to[60 days). Only recently has it been shoﬁn,by Miledi and
Slater (1968) fﬁat the residual enzyme and ACh may«be*present in the

neighbouring Schwann cells.
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Fig. 2. A schematic summary of the metabolism of ACh at the nerve

ending. As indicated, ACh is formed from acetyl-coenzyme A

and choline under the influence of the enzyme cholineacetyl-

transferase. Free ACh released is broken down to acetic acid

and chdline by the enzyme acetylcholinesteraée,'and the choline

moietf'is reabsorbed, The high energy compound acetyl-CoA is

formed from ATP, coenzyme A, and acetate undgr.the influence

of the enzyme acetokinase.
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G. RELEASE OF ACETYLCHOLINE BY MOTOR NERVE ENDINGS

Early experiments (Hess, 1923; Shimidzu, 1926) had shown that
ACh (or an ACh-like substance) was released’by nerve muscle preparations
during nerve stimulation. These authors did not exclude the possibility .

that autonomic or sensory nerve fibres, or the muscle itself were the

source of the ACh-like substance. Dale, Feldberg and Vogt (1936) found
that after symnathsctomy, stimulation of the appronriqte ventral roots,
induced release of ACh from mammalian tongue and leg muscles perfused with_
eserinized Tyrooe solution, Direct stimulation of tnsimuscle was not ef~-

fective, excent insofar as intramuscular nerve branches were excited.

Contraction of‘the muscle was not important since.the‘reiease continued
after paralysis of ‘the muscle by curare, B

An objection was subsequently raised against this study because
the release of ACh was demonstrated under 'unphysiological' conditions,
i.e, during perfusion with Tyrode which rapidly leads to edema and loss
of function.(Fleish et al,, 1938). However, Emmelin and MacIntosh (1956)v
have since demonstrated that perfusing with blood or plssma, which main-
tain the muscle 1n sound condition, the release of ACB'can still be
demonstrated if-sufiicient concentrations of anticholinssterase are used,

It has also beenbsnown by these authors that these résults are not depen-

dent upon the action of one particular anticholinesterase, and if no
anticholinesterase is used, choline, the product of ACh hydrolysis, can

be recovered from the effluent in the expected amount.

The mean amount of ACh released per impulse pé;'nerve ending
can be calculated; provided one knows the number of nervé‘endings in the

muscle. In the original publications of Dale .et al, (1936) and Emmelin




-]15=~

and Maclntosh'(1956) no attempt was made to calculate‘the mean release
per nerve ending. Approximate calculations based on these experiments
were published later by Dale (1938), Acheson (1948) and MacIntosh (1959).
The amount estlmated ranged from 0,5 to 7 x lo-lsnkﬂe. In later experi-
ments with 1soleted diaphragm preparations (Brooks, 1954; Straughan, 1960;
Krnjevic and Mitchell, 1960, 1961) relatively high yields of ACh have
been obtained,?oetween 2 and 10 x 10-18 mole per nerve’ending per impulse.
The higher valuesiwere associated with stimulation for short periods at
low rates (2 to 5/sec). These authors have also detected a spontaneous
release of small amounts of ACh in the absence of nerve stimulation.

Soon efter Dale et al, established the role of ACh as the
chemical transnitter, the electrical events associated;with synaptic
transmission'etlthe neuromuscular junction were seriously investigated
by several electrophysiologists (e.g. Schaefer and Haas!_1939; -Eccles
and O'Connor 1939~ Feng, 1941), One of their first-flndings was the
existence of a local electrical potential change at: the end-plate region.
The electrical properties of this end-plate potential (e.P.p.) differ
»markedly from nerve action potentials, They are non-regenerative local~
ized depolarizatlons. The end-plate potential can easily be recorded
from the 1nnerveted zone of a curarized muscle using the microelectrode
techniques pioneered by Ling and Gerard (1949). The'e.p.p. is the
earliest response of the muscle fibre to a nerve impulse. It is a local
depolarization enich starts about 1 msec after the arrivel of the impulse
to the axon terﬁlnsls. Normally it rises quickly above the threshold of
the muscle membrane initiating a new impulse which propagates along the

muscle fibre and causes its eventual contraction. The amplitude of the
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e.p.p., can be.progressively reduced by the applicatioﬁ 6f jncreasing doses
of curare, The So-called tcurare paralysis’' occurs when the size of the
end-plate potential has been depressed below the threshold of the muscle
fibre. Neither the nerve nor the muscle impulse are reduced by a paraly-

sing dose of curafe, only the e.p.P. The e,p.p. can be increased in

amplitude and very strikingly in duration, by the application of anti-
cholinesterase'agénts, which are known to jnhibit specifically the enzymatic
hydrolysis of ACh.

The local electrical potential change at the'Synaptic area of

the muscle fibré caused by the iontophoretic applicafipn'of ACh is affec-
ted in the samé‘ﬁéy as the e.p.p. by curare and by anii-ChE. Based on this
evidence EchéS’ef al, (1942) concluded that the end?plate potential is

" caused by ACh re1ease from the motor nerve endingsﬁ(sge review by Katz,
1962) .,

; Intracellular recording at resting neuromuséular junctions has
revealed the existence of small spontaneous depolarizations with. a fairly
uniform.amplitUQe,which are termed miniature end-plate potentials (m.e.p.p.)
and are confined‘to the end-plate region (Fatt and Katz, 1952; Boyd and

Martin, 1956a;  Liley, 1956a). Except for their spohtaneous occurrence

and small ampiitude,m.e.p.p. have all the characteristics of e.p.p. with

iontophoretic application of ACh to the end~plate region, m.e.p.p. 's can
be mimicked, and these artificially induced m.e.p.pP.'s respond to the

application of curare and anti-ChE in the same way in which spontaneous

m.e.p.p. 's do, Del Castillo and Katz (1956a) concluded that the m.e.p.p.'s
represent spontaneous impacts of ACh on the motor end-plate. Miniature

end-plate potentials which were first obgerved in frogs by Fatt and Katz
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(1952), later by Boyd and Martin (1956a) and Liley (1956a) in mammals,
and by Ginsborg (1960) in birds, have now been found at the end-plates
of =all vertebfate species which have been examined, including humans
(Elmquist et al,, 1960; Dahlback et al,, 1961). The frequency of the
m.e.p.p. 's is of about 1/sec (Fatt and Katz, 1952) ahd ig dependent, .
among other f@btors, on the membrane potential of the motor nerve term-
inal, Their frgquency increases when the terminals&arevdepolarized,
eitber by eleétfic current (del Castillo and Katz, 19546; Liley, 1956c)
or by increasing the external potassium ion concentration (Liley, 1956¢c;
Furukawa et ai., 1957; Takeuchi and Takeuchi, 1961), Liley (1956c) re-
ported that a 2.7 f01d increase in external potassium ion concentration
(above 10 mM)'resuited in a 55-fold increase in the frequency of m.e.p.P.
Katz (1962) recalculated Liley's measurements and found that there was a
linear relatiopship between the calculated membrane depélarization and
the logarithm'df’the frequency of the m.e,p.pP. 's. Hyperpolarization of
the nerve endings decreases M.€.P.P. frequency (del Castillo and Katz,
1954), The facf that the frequency of the m.e.p.p.'é is controlled pre-
synaptically, and only presynaptically, by the membrane potential of the
nerve endings (d¢1 Castillo and Katz, 1954b; Liley, 1956b) is important
evidence pcinfingﬂto the nerve endings as the site of their origin,
This is confirmed by other findings; e.g. the spontaneous discharge
ceases when thé nerve endings disintegrate after nerve section (Birks et
al,, 1960) and they are stopped by pbotulinum toxin (Brdoks, 1956; Thes-
leff, 1960). Botqlinum toxin has been shown to prevent ;he release of
ACh from nerve endings (Burgen et al,, 1949).

Since the general relation between depolarization of nerve
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endings and increased rate of ACh release has been established, it is
believed that the normal e.,p.p. (that is the response of a single end-
plate to a nerve impulse) is made up of a synchronized volley of a few
hundred m.e.p.p.'s (del Castillo and Katz, 1954a; Boyd and Martin, 1956b;
Martin, 1955). It is a momentary increase of the frequency, or statis=-
tical probability, of an event which occurs Spontaneously at very low
rate, In other words, the action potential of the nerve raises the
probability of the unitary event of secretion (which corresponds to the
m.e.p.p.) by several orders of magnitude, so that 1nstead of a secretion
of 1 unit of ACh per msec, three hundred units are secreted within a
fraction of meec. Each such unit consists of a packet; called quantum,
containing severai thousand ACh molecules (see re#iew by Katz, 1962).
Thus it appeers that the release of ACh as seen by itsheffect on the end-
plate membrane always occurs in quanta or multiples of quanta. The siie
of the quantum, or the amount of ACh ih a quantum, seem to be constant,
and changes in the overall rate of release are determined by variations
in the number of quanta released (del Castillo and Katz, 1956), Factors
other than the membrane potential of the nerve endings are known to in-
fluence the spontaneous quantal release, e.g. the temperature, the
osmotic pressure, and raising the magnesium or lowerihgjthe calcium ion
concentration of the solution bathing the synaptic region (Fatt and Katz,
1952; Furspan, 1956; del Castillo and Katz, 1956; 'Liley, 1956; Boyd
and Martin, 1956 Li, 1958). |

The amount of ACh released by a nerve impulse depends very much
on the ratio Co/Mg in the medium, the number of quanta being low if the

ratio is reduced and vice versa. A muscle can be paralysed by either
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iack of Ca or excess Mg (del Castillo and Engbaek, 1954; del Castillo
and Katz, 1954). The release of ACh is also apparently increased by
stretch (Hutter and Trautwein, 1955) and in the presence of adrenaline
(Krnjevic and Miledi, 1958). Experiments on the effects of low Ca and
high Mg on the néuromuscular synaptic potentials, led to the formulation
of the quantum hypothesis by del Castillo and Katz in 1954, They provided
the essential evidence for the quantal nature of transmitter release by
demonstrating that synaptic potentials can be fractioﬁed-into units,
jdentical in all respects to the spontaneous Or m.e.p.p; Del Castillo
and Katz thought that the invariable unit of ACh-secretion and its quantal
character mayvdgpend on the way in which the transmittgr_substanée is |
stored and distfibuted within the nerve ending. 1t had been suggested
earlier, on morphoiogical grounds, that transmitter substances are packed
in minute secrétbry granules (Feldberg, 1945), which in the electron
microscope bave the appearance of small vesiclés (de Rﬁbertis and Bennet,
1954; Robertsoﬁ,'1956). Del Castillo and Katz (1955; 1956) saw in these
synaptic vesicles, whose existence in motor nerve térmiﬁals had been
brought to their attention by Robertson (1956), a‘possible morpho;ogical
counterpart of‘thg gquantal release. It.has been postulated that syngptic
vesicles move toward the presynaptic membrane and discharge thelr content,
and evidence supporting this was obtained by Birks, Katz and Miledi (1960)
who carried out parallel studies on the electron microscopical appearance
and the spontanéous electrical activity of the Junctiqn; with respect to
the manner of.diécharge, del Castillo and Katz believed that during a
critical collision between a vesicle and the presynaétic membrane the

colliding membranes are made sufficiently leaky to allow the vesicular
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cpntents to eséape jnto the synaptic cleft. This séheme has two merits;
it would explain ‘how the transmitter molecules, normally enclosed within
their intracellular storage bags (the synaptic vesicles), are able to
penetrate two Sucéessive membrane barriers simultaneously. Secondly,
the scheme does npt require any immedigte change in the qytOplasm to
occur on arrival of the nerve impulse., What is needea is a greatly in-
creased reactivity of the presynaptic membrane, so that for a given rate
of collisions axmdch larger proportion of vesicles willvsucceed in dis-
charging their contents (Katz, 1962),

InveStigation of the changes in ACh content resulting from
variations 1n‘§a:ameters of nerve stimulation, have led to the functional
separation of transmitter stores in the nerve ending»sdlely on»the basis
of release dafa; |

The basic observation which has led to the,céncept of an 'immed-
iately availablé‘store' is that, at many synapses, aftér one_synapt1c
potential (in this case an e.p.p. elicited by nerve stiﬁﬁlation) further
stimuli elicit potentials which are smaller in amplitude (because of a
smaller quantal content). This effect iasts for periods up to 10 seconds-
(Liley and North,il953; Lundberg and Quilisch, 19533,5;, Takeuchi, 1958;
Curtis and Ecclési 1960; Eccles et al., 1961; Thies,l1965; Elmquist
and Quastel, 1965b). At the neuromuscular junction it can be shown that
the size of thl§ depression of the second response, is directly correlated
with the number oflquanta released by the first impulse, and, if this
number is drastically reduced (e.g. by increasing the magnesium ion con-
tent of the bathlng medium) the depression disappears, and the second

response has a larger quantal content than the first. (del castillo and
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Katz, 1954b; ﬁubbard, 1959, 1963)., Conversely, if the quantal content
of the first e.p.p. is increased by, for example, incrgasing the calcium
ion concentratidn of the bathing medium, this depression is potentiated
in magnitude put not in duration (Lundberg and Quilisbh; 195§b; Takeuchi,
1958; Thies, 1965), The simplest explgnation of these findings is to
assume that avsto;e of immediately avallable preformed Quanta of trans-
mitter is emptied.

During‘repetitive stimulation of curarized neuromuscular Jjunc~
tions, the ahpiitude of the e.p.p. declines progressively ( ‘early tetanic
rundown') to a plateau. The level of this plateau is iﬁversely dependent
upon the freqﬁgncy of stimulation (Liley and North,»1953; Hubbard,'1963;
Elmquist anvaﬁastel, 1965b), Early tetanic rundown'is ascribed to a
progressive dep;etion, by repeated stimulation, of the 'immediately

available store'. The quantum content of the e.p.p.'s does not fall to

zZero, becausetthé"immediately available store' is Shstéined by a ‘repletion’

or"mobilizatioﬁ' process, The constant level then obtained, would rep-
resent the rate at which ACh is made available for réléase by this process.
A corollary of the concept of an immediately available store is the con-=
cept that an impulse releases only a fraction of this store (Liley and
North, 1953). |

In the sympathetic ganglia, the assumption that in the nerve
endings there is a functional separation of transmitter stores, is based
both on release data and on measurements of the ACh content.

The first quantitative study of the metabolism ‘of ACh at active
nerve endings was by Brown and Feldberg (1936) , using perfused superior

cervical ganglia of cats subjected to prolonged repetitive stimulation.
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The ACh releasea from the activated nerve endings diffused into the
perfusion fluid, ﬁhich contained eserine (to prevent hydrolysis of ACh),
and could be estimated in successive samples of the venous effluent. As
control, they used the contralateral unstimulated gangiion, The contents
of the stimulatéd ganglion and of the unstimulated cohtrol were extracted
with trichlorogégtic acid and the ACh of each was deterﬁined. In such
experiments Browﬁ and Feldberg found regularly that.the'rate of ACh
release was ﬁigh at the beginning of stimulation, bdt fell off progres=—
sively to rea¢h7(after 20-30 minutes) a much lower 1é9e1, which was tﬁen
maintained with littleifurther decline, Measurements_qfvthe ACﬁ content
of the stimulafediganglion and the control,‘however;jyieidéd about tﬁé
same amount of ACh. This paradoxical association‘of é declining KCh
output with A_weli-maintained store of ganglionic ACh was‘confirmed by
other workers; Kahlson and MacIntosh (1939) reportedvsimilar findings,
These authorsiéugéested that stimulation depleted thé ACh store, but
that the def#éit‘ﬁent unobserved because ACh was raﬁidly resynthesized

in the short‘péiiod between removal of the ganglion.ﬁhd its disintegration
in the extractfng medium, Perry (1953) advanced the hypothesisvthat only
part of the ekﬁraétable ACh of the ganglion is readily available for |
release by ner;é impulses, and that while the ACh reléésed by stimulation
(under the usual qonditions of perfusion with eserinized Locke's solution)
is quickly repiénished by synthesis, the newly formed‘ACh only becomes
‘available' for release at a relatively slow rate, This rate is equal

to the steady:raté‘of ACh release following the ini§i§1 progre#siQe
decline of outpﬁf,during prolonged stimulation, Frbm.thé foregoing it

appears that the amount of ACh released by a nerve impulse is regulated
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by at least thfee‘factors: 1) the amount of transmitter in the nerve
ending immediétely available for release; 2) the fraction of this‘
amount which is released by a nerve impulse; and 3) the extent to
which 'repletion' of, or 'mobilization' into the 'immediately available
store' is able to keep pace with release,

H, INHIBITION OF ACETYLCHOLINE SYNTHESIS BY HEMICHOLINIUM-3

The name hemicholinium was introduced by Schueler (1955) to
denote a group of quaternary bases characterized chemicallyiby the iﬁ-
corporation of a choline (or choline-like) moiety into a six-membered
ring through hémi~aceta1 formation., These products are notable for
their high téxicity. The most potent product investigated was designated
" hemicholinium N§. 3 or HC-3 (Schueler, 1955). |

Théir.ﬁost striking pharmacological actiontis.respiratory
paralysis; this is central in origin and late in onset (in the larger
common laboréiory animals), When the dose is not:tdo.large, this res~
piratory parainis can be prevented by the administration of either
eserine or chbline. Schueler noted that hemicholinium intoxication
presents sevéralbfeatures grossly resembling some phaées of poisoning by
botulinus and sugéested that it might be due to intérférence with some
cholinergic mechanism, MacIntosh et al, (1956) thought that a substance
having such efieéts might be a specific poison of ACh synthesis, and they
were able to'vefify this idea with compound No, 3 (HC-3), They found
that low concentfations of HC~3 (0.01 - 0,1 mM) inhibited the synthesis
of ACh "in vivo' 'and "in vitro" (perfused superior cervical ganglion of
the cat, minced brain of the mouse), This inhibition was reversed by

adding choline. MacIntosh et al, (1956), therefore; suggested that HC-3
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somehow inhibltedbthe formation of ACh, However, chdiine acetylase ex-
tracted from acethe—dried powder of brain was hardiy'inhibited at all
by HC-3, eveniwhen the concentration of HC-3 was one thbusand times that
of choline. This evidence indicates clearly that HC-3 inhibits the
formation of AChiat some stage previous to the process'éf choline acetyl-
ation, .HC-3.therefore does not appear to act in the manner of bbtulinum
toxin, which hés béen shown to block release and to havéino effect upon
formation of ACh _kGuy£on and MacDonald, 1947; Burgen et al,, 1949; |
Brooks, 1954,“1956). By way of interpretation, MacIﬁtoéh et al, éqstu-
lated that HC%Bvﬁ;y compete with choline for transpor£ tp intranéﬁronal
sites of acétylafion, by a specific carrier system, B
The work of MacIntosh et al, with minced mog'se“ brain (1956)

indiéated that.ﬁc-3 would inhibit the synthesis of AChionly if the con-
centration of chbiine was much below that usually usédﬁfor determining
tbe activity éf'the synthesizing enzyme, This was cénfirmed by Gafdiner
(1957, 1961),*Qh9Abresented further evidence beéring upon the hypothesis
'of‘a carrier tfaﬁéport mechanism for choline into nerVe_célls. Gardiher
(1957,’1961) stﬁdiéd the effects of HC-3 upon ACh formafion in minced
guinea pig bréiﬁ, homogenate brain mitochondrial fractioﬁs,‘and activated
" homogenate preparéfions after ether treatment. HC-3 Qas found to be a
potent inhibiﬁéf of ACh formation in minced brain, mﬁchvless so in homo;
genates, and not at-éll in ether-treated homogenates,. T}éafment with
ether is thoughp t§ disrupt the membrane which encloses intracellular
particles, The;qbsérvations of Gardiner (1961) suggest,:fherefore, that
HC~-3 inhibits not»ﬁy a direct effect on choline acetyltransferaée, but

by an indirect_effect which involves the integrity of the particles. It
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was found further, that the degree of inhibition wasfdebendent, among
other things,‘upon the concentration of choline in thé.medium. As the
concentration of choline was reduced below 50 uM, the inhibition produ¢ed
by a given concentration of HC-3 increased. The results t“us suggest
that HC-3 inhibits ACh synthesis by competing with choline for access to
the synthesizing énzym ., Putting the two observations together, it is
reasonable to conclude that HC-3 is able to block the passage of choline
across the membrane enclosing the particlés.

Earlief Hebb and Smallman in their studies on the intracellular
distribution Qf choline-acetyl-transferaée had already cpnsidered‘fhe
pbssibility thaf the enzyme was enclosed within a barrier or membr#né
(1956). Later-wprk (Hébb and Whittaker, 1958; Bellamy,;1959;, Whittake;;
1959) supportéithis idea by showing that both, cholineacetyltraﬁsferaée
and acetylcholine; are associated with particles that haée sedimentatipn
characterisfics:similar to those of mitochondria, but which may be dis-
tingﬁished from fhem. Whittaker (1959) has.shown that brganic éolveﬁts
will damage tﬁesé particles to such an extent that théy'no longer retain

ACh, 1t seems likely that this is the membrane throﬁgh which the passage

~ of choline is restricted and at which HC-3 competes with'it. The postu-

late that HC-3 inhibits choline transport systems is further supported

" by the observations of MacIntosh et al, (1958) who showed that HC-3

competitivelfﬁinhibits choline excretion from the avian kidney (a func~
tion that does not involve choline acetylase), by Hodgkin and Martin
(1965) who démogstiated competitive inhibitibn of choliné entry into
squid axons by HC=3 and by Schuberth et al, (1966),'who éhowed that HC-3

inhibits the»agt;ve uptake of isotopically labelled choline into nerve
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tissue in viero,_

The results obtained with the preparations diseussed above
- support the conclusion that the effectiveness of HC-3 depends upon the
structural inteérity of tissues, Thus in the whole-enimaI‘HC-S is exe
tremely toxic;4 In intact nervous tissue, i.e. in the superior cervical
ganglie of theAeéf, perfusion with low concentratiods of HC=3 (6.01 v
0.1 mM) inhibits'ﬁhe production of ACh, In minced braid, in which the
nerve cells are'still largely intact, HC-3 inhibits’ACh‘synthesis; bdt
1ess strongly; When the cells in turn are disrupted, HC~3 still inhibits
the synthesis of ACh that proceeds in intracellular. particles. When
finally theése particles are broken down by ether HC-3 no longer inhibits
ACh_synthesis,._nor does it inhibit the activity of cho_l,:lnea_cetylt_x_'ansfer-‘
ase extracted_ffdﬁ acetone-dried powders of brain. Ievseems; then fhat
HC-3 inhibitsffhe;formation of ACh by competing with eholine, the pre-
cursor. of ACh for passage through membranes to reach the choline-
acetylating systems (see discussion by Gardiner, 1961). The decreased
ACh synthesis and content found in the HC-3 treated, stimulated, autonomic
ganglia (Maclntosh et al,,1956), could thus be explained on the basis of
decreased chol#pevavailable for acetylation, in those Cells_Which syn-
thesize and release ACh as a transmitter, Later experiments.by Birks
‘end MacIntosh‘(1961) using perfused sympathetic ganglia have shown that
HC-3 has ﬁo obeious effect on the output of ACh until tee total Quantity
of ACh releasedfe@ounts to about one third of the total initial content
-of the ganglie; 'Only subsequently does the rate of ACﬁ'releasekdecline,
as the stores beebme emptied. This decline in the releeSe of ACh is

related to a parallel decline in ACh content of the gengiion. A similar
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depletion ofbthe?ACh gtore in the presence of HC-3, as estimated by
measuring e.p.p,’s amplitude at neuromuscular junctions, has first been
reported by Thies (1962) and later confirmed by Elmqvist (1964) and
Elmqvist and Quastel (1965a). This suggests that HC-3 acts at the neuro-
. muscularrjunction‘in the same way as in sympathetic ganglia, and that the
reduction of th release occurs, in the presence ofﬁthe-drug, as a result
of store depletion, provided the nerve terminals are stimulated suffic-
iently, The usual delay in muscular paralysis in hemicholinium poisoning,
when the drug is given in doses that block ACh synthesis entirely, can
' easily be explained by the time required to deplete presynaptic stores
vof ACh The failure to obtain neuromuscular block upon stimulation of a
nerve-muscle preparation reported earlier (Schueler, 1955 1960) reflec-
-ted the very slow rate of stimulation*that‘this author used; .It has
also been suggested that HC-3 might, by itself or after acetylation,
compete with ACh for presynaptic storage sites, later being released by
‘the nerve-endings as false transmitters (Burgen et al., 1956; Bowman
and Rand, 1961; -'MacIntosh, 1961) However, the observations discussed
above - do not support this notion, The evidence reviewed above presents
a.strong caseifor a presynaptic site of action for HC—S;. Such evidence '
'does not, of course, rule out the possibility of_action at‘the postsyn~-
aptic membrane, | .
I. ACETYLCHOLINE STORES IN THE NERVE ENDINGS
Szgpathetic Ganglion.

One of the most remarkable features of sympathetic ganglia is
the ability of.the synthesizing mechanisms in the nerve terminals to

maintain theiconcentration of ACh in the ganglia at or near normal levels
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‘-during,intensiverand prolonged activity (Birks and'MacIntOSh, l961;
Matthews, 1963), As long as the perfusion medium contains the ingredb‘
ients (primarily choline and glucose) required to support the synthetic
processes, the total amount of ACh present in the ganglion is unchanged
by prolonged, intensive, stimulation of the preganglionic nerve, The
striking synthetic capabilities of the cholinergic nerve endings is
illustrated further by the fact that an amount of Aéh'equivalent to the
total resting;content (300 mug per ganglion) can be-recovered from the
perfusion fluid during 10 minutes of preganglionic stimulation at the
rate of 20 cps.» | -

By the use of HC-3, that inhibits ACh synthesis, and of drugs
that prevent the enzymatic hydrolysis of the released ACh (e. g. eserine),
it has been possible to develop some concepts about.the\intraganglionic
distribution of ACh and its availability for synaptic activity (Birks and
:Maclntosh, 1961);: Essentially the technique used by Birks and MacIntosh
involved accurate measurements (using the cat's-blood'pressure method)
of . the ACh content and output of the perfused superior’ cervical ganglia.
Studies were performed under resting conditions, and during prolonged
activation by_maximal preganglionic volleys over a wide range»of'frequen-
cies, using nerfusion fluids of altered'composition;77Ganglia perfused.
with media lacking choline and containing HC-3, are unable to maintain
their normal-content of'ACh during-intensive prolonged stimulation,
Under these conditions the ganglia lose approximately 85% of their
normal ACh content (or about 220 mug). From_these facts, Birks and Mac-
Intosh,concludedsthat the storage forms of ACh can he»classified as

1) the sofcalled "depot’ ACh and 2) the "stationary” ACh. The "depot™




.20~

form repr_ese'n_tsv the component available for release 'byﬂt‘;he 1ncomlng
vnerve impulse}:_the "stationary' form, the component remaining (15% of
the normal content or about 40 mug)., This component'is not available

for release, sinee the "stationary' ACh represents thet fraction oflshe
total store thet remains in a ganglion after ACh depletion by prolonged
stimulation ln:the presence of HC-3. They further sdggesfed that the
,"stationary",pool of ACh is probably confined to the:preganglionic

axons (as distihct from nerve terminalS)~that'penetrefe into the ganglion
proper, - |

The aealysis of the time course of ACh release during prolonged

'stimuletxon has shown that the "depot" ACh is composed of two subfractions,
one of wh1ch 1s smaller and more readily'liberated'than‘the other."Birks
and MacIntosh. (1961) suggest that the two reservoirs of depot ACh are
connected in series and that ACh from the larger, more stable, subfrac-
tion may have»to‘pass into the small, more readlly releasable, subfrac-
tion before 1£-eah'f1na11y be liberated. This_"series*;hypothesis is;_
similar to thesone‘prOposed by Perry (1953) to secouht”for,the_pafadox,-l
of a declining'ACh-output from Locke-perfused gangliaiwhose ACh: stores
’were supposedly'oell mainteined. Perry sqggested thatiheﬁly synthesized
depot ACh couldloe made available (i.e, transformatioh_of‘syntheslzedi
ACh into an aoaileble form) at the rate of about 4 mug/minute, thch
corresponds to'fhe'flnal steady efflux of ACh during_pfolonged stimula~
tion, However, from the results of Birks and MacIntosh (1961) it has -
:become clear fbsf fhe rate at which the depot can bé“&épiétea, or,ieh
plenished depeodsionqthe.composition of the'perfusionufloid, which

affects the speed'of synthesis,




Sinee."depot ACh" is present in nerve endings which have not
been treated withbcholinesterase inhibitors, it has been assumed that the
depot ACh is in some way protected from the nerve endiné's own acetyl-
cholinesterase, possibly by inclusion in synaptio Vesicles. lt has been

observed with.seyeral kinds of synapse (Edwards et al., 1958; Palay,

l958-' Birks et al., 1958) that vesicles are not uniformly distributed
within nerve endings but show some tendency to be grouped close to the
. presynaptic membrane. Birks and MacIntosh (1961) suggest that the
vesicles so located might be thought to contain the readily releasable

fraction of the depot ACh which occupies the strategic sites of the pre-

synaptic membrane where ACh is ejected.

| A third;store of intracellular Aéh‘has beenidescribed‘by Birks
and MacIntosh‘(lQGl). This store can be demonstrated only in ganglia
whose cholinesterase has ‘been inactivated. Thisvstore_has.been called

"surplus"” ACh.’;Although it is formed rather slowly, it may rise to a

level above that of the depot ACh. The fact that‘surplus ACh quickly
disappears whenlthe anticholinesterase is removed, or.mhen~the AChE
enzyme 1s reactivated suggests that it is located in a compartment where
it can be destroyed in the presence of the active enzyme most likely the

cytoplasm of the’nerve endings. 1t has been further: demonstrated (Birks

and MacIntosh 1961) that the volley output from an eserinized ganglion
remains constant‘while surplus ACh is accumulating, .This‘leads to the
conclusion that surplus ACh does not make an important contribution to

the ACh released by nerve stimulation, 1t also provides an explanation

for the paradox that during activation of a ganglion perfused with

eserinized Locke solution, there is a progressive decline.in the release
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of ACh despife_a well-maintained content of ACh in‘fhe ganglion (Brown
and Feldberg,;1936; Kahlson and Maclntosh, 1939).
Further, Birks and MacIntosh (1961) have pointed out that the

formation of surplus ACh, and also the steady release of ACh in minute

quantity fron the eserinized resting ganglion, are evicence that depot
ACh undergoes ;\continuous slow turnover, even when no nerve 1mpulses
are arriving at the terminals, They propose that the continuous release
of ACh during rest may represent a quantal discharge of depot ACh into

the extracellular space, such as is known to occur at motor nerve endings

1n striated muscle while the continuous formation of surplus ACh may

represent a concurrent discharge of depot ACh into the;presynaptic
axoplasm,
The concepts developed by Birks and Maclntosh"(1961) can be -

summarized 1n'ainypothetica1 model as presented'in Fig. 4.
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PRESYNAPTIC FIBRE
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Fig. 3. Diagram of the acetylcholine transmitter system in
L presynaptic terminals of the cat superior cervical
Based on description by Birks and MacIntosh

ganglion.

- (1961).




-33;

The-nrogress; made by Birks and Maclntosh‘(lésl), in our
‘understanding of the metabolism of ACh using conventional techniques of
perfusion, bioassay, and pharmacological analysis,.has been supplemented
with information obtained with radioisotopic methods involving the use oi
labelled choline.

As has'been mentioned earlier, an active Superior cervical
ganglion of the cat'can, when perfused artificially, synthesize and
release ACh 5§§f3iong periods of time (Brown and Feldherg, 1936; Kahl-
son and Maclntosh= 1939; Perry, 1953), For these prOcesses'to proceed
optimally, circulating choline (Ch) must be supplied (Brown and Feldberg,
1936; Birks and MacIntosh, 1961). These authors have‘shown-that physio-
logical concentrations of Ch (about 10 uM; Bligh, 1952) are necessaryg
to maintain nornal tissue levels and high release rates«of ACh during
continuous nerre.stimulation. Birks and MacIntosh (1961) estimated that
synthesis of ACh within the ganglion could go up seven-fold during max-
imal preganglionic stimulation. Consequently, the demand for Ch should.v
also be increased to ensure an adequate rate of synthesis of ACh in the
active state. When the ganglion is perfused with choline-free Locke s
solution, the amount of ACh released by preganglionic stimulation de~-

' clines rapidly to a small quantity, indicating that a limited amount of
Ch is available in the preganglionic nerve terminals;t Friesen et al.
(1965) confirmed that extracellular choline is important in maintaining'
ACh stores. These'authors demonstrated that radioactive Ch added to
the fluid perfusing a ganglion could be converted to ACh, and that the
labelled ACh was released upon stimulation of the preganglionic nerve

fibres, Paper chromatographic and paper electrophoretic methods were
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used to charaeterize the ACh-like substance derived from the sympathetic
ganglia (Friesentet al,, 1965). The data obtained by'these two procedures
- indicate that the choline ester present is ACh, In addition, the compound
is indistinguishshle from authentic ACh in all chemieal tests performed.
This work provides the first direct evidence that the~cholinergic medie-
tor released.invthe ganglion is ACh, This ability ofvfhe nerve ending

to synthesize Adh has also been shown in other preparations using labelled
Ch as the preeursor: invthe isolated rat hemidiaphrgém (Saelens and -
Stoll, 1965;"Potter, 1970); in‘eortex slices of the brain (Browning et

al,, 1966; Chekrin and Shideman, 1968); in the isoleted cat heart

~(Wallach et al,, 1967); and in the guinea-pig ileumi(Mattila and Idanpaan-

Heikkila, 1968),

Infornation on the incorporation of labelled 6h into the sym-
-pathetic ganglion-was obtained from a study by Collier andFLang (1969);
They found thatfihe Ch taken up by the ganglion is incorporated at a
measurable rate into phosphorylcholine (PCh) and into phospholipids as _'
well as into ACh The rate of formation of PCh and phOSpholipid from
Ch however, wns found to be low (2 ng/min“each),.and it is not'afiected
by preganglionic stimulation or by exposure to HC-3 (procedures which are
known to accelerate and retard respectively, the synthesis of ACh by
intact ganglia). -Free Ch liberated by PCh or phospholipid turnover seem
unlikely to be an important source of Ch for ACh synthesis under physio-
logical conditions (Collier and Lang, 1969),

Our'knowledge of the ACh turnover during rest:and activity in
the perfused ganglion preparation has been advanced further by Collier '

and MacIntosh (1969) using a combination of bioassay procedures and
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radiometric assay, Thus, assessment of transmitter turnover by blioassay
is supplemented:with measurements of the incorporation'of labelled Ch
into the transmitter depot and its subsequent release.f They showed that
at rest, with labelled Ch in the perfusion fluid, some of the ACh of the
ganglion is slowly replaced with -labelled ACh (about 20f25% of the ACh
store in an uour), Fifteen to sixty minutes of pregsnglionic stimulatiou
do not alterﬁihe total ACh content, but 80-85% of the total ganglionic
ACh is replseedfby labelled ACh, This percentage is probably an estimate
of the size of'the’depot ACh available for release py-uerve impulses. It
agrees with previous estimates by Birks and Maclntosh (1961), who found
that up to 85% of ganglionic ACh could be depleted by preganglionic |
stimulation when its replenishment was prevented by HC-3 it also agrees
with estimates by Quastel (1962) and Birks (1963) who observed a similar
loss of ACh in ganglia perfused with sodium~free medis._

Thoughlmuch of the labelled Ch from the perfusion medium taken
up by the gauglia is rapidly converted to ACh and Otper esters (Collier
and Lang, 1969), free Ch was found also to accumulate gradually, in
amounts too: large to be accounted for by passive diffusion into the aqu-
eous phase offthe ganglion.(Collier and MacIntosh, 1969). This accumula~
tion is more rspid in active ganglia and is reduced:byiﬁc-3. Collier and‘
Maclntosh suggested thaf Ch may enter the nerve teruinals by an active
transport process wuich is blocked by HC-3, such as occurs in the giant
axons of loligo (Hodgkin and Martin, 1965); or in'erythrocytes (Martin,
1967), Althoughftheir experiments do not demonstrateﬂthat neural
elements caulaccumulate Ch against an electroehemical‘gradient, their

supposition is‘made more attractive in the light of Potter‘'s (1968)
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finding that isolated nerve terminals from brain can concentrate Ch from'
the surrounding médium. Collier and Maclntosh further found thaﬁ thé
labelled~free Ch, unlike ACh, rapidly disappears when the ganglion is
perfused withtunlabelled Ch-Locke solution: Almost all C’QO%) of the
labelled Ch,:ﬁut‘qnly a small fragtion of the labelled;ACh (synthgsized
by the ganglibﬁ uﬁder stimulation) is removed by the,label-free washout,
Therefore mostbof the label being retained was due to the synthesized.
1a$e11ed ACh."Ffbm their experiments using labelledﬁACh instead of Ch
in the perfusién media (with eserine to preserve thq‘ACh from 1ts break-
down by AChE) it is.c1ear that the ganélia stronglyféieférréd Ch; ﬁhéf
precursor of ACh; to the transmitter itséif; Refent;ﬁnVof 1abe1ied"ACh
by the ganglia 1n-these experiments is only about 20% 6f the Qalue obtaihed
using labelieq Ch;' | N | | | |

The Ch ﬁresent in plasma(Bligh, 1952) is, nQﬂdbubt,&the ulfimate
source from whiéﬁ;ACh is manufactured by the ganglioni¢ férminalé. ~Thé
immediate soufce,fhoweVe?, may be in part Ch defivedaffpm Just-released
ACh, Ch so forﬁed should, at least for a moment, be avé;léblé at the
synaptic cleft; where it can compete with circulatingJCthor_cgptufe_by
the nerve ending;f Collier and MacIntosh (1969) obtainéd'some evidénce'
that the recapturé‘of released Ch does coniribute sighificaptly tovéh
turnover in gangliﬁ. Thesev authors subjected ganglia to the standard
labelling procéduré (60 min perfusion with labelled Ch”@itb continuous
preganglionic sfimulation 20/sec) , and then stimulated‘them in a mgdium
containing physiélogical levels of Ch. They found thaﬁ'ﬁnder these con?
ditions stimulaiion discharged about twice as much'label 1nto the effluent

when eserine was present than when it was absent, Furthermore, in the
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» presence of éééiine the label was recovered as ACh, whilé in its absence
it is recovefed‘as Ch, 1t is unlikely that eserine acted here by promoting
transmitter release per se, for raising the concentration of eserine does
not have this effect (Emmelin and MacIntosh, 1956; Birks and Maclntosﬁ,
1961; Matthéws,'1966). Collier and_MacIntosh (1969) concluded from

- these data tﬁat in the absence of eserine about half.of the Ch formed

from the just-released transmitter is‘recaptured.

Thevconclusion that ganglionic nerve terminals efficiently
recapture the Ch formed from the ACh they release, but not the ACh 1tsé1f,
was first reéchéd by Perry (1953) on the basis of his éxperiments bn;ACh
and Ch releaée-in perfused ganglia, More recently, anaiogous resultsll
'have been obtaine& by.Potter (1970) with the rat phrenié'diaphfﬁgm,.in»V
this.preparafioh about 35% of released ACh is showﬁ £o be refuptakén as
Ch. | .

_Furtﬁermore, Collier and MacIntosh (1969) found some indications
that the newi&ié&nthesized ACh in the ganglion may belreleased brefer-

. entially. Whed'a ganglion, in which the depot ACh had been almost‘
completely‘lab;iléd, was perfused with unlabelled Ch~-Locke qr plasma, it
retained:most19f §his label during a 20-min washoutvbeffusion; At fhis
pbint, a 10—min;périod of preganglionic stimulation géiéased into the
-effluent, in‘thé-presence of eserine, about twice as much unlabelled than
‘ labélled ACh;"qut of this unlabelled ACh must havg béeﬁ formed during
the perfusionIWifh unlabelled Ch-Locke; because when_syhthesis of ACh
was/preventednbf,ﬁc-a, almost all the released ACh was iabelied.

Twolbéésible_explanations were proposed by Collier and Mac-‘

Intosh (1969), :The first one postulates that during continuous activity,

b
i
|
[
{
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the ACh store'does not turnover as a uniform pool but.that there is a
preferential.feléase of newly synthesized transmitter, 1In their experi-
ments, ganglions were shown always to contain eﬁough labelled ACh to
account for more than two-thirds of the original transmitter depot (85%
of the ACh content of the control ganglion), 1If we;aésume that this
transmitter dépot does not expand under the influence of eserine, we
have to conciﬁde»that the ACh released by the ganglibn’is not a random
sampling of fhe ﬁépot transmitter but that it 1nc1ude§;é higher pfoportion
of newiy synthésiied non-labelled transmitter, Therefofé synthesized |
non~labelled transmitter does not mix rapidly with thé preformed trans-
mitter debot, but tends to remain transiently in a ;ifuation in which it
is more likely fd be released by nerve impulses. Such é preferential
release of newly synthesized transmitter has been shbwh;at an adrenergic
junction by Kopin et al, (1968), The second explana;ién proposed by
Collier and Macintosh (1969) postulates that the effectiQe éize.bf the
transmitter depdt increases under the influence of_ese?ine. It has been
mentioned earliéf:that a ganglion perfused with Ch-Lécke solution, con-
taining esérihé; Qccumulates ACh in some compartment:hqt previously
available for:ACh'storage. This excess ACh store, prééént only in eser-
inized preparationé, called "surplus ACh' by Birks and_MécIntosh (196}),
does not seem iﬁmédiately available for release, This hgs recently been
confirmed by Collier and Katz (1970) , who showed that-preganglionic nefﬁe
stimulation (5/s¢é for 2 min) did not release surplus ACh, but perfusion
with ACh (0.15 - 15 ug/ml), or injection of carbachol '(6..5 - 2.5 ug) did.
However, almosﬁ nothing is known about the rate of exchénge of this

surplus ACh with the original transmitter depot, It is'therefore possible
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that in the expefiments of Collier and Maclntosh (1969)'the labelled
ACh loaded into the transmitter depot, may have subsequently become

diluted by exchange with unlabelled surplus ACh which formed (after the

loading period) in the presence of eserine, Such an exchange may explain,

at least in pért, why the specific activity of the released ACh is so
much lower thén.tﬂat of the ACh depot at the end of.tLe-labelling proced-
ure. It is likely that both of the processes describéd‘ébove participaté
in lowering the ébecific activity of the released ACh.,'Other experiments
by Collier and Ma@lntosh (1969) , in which the time course of the release’
of labelled ﬁﬁd-ﬁnlabelled ACh was studied, indicate that there ﬁay
indeed be sometpreferential'release of newly synthesizéd transmitter.
These experiﬁéﬁts, however, do not exclﬁde exchange bngeen the surplus
and depot compartments as a factor contributing to thé'iowering'of thé‘
specific activity of the released'transmitter. |

Neuromuscular Junction

Unlikevthe situation in the ganglia, ACh fﬁrnbver at the neuro- .

muscular synapses 1s much more difficult to investigate due to the fact
that the motdf ﬁerve endings occupy such a small fracfional vo;ume of
the muscle bﬁiﬁ'15 nerve-muscle preparatiqns (Emmelgn‘éﬁd Magintosh,
1956; Straughén'j,"1960; Krnjevic and Mitchell, 1961)..'_,‘ Thereforev, the
hypothetical'quéls of how transmitter is manufactuié&;‘stored_and made
avallable for:féléase in the motor nerve terminals,vhévg to rely on the
relevant dataiéoilected in the sympathetic ganglia.' : |

The aim of our present studies is to 1nvest1éafe how much of-
the conceptuai mﬁdel based on the results from the ganglion (Birks and

Maclntosh, 1961;>'Collier and Maclntosh, 1969), is applicable to the

;
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peripheral nétye; Given the present commercial availability of labelled
Ch with high specific activity, it has now become feasible to study the
ACh turnover'in the motor nerve-endings by following the utilization of
radioactive Ch‘fér ACh synthesis, and the subsequentfﬁurnover and release.
of the labelled ‘ACh, A similar basic approach to the mammalian neuro=
muscular Junction (using rat phrenic nerve-diaphragm preparations) has
recently beeﬁ-reported by Potter (1970) who found that the resglts ob- -
tained with di;phragms are very similar to those previously observed
with ggnglia‘(Birks and MacIntosh, 1961; Collier and ﬂaclntosh, 1969).
As é-preliminary, the present exper;ments_wefé begun té géin
some insight into'the uptake of radioactive choline'ﬁy'periphefal nervé,,
its utilizatioﬁ"ﬁbr ACh synthesis and its subsequent turnoverlénd release
at the neuromgécular Junction, |
'The?f?qglsciatic nerve-gastrocnemius ﬁusclé'preparation was
used because-céﬁsiderable information is available ;h~the»11teréture
_ about this classical preparation' it is relatively éasy.technicallyl
and its long sciatic nerve trunk provides a large surface area for up-
take studies gnd_a.good length for electrical stimulation. An added
advantage of #hi# preparation is its well-known stability.over Iong

periods of time;if




SECTION II

METHODS
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A, ANIMALS
All experiments were performed with grass frogs (Rana pipiens)
of both sexes-dufing a period of time which included the four seasons

(from August to July). Frogs weighed approximately 250-350 g and were

kept in running tapwater at about 10°C.

B. TISSUE PREPARATIONS
Frdgs were sacrificed by decapitation at the cervical level,
A fine wire was then passed down the whole length of<£hé'vertebral canal,

destroying the:Spinal cord., Such preparations could have had no sensa?,

tions of pain and did not twitch during dissection. A circular skin

incision was made round the abdomen of the frog at about the level of

the lower ribs. ‘The skin was then cut between the légs and this cut wés
continued both Qt the back and in front until it met the transverse cir-
cular 1ncision; ‘The skin was carefully stripped off from the lower pért
of the-tfunk, 05 each side, and from each leé at a timé,-as one would slip
off a rubber glé?e. The abdomen was then opened by a~1ong1tudina1 cut
followed by a transverse incision. The animals were.391scerated,,taking
care to avoid ;ubfﬁring of the intestine and spilling‘of the 1ntest1n§1

content into the abdominal cavity. The SpinaIZcolumn wasbsevered Just

above the level‘af_which the nerves which form the sciatic plexus emerge

(7th, 8th'and 9th spina1 nerves). After this spinal trahssection the
sciatic nerves were dissected along their whole length, up to the level

of the knee Joint; where they insert into the gastrocneﬁius muscles,

Side-nerve branches were trimmed to within about a few mm of the major
"~ trunk, The nerves were cleaned of adherent loose connective tissue using

needle point forceps and fine scissors, while the perineural sheath was left
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intact. Two fypés of tissue preparations were used: 1)Esing1e sciatic
nerve, and 2)1s¢iat1c nerve-gastrocnemius muscle., The only difference
between these préparations was the inclusion, in'thevléfter, of the in-
nervated gastrpbnémius muscle., In the single sciatic'nérve preparation, N
thevgastrocnemlﬁsTmuscle was separated from the sciatié nerve at thé»levél
of the knee,

For;eipériments using the nerve-muscle prepargtion the attached
'gastrocnemius,mugcle was carefully dissected to presefvé,infact the
branch of the'ééiatic‘nerve to this muscle. A fine cdttbn thread, tied
to a fine sewing needle was then passed through the tendon Achillis. at
. its distal end . and tied firmly several times round the tendon well clear
of the muscle, The tendon was cut distal to the ligature. The mﬁscle
was separatedxtrgm the tibio-fibular bone as far ag tﬁgfknee~Joint. 4Thg
tibio-fibular'boﬁe was cut just below the knee and thégfgmur and thigh-:
muscles were dﬁt:gbove the knee s0 as to preserve the khée“joint. Thé
knee joint was.uéed to tie another piece of cotton thrééd; to be'coupiéd
to a twitch réco;ding systeﬁ. During the whole procedure care was taken
to keep the tissue constantly moist with oxygenated frog Ringer solution,
and also to avoid«stretching of the nerve and the muscle,~'The whole
dissection was qogpleted at room temperature, After'thé dissgction,lfhe,
tissue preparatioﬁsi(single nerve or nerve-muscle prepqrgtions) were
allowed to rest 1n'oxygenated Ringer solution while béfﬁg.gassed with
95% 02-5% CO2 1nfan_Er1enmeyer flask for 1-2 hours, thii:the experiments
were started, | | |

C. APPARATUS EMPLOYED FOR INCUBATION OF THE TISSUE

For expeiiments measuring the uptake of radioactive choline
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canal (2 mm in diameter), which accommodated a 6 to 7 cm:segment'of the
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into the scietic nerves under resting conditions, smell‘(lo ml) Erlenmeyer
flasks were used to incubate the tissues in a Dubnoffhmeiabolic shaker,

For. other experiments appropriate lucite chambers were used to

incubate the tissues, To determine the effect of nerve stimulation on

the uptake of labelled choline by the sciatic nerves._aitwo-cOmpartment
nerve chamber'vae.employed (Fig. 4). The nerve chamber;end its supporting
frame were made from lucite. The chamber consisted of two main compart-
ments each with fhe following cimensions: 5 cm x 0.5 cm x 0.5 cm deep,

separated by e-small well (0.5 x 0.5 x 0.5 cm) Each one of the two walls

of the smaller central well had a small interconnecting groove in the-

. upper edge. The two bigger compartments contained silver wire electrodes
f for stimulationvand recording., A sciatic nerve trunk could be positioned

‘with the proxiﬁel-end in one compartment resting on”the'stimulating elec-

trodes, passing through the grooves in the walls of the middle chamber,
and resting the distal end in the second compartment ‘on the recording
electrodes. The'incubation medium could then be added or removed using
an appropriate Syringe with a hypodermic needle, During the whole ex-
periment a lucitezcover with stopcock grease on the edgee could_be placed

to prevent evaporation of the medium and drying of the;prebaration. ’ s

To ihveStigate the longitudinal migration of radioactive
choline along'the.Sciatic nerve, a special moist chamber was employed -

(Fig. 5). Thie'chamber had two wells connected by an'ihverted T-shaped

sciatic nerves. lhe nerve could be led from one well,_over a bipolar
electrode for stimulating, through the centre of the Tﬁsystem and out to

the other well and recording electrode. During the ectual experiment,




Two-compartment nerve chamber,

Fig. 4.
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each well and the surround region was kept moist with frog Ringer solution
but the center portion of the T-system was filled with vaseline from the
top% this effectively sealed the individual wells, During the experiments

the wells were covered with a lucite slide and sealed with vaseline,. !

FoffeXperiments ﬁsing the nerveQmUScle preparation, a double
nerve-muscle chamber was constructed to accommodate:tvo éuch preparations
(Fig. 6). Thislcdnsisted of one common circular compaftment in the
middle (2 cm diﬁmeter; 0.5 cﬁ deep) which was connected td two nerve

chambers,; 5 cmlin length and each consisting of four wells which contained

silver wire elegyrodés for stimulating and recording burboses, The cdmmon-
circular compartmgnt with the two joining nerve chamberé'was constructed
so as to be ablé.to accommodate one pair of sciatic heivés coming from'
the same frog with the spinal cord and spinal coluﬁn ét their points of
emergence remaihiﬁg intact, It also served as a common:reservqir_forbthe
incubation mediafdf both nerves. The distal ends of fbé‘nerve chambers, i
in turn were ea;h connected to two horizontal muscle cﬁambers. The
chambers lay pgrﬁendicular to the nerve chambers and had eaéh a 7 ml
volume éapacity:’ A small groove (2 mm wide) fittingufhe diameter of the

sciatic branch going to the gastrocnemius muscle.Joined the nerve and

the muscle chémbér. The nerve chambers also contained silver wire elec-
trodes for stimulation and recording purposes. During the actual exper-
iment this intercdnnecting groove between the nerve chamber and the

muscle chamber with the nerve running through it could be sealed using

vaseline so as'tb prevent the nerve medium from mixing with the muscle
medium.' A stainless steel hook at one side of the muscle chamber was

used to secure one end of the muscle (usually the Achilles tendon). At




Double nerve-muscle chamber,

Fig. 6.
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the other side of the chamber, there was a pulley which‘rotated around
a stainless steel'axle. This enabled the cotton thread coming from the

knee joint of the dissected nerve-muscle preparation (see Tissue Prepar-

ation) to be plaégd over the pulley for attachment to an isometric force
transducer used to record muscle twitches. .At the side of the muscle

bath opposite.the communication with the nerve chamber, two lucite nipples
were placed,‘throdgh which filling and emptying of the muscle chamber

with the appropriate solutions could be effected. A .system of rubber

tubing was used fo connect the chamber inlet nipples with bottles con-
taining the vériqns solutions serving as reservoirs.  With‘the use of
pinchcock clamps fhe'inflow of fluid from the-reservoi? bottles containing
the apprOpria£g solutions could be regulated, A hypodermic needle inser-
ted through the iﬁlet nipple was used for bubbling the solution with

oxygen and CO This continuous bubbling also ensured during the exper-

2.
iment proper mixing of the bathing fluid, The outlet nipple was connected
with a filter pump of the aspirator type, using rubber tubing and pinch-

cock clamps to ?egulate the force of aspiration used to empty the fluid

in the muscle chamber,

D. SOLUTIONS
The 'standard' buffer solution used for all the experiments was
"frog Ringer solution” which contained the following amounts of electro-

+ + ++ - - -
lytes: Na , 112; K , 1.9; Ca , 1.1; C1~, 116; HCO,, 2.4; H2PO, , 0.1 mEq/1

(modified from Boyle and Conway, 1941). Glucose was added to make 10 mM.
The solution was prepared first by dissolving all the ihgredients except
CaClz, which was added‘only after the initial solution had been bubbled

with 95% 02-5%'COé‘for 15 minutes, This solution was further equilibrated
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with the same gas mixture for another 15 minutes, Thé'oﬂ of the solutioo
was then correcfed by adding NaOH to give a final pH ooiue of 7,2,

Before the experiments the Ringer solutionooao bubbled with
95% 0,~5% CO, for 15 minutes. The acidity was controliod with indicator
paper (B.D.H.).,iﬁobelled choline and other salt solut§ons were added ao
necessary forfthe'experiment. No correction was attompted for the small
osmotic error 1n£roduced by the addition of relativelj small amounts of
other substanoes; |

For tﬁe]experiments testing the effects of onaorobic cohdifion,
the Ringer solution was made up with pre-heated, glaos-oistilled de- !
mineralized water, and the solution was gassed withsés%_Nz-S% C02.

The pofticular combinations of isotopes aﬁo ofher compounds
present in the 1ncubation media will be indicated with each experiment
together with the 1ncubation conditions,
E. CHEMICALS AND THEIR SOURCE OF SUPPLY

Radioqctive choline-methy1—14c chloride (10 mc/mM), choline~

methy1-3H chloride.(loo mc/mM) D-mannitol-1-3H (N)(lOO‘nc/mM)vwore purchased

from the New Eﬁgland Nuclear Corp. All the radiochemicals were stored

~at -15°C. Sources for the rest of the chemicals were the following.

Choline chloride J.T. Baker Chemical Co.
Acetinboline chloride Calbiochem;
Hemicholinium No. 3 (HC-3) Aldrich Chemical Co,

Eserine salicylate (Physostigmine

salicylate) Sigma Chemical Co.

Neostigmine bromide Sigma Cheﬁical Co,

Carbachol Calbiochem
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All reagents used were analytical grade.

F. STIMULATION AND RECORDING

Sciatic nerves were stimulated in the nerve chamher via a pair
of silver-wire electrodes. Supramaximal rectangular’pqlSes of 0.2 msec
duration were obtained from constant-voltage stimulafdr‘(cfass, SD-8)
'cbupled to thg eléctrodes.

Nerve ‘action potentials corresponding to those from type "A*‘
myelinated fibtesAQere moni tored visually to provide ahjindex of the
functional sta?e of the nerve. This was most useful 1n-éxper1ments
where qholiﬁeéierase inhibitors (eserine and neostigmipe) were present,
since-contractiéh:of thé muscle was completely abolis@ed ga:ly iﬁ the
course of such experiments. |

In théAgxperiménts with the sciatic'nervé-gasgrocnemius ﬁuscle
preparatibn recérding.of.tbe muscle twitch was_effected-Sy means of an
isometric foréé.trahsducer (Grass, FT.03) which was connected to the
preamplifier of a polygraph (Grass modei 5). |
G. EXPERIMENTAL PROCEDURE

1. Choline ﬁgtake experiments
a, Restihg uptake

Siné}é §c1at1c nerves were prepared as de#c;;bed earlief (seei
Tiséue Preparétion). Pairs of sciatic nerves coming’ffqm the same frogs
were used, oﬁé.éérv1ng as control and the other as the ffeated preparation,
The same lengthqu nerve segments were taken for the experiments (usually
around 6-7 cm);v ”

To dét§rm1ne choline uptake into the sciatic nerves under

resting conditions each nerve was incubated for a fixed:period of‘tlme
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(usually 60 miﬁf at room temperature (20°C) in small (10 ml) Erlenmeyer
flasks, under.an atmosphere of 95% 02-5% CO2 (except iﬁ anaerobic exper-
iments, where 95% N2—5% CO2 was used instead). During the whole incubé-
tion period the incubation vessels were kept in a Dubnoff shaker, For
each nerve, 2 ml of frog Ringer solution containing (140) choline chloride
as a tracer (10 mc/mM) with or withouf unlabelled choiiﬁe chloride were
used. Tracer amOQnts of (3H) mannitol (100 mc/mM) were glso added to
measure the épparent extracellular space, |

At the end of the incubation period eaqh séiatic nerve was
separated from ifs‘incubation medium., Further handlinngf tissue and its
incubation medium is descfiﬁed in "Preparation of Sémpies for Measurement
of Radioactivify".

b, Choline uptake during stimulation

For choline uptake experiments involving electrical stimulation
of the sciatic nerves the incubation was performed iﬁ the two-compartment
lucite nerve chaﬁbérs. The sciatic nerves were mounted;on two such
chambers (see Aﬁbaratus Employed for Incubation). Each'éhamber was then
filled with 2 ml:iﬁcubation medium of the appropriate épmposition. One .
nexrve of eachbpair of sclatic nerves was stimulated whiié the other_
served as resting control, Supramaximal stimuli of 0;2 msec duration
were delivered af the appropriate rate, to the stimulated preparation,
during the indicated period of incubation. Subsequeht procedures after
the end of th¢ incubation were the same as those described for incubation
under resting conditions,

2, Migration:Of choline in sciatic nerve axons

To determine whether migration of labelled Ch;(taken up in the
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proximal segment of the sciatic nerve) distalwards, is fast enough to be
an important‘factor in the supply of Ch to the motor'nerve endings, a
series of expiorafory experiments wefe carried out using the moist
chamber previously described. A 6 to 7 cm segment of sciatic nerve was
placed in one well, over a bipolar electrode, led thfdﬁgh the centre 6f
the T-system_gnd out to the other well. 0.5 ml of.Ringer solution con-
taining 14C--Ch (1 pc) was added to the well associated with the stimula-
ting electrode.  The distal well was filled with the samé volume of 1ab¢1-
free Ringer soiﬁtion. Prior to stimulation of the nefve, the wells were
covered with iucite covers and sealed with vaseline, .The nerves were |
then continuously étimulated at a frequency of 2/secnfor 24 hours,
Radioactivity méasurements in the Ringer solution in the distal well were
made at the stért Qnd atvthe conclusion of the experiméht.

3, Choline utilization at the neuromuscular junction

Uti}izétion of the proximally supplied labelied Ch for traﬂs—
mitter syntheSis at the neuromuscular junction was estim#ted using the
sciatic nerve-gasfrocnemius muscle preparation. A pair of such prepara-
tions coming from the same frog were mounted on the doﬁble nerve~muscle
chamber described earlier (see Apparatus Employed for Incubation). The
grooves at the.junction of the nerve- and muscle-chambefs were sealed
with vaseline t6 prevent the incubation media of the nefves and muscles
from mixing. 14(f;Ch (10'“4 M) in 2 ml Ringer solution waé,used to incu-
bate the nerves-in>the nerve chambers, whereas the musc;e baths were
filled with 6 ml 1abe1-free Ringer solution bubbled in 95% 02-5% 002.
Samples (loolﬁlieach) were collected from the muscle baﬁhs at appropriate

times to monitor the amount of radioactivity present., "No correction was
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attempted for the relatively small amount of fluid £aken for radioactivity
determinations. Test stimuli were delivered through the sciatic nerves
and the changgs in the levels of radioactivity in thé muscle baths were
measured. However, after a series of exploratory experiments using dif-
ferent 1ncubat16n periods (up to 6 hours), and test étimuli with a variety
of frequencies, 1t was apparent that contamination of thg muscle bath (by
radioactivity coming from the nerve bath) was a problem which was difficult
to control wifh the method of sealing used. This appa?eﬁt method of
supplying labéllédeh through the proximal part of the:sciatics was ﬁot
ﬁursued. | | | |

~ In all of the following experiments the nerve-mhscle‘préparé-
tions were expoged'to labelled Ch in the muscle baths (instead 6f in the
nerve bath) to‘giée a Ch supply to the motor nerve ehéings directly.
These studies4ﬁéfe all conducted at room temperature (20°C), In each
experiment incubation began with Ch-free Ringer solution; The preparations
were first submitted to a preconditioning ﬁeriod of 3O miﬁutes during which
the functional'sfate of the nervé-muscle preparation was'tested by de-
livering low fréqgehcy electrical stimulation (0.2/sec dgring 10 minutes) N

followed by resf.' The preparations were then incubated for 60 min with
14 '

2 uc (o;2 mM) of C-Ch in 6 ml of Ringer solution cqntaining 2'x 10'5 M
;qostigmine placed in the muscle bath portion of the nérveimuécle chamber,
During this 1n¢ubation the sciatic nerve trunk was stiﬁulated continuously
at a frequency of 20/sec. Nerve stimulation was stOppéd_at the end of
this loading prdcédﬁre. Neostigmine was included in tﬁe'bﬁth to prevent
the re-uptake, by.the nerve ending, of the choline origihéted by the

hydrolisis of the ACh liberated by the nerve, Colliervand MacIntosh (1969)
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have shown th#t the uptake of ACh as such is small,

After incubation with the tracer, the prepﬁ;ations were sub-
Jjected to 8 sucéessive washings with label~free neostigmine-ninger
solution, to remove most of the free or loosély bouhd.tracer (presumably
most of the fgge.Ch) and to establish a washout curye,of.the tracer until
a low steady7;ff1nx of it was obtained, It is assumédifhat this steady
efflux represents the residual flux of labelled Ch together with the
resting release of labelled ACh. The washoqt was done by rapidly émpty-
ing and refilling the muscle bath at 5 minute 1ntervals with 6 ml of fresh
Ringer solutioh(éontaining either neostigmine or eser;né). At the end
of the loading period and of each washing, samples 6f the muscie bath
(100 ul each tihej'Were collected for radioactivity détermination.

4, Preferential release experiments

‘ Inbthe_experiments designed to test the hypothesis (Collier
and Maclntosh;'1969) that newly synthesized transmitfér is preferentially
released, a Sé??“d loading procedure was carried out;JﬂThis Second’loading .
was in all respecté the same as the first one, except'ﬁhat,the radioactive
tracer used was:aﬂ-Ch 4 uc (0,04 uM) instead of 14C-Ch.' This was followed
by a éimilar wééhqut procedure for 8 periods of 5 min as described
earlier, The‘3H¥Iabe11ed transmitter, supposedly formed during the
second loading proéedure may be considered as being the newly synthesized
transmitter. vTh§.14C-1abe11ed transmitter could conse@uently be thought '
of as the 'old:' transmitter, |

Aftér'tﬁe second washout procedure the incubation medium was

changed to choline free neostigmine~Ringer solution,vand th1s was.the

medium for the whole ‘test period'. During the first part of the test
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period (15 to 26 minutes before the test stimulation); 3 to 4 samples
(100 w each)iweie collected at 5 minute intervals, for the measurement
of baseline faeioactivity in the samples., The baseliee radiocactivity

was taken to equai the mean value of the radioactivity feadings obtained
during that 15,£6L20 min period. The test stimuldi wére'then delivered
for 30 minutee, during which 6 other samples were coIieCted (also at

5 min intervals) to measure the release of labelled ACh during the course
of stimulation.- In the first series of experiments the radioactieity
level of the ihcebation medium was followed for an additional 15 minutes
to have some idea about the time necessary for the radieaetivity to level
off after stihﬁlation was arrested. After the last sampling the muscle
bath was emptied’and the neostigmine-Ringer solution:waé replaced for
another test period. 1In this series of experiments7the preparatioﬁs
were subjected teffwo 30 min test periods of_electricel stimulation using

a frequency of 40 pulses per second.

5, Surplﬁsibool experiments

In edqther series of experiments the second lebelling procedure
(with ?H-Ch) was.eonducted under resting conditions, in an attempt‘to:
label the surpluélACh pool. Two different anticholinesterases ineostiéf
mine and eserihe) were used in two sets of experiments., After the two
successive loeding periods with the two different ra&ioisotopes and the
following washout procedures, the preparations were Subjected to thirty-
minute periodsbdf;etimulation using electrical stimulatioh or the exog-
enous applicatioﬁ.of ACh, carbachol, or KC1l.

In a third group of experiments a modificafion was introduced

in the composition of the bathing fluid, The first loading was periformed
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in the absence of anticholinesterase, and after the second loading period
unlabelled-Ch_was constantly present (10"5 M), This‘ﬁrocedure was
adopted to be able to compare our results with those of Collier and

Katz (1970).

H, RADIOACTIVITY DETERMINATIONS

1. Prepafation of Samples for Measurement of Radioactivity

In the'qholine uptake experiments, after fhe'incubation period,
each tissue was soaked briefly (about 1 sec) into ice~cold Ringer solution,
in order to rembve adhering radioactive material. It wés then gently
blotted on Wbafﬁan filter paper and immediately weighéd; using a‘precision
balance, (FedefaL;Pacific Electric Co.). After weighing, the whole
tissue was introduced into a scintillation vial containing 0.3 ml Nuclear
Chicago Solubiliier (N,C.S.). The vial was then closed tightly with a
plastic cap. The'vials containing the tissues and N.C.S. solubilizer
were then plaéed in a Dubnoff shaker and agitated at 70°C for 30 minutes.
At the end of fhis this time the tissues were completely dissolved. The
vials were fhenileft to cool for a brief period in melting ice, After
cooling, 10 ml.scintillation fluid were added to each vial, and thé
sample was read& for radioactivity measurement.

Samﬁles of incubation media were prepared-by pipetting 0.1 or
0.3 ml of each into scintillation vials and adding to each vial 10 ml of
scintillation fluid.

2. Scintillation Solutions

Scintillation fluids used were mixtures with_relative high

efficiency and_gdod water miscibility of the following compositions:
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) ;Eon the solubilized tissue samples:
6 g 2,5-diphenyloxazole (PPO)/litre of toluene,
(2) For the medium samples:
5.65 g PPO, 0.1 g 1,4-bis=2~(5-phenyloxazolyl)—
" -benzene (POPOP), and 250 ml ethylglyccimonomethyl-_
~ ether (EGME)/litre of toluene,
Radioactivity determinations were performed with the use of a
Phillips liquid“scintillation spectrometer, A monolabel'cr a double
label technicue was used, as appropriate, Channel ratios and external
standardization were found to be constant for all vials, so that no
correction for quenching was considered necessary,

3. Calculation of Choline Distribution

The number of counts per minute (CPM) obtained by double-label
liquid scintillation spectrometry of the samples was . used to calculate
the distribution of the 14C-labelled--choline and of the,extracellular

marker 3H-mannitol, This involved the following steps:A |

Medium 14C content: The final radioactivity of the medium

after incubation with the tissue was used for calculation. CPM/sample
obtained as rau dnta from the scintillation counter was corrected for
background 14Cico.unts (by subtraction); This value'ucs multiplied by
the dilution factor to get the number of CPM/ml of medium for ic.

Medium 3“ content: 3H background counts werc'nlso'subtracted

from the value ofFCPM/sample. In addition, however, a certain percentage
C overflow (around 13% of the CPM value for 14C in’the same sample,
which represents the energy value of 4C being counted 1n the 3H channel)

was also subtracted as a correction factor. To obtain thc CPM/ml of




medium for 3H thla corrected value was multiplied by the dilution factor,

Tissue content of the 14C-labelled Choline:

CPM/sample of wet tissue was corrected for background radio-
activity in the_same ﬁay as described for the medium,

The tissue sample represents the total welgaed tissue after
the blotting crocedure. This tlssuells still in wet condition and can
conceptually be visualized as consisting of three compartments the dry
matter, the intracellular space and the extracellular space. ~The tissue
‘ in the 1ncubatlbn medium together with the distribution of the two radio-
isotopes (14Cecholine.and 3H¥mannitol) caa be‘represented diagrammatically

as follows:

Dry: ‘Intracellular Extracellular Medium
Matter Space (I1.C.S.) Space (E.C.S.) o

| , | 14
g %« > n
/ .

As indicated in the diagram the total water content_efithe tissue is
cemposed ef the latracellular water and the extracellulaf water, bAfter
equilibration the extracellular space has the same 1onic composition as
the incubation medium. The 3H-mann1tol present in the medlum, which 1is
used a5~extracellplar space marker, only fills the extracellular water '
space of the tlsaue. Its distribution in the tissue water is thus an
estimate of the extracellular space, Substances penetiating into.the
cell (into the I,c;s.) occupy a larger space than the_E;c.S. of the

tissue water,
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The epperent extracellular space, taken tc'eqcal the mannitol
space, was measured in each tissue sample., This value was determined
individually‘for each nerve because it depends somewhat on the amoﬁnt of
adhering medium and, therefore, on the handling of the tissue. It is,
thus, an operétidnal parameter reflecting accurately'tﬁe amount‘of extra-
cellular water in a particular tissue sample rather than the extracellular
‘space 1in vivo, |

The value of the total tissue water (I,C,S. and E.C,S,) was
 determined separately for the sciatic nerves by finding the difference
in weight of. s‘series cf sciatic nerves before and after‘drying’toicon-
stant weight this was done in vacuo in a dessicator at 80 C overnight.

The welights were then used for calculation using the following equation:

Wet weig - dry weight
Wet weight X 100%

This gave an average value for total water content of:

75.5 + 0,6%
(mean £t S,E, for B determinations)

For calculations of the per cent penetration of choline, this
average tissue water content was corrected for the apperent extracellula:
space mentioned earlier, which is taken to equal the mannitol space
. measured in eech tissue sample, For measuring the extracellular space‘
in the sciatic ﬁeives, Inulin-3H was first used in p;eliminary studies,
but the values‘fhusvobtained had a very large variability. Mannitol-sﬂ,
on the other pahd, gave more constant results, so thst only mannitol-BH
Qas iurther use& as extracellular marker in each uptake experiment. As
an example of one series of such measurements the extracellular space of

sciatic nerves measured with mannitol-aﬂ gave an average value of




48,2 * 3.4%
(mean t S.E, for 6 determinations)

Further calculation of the Tissue 140 takes the following form:

CPM of tissue sample (corrected for background)
water weight of tissue in grams x 0,75 = wet weight of tissue

represents thé ;élue of CPM/ml of tissue water,

The fraction of'these two spaces occupied by a substance is uSually re-
ferred to as the virtual space of that substance, Tﬁus;.if the whole
tissue water‘weré completely equilibrated with the medium, the virtual
space is 100%, |

The ratio CPM/ml tissue water for 140 = (a), rebiésenting the fraction
CPM/m1l medium of total choline space,

Tisshé'content of.the 3H-mannitol (the extracellular marker):

This was calculated in a similar way, The only difference
being the éorrectibn for 14C overflow as was discussed earlier.

The ratio CPM/ml tissue water for 3H represents the fraction of the
CPM/ml medium

extracellularﬁspace = (b).

| The.results of choline uptake experiments‘afg expressed as per
cent penetratioﬁ»of choline into the intracellular WQter-space, i.e, the
concentration»éf choline in the intracellular water is expressed és a
percentage of:fﬁé‘final concentration of choline in ﬁhg medium. Thisv
term canvalso'bé_inferpreted,as the hypothetical volume;éf intracellular
water equilibrated with choline from the medium, ReSulté calculated
in this  way include a corfection for the dry weight of the tissue and

for the appareht extracellular space, taken to equal the_mannitol space,
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The percent penetration can then be calculated according to
the following formula:

% Penetration _ (a - b)

of choline ~ ~1-1p X 100

or

= Total choline space = mannitol space
‘ x 100
(1 = mannitol spaee)

KnoWing the concentration of choline in the medium one can thus
calculate the amount of choline influx into the intracellular space of

the tissue,

1. MEASUREMENT. OF . INCREASE IN RADIOACTIVITY LEVEL DURING STIMULATION

In the "preferential release’ experiments end the "surplus pool"

experiments the content of radioactivity of each sample from the incubation

medium of the nerve-muscle preparation was determined by double-label liquid

scintillation spectrometry as described earlier, To'be-able to compare
the time course éf release of.the tﬁo radioactive treeers dﬁring stimula-
tion, the values of both tracers in CPM/ml, had to be normalized to over-
come the great differences between their energies of radiation and also
"the difference in ‘the specific activities of the two tracers used, To
do this the results of the radiocactivity contents for_both the 14 C and
the 3H tracers in thevincubation medium were expressédJae the per cent
increase in radioactivity compared to the correspondingemean values of
baseline radidactivity for the two tracers during the first 15 to 20 min,
of the test period, Both of these baseline values were taken to be

eeual to 100%.;71h this wey the relative behaviour of tﬁe two tracers

in reference to.their corresponding mean baseline vaiees can be followed

during the wheie time course of stimulation,
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On the -assumption that the residual flux from the tissue of
labelled Ch at the start of the test period is minimél, the mean base-
line radioactivity of the 15 to 20 min period before the test stimulation

would reflect the spontaneous release of ACh while the per cent increase

in radioactivity during stimulation would represent’fhefincrement due to

the release by stimulation of labelled ACh.




SECTION 111

RESULTS




I. SINGLE SCIATIC NERVE

A, Uptake of Choline

In these experiments the per cent penetration as defined earlier
(Methods p, 60) was taken to be a measure of Ch tranSport across the cell
membrane.

1. Resting uptake

Figure-7 shows the results obtained wheh sgiétic nerves were
incubated under resting conditions for 60 min at room temperature in
varying concentfgtions of Ch. Penetration values higher than 100% were
obtained at the lowest concentration tested (10‘”5 M). As the choline
concentrationﬂin_the medium was increased, the per cenﬁ penetration de=-
creased progréssfvely. In the presence of HC=3 (5 x 1Of4 M) thevper cent
penetration for the 10--5 M concentration of Ch was reduqed far below the
100% value (45@4'1 3.4%) with a mean value for the differences in per
cent penetration between the control and the treatedkpgired sciatic nervés
of 76%. The me#p of the differences in per cent peneii#tion between un-
treated and HCf3vtreated nerves was reduced as the concéntration of Ch
used was incréaéed; No decrease in per cent penetrafioh w1th this coh-
centration of.#c-3{cou1d be detected when the concentration of Ch used
was 10"2 M or higher. |

The_gighificance of the difference betweenvthe-means of the
control and treaféd nerves was determined by Student's t-test applied to
the paired data of per cent penetrations in the abseﬁéé and presence of
HC-3.

The,pénetration value derived from the intraceliular concentra-

tion of C14 cholihe after 60 min of incubation, is a measure of the net
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Fig. 7.

Uptake of choline by isolated sciatic nerves in the
absence and presence of hemicholinium-3 (HC-3: 5 x 10-4 M),
The sciatic nerves were incubated for 60 mihutes in
diffefent concentrations of choline, as descfibed in
Methods. The blank columns represent the control and

the étippied columns represent the treated néives.

Vertical lines represent the standard error of the mean

calculated from the total number of pairs of experiments

indicated by the figures next to the columns. Incubation
condition: resting at room temperature (20°C) in 2 ml
Ringer'golution. 14C-choline (10 mc/mM) was present at
concentrations giving between 40000 and 60000 counts per
min/ml, together with traces of 3H-mannitol aé‘extra-
cellular marker giving about three times as many counts,
Signif;cance levels:

p<o.01 '

*
P<0,05

N.S. non-significant
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influx of choline. Therefore the effect of different concentrations of
choline in the external medium upon its influx into'fhe.nerve can be
calculated from the penetration data in terms of the net Ch influx and
expressed as n-mole/ml per hour. The Ch influx patfern presented (Fig, 8)
is consistent with a two-component uptake mechanism of Ch into the
sciatic nerve, similar to that described for the giént‘axons of Loligo
(Hodgkin andeartin, 1965). The first component of fhe uptake mechanism
is a carrier»mediéted transport, which can be demonstrated only at low
concentrations of  Ch (10-5 M), where Ch is found inside the nerve'at
concentrations higher thaﬁ in the medium. This firéthOmbonent could
account for the differences between the ﬁeasured influx in the abséncé
and presence of HC-3, a drug which is known to have a highly specific
inhibitory effect on the uptake of Ch (Gardiner, 1961;  Hodgkin and
Martin, 1965; Potter, 1967). The second component is akpassive transport
(diffusion) which allows Ch to enter the axons at a.réte proportional to
the external éonéentration.

Figure 8 represents the influx of Ch resultihé from different
concentrations in the external medium. 1t can be seén'from this figure
that with Hc-él(s # 10" M) the influx of choline i§,teduced. However,
the influx of.chpiine still increases linearly with increasiné concentra-~
tions of Ch in the medium. |

Using the same data, the inhibitory effect of HC-3 on the
transport of Ch can further be demonstrated by the double reciprocal
plots (Lineweaver-Burk, 1934), of the rate of influx versus Ch concentra-
tion in the mediuﬁ.in the absence and presence of HC-3 (Fig. 9). Twob

straight lines wefe obtained, which intersect at the same point on the
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Fig. 8. Effects éf different choline concentrations onvthe influx
of choline in the absence and presencé of HC-3V(5 x 10"4 M),
Data Qéte éalculated from the mean values of per cent
penetrations of choline in Fig, 7. Values were.obtained by
transfbrming the mean values of per cent penetration into
the absolute amounts of Ch influx per ml intrééellular water

per hour, The best fit curve and line were estimated by eye;
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Fig. 9,

Lineweaver~Burk plot of choline uptake in the absence
and presence of hemicholinium=3 (5 x 10‘4-M) in the
incubation medium. S is the concentration of éholine in
vthe medium (M/1) and V is the choline flux into the
sciétic nerves (n-mole/ml intracellular watér per hour).
The data are from the samé experiments presented in

Fig. 7 and 8., The lines fitted to the control ( [0 )
and to the solid squares intercept the ordinate at the
same point (0.001). These lines intercept the abcissa
at =1/Km and at -1/Km (1+ 1/Ki).

Km is the apparent dissociation constant for: choline
(6.2 x 10-4 M), i is the concentration of'HC—3

(s x-10;4 M/1) and Ki its apparent dissociation constant,
The intercepts of the two lines with the ordinate is
l/Vmaxwhére vmaxis the apparent maximum flux of choline
(in this case 833 n~mole/ml intracellular waté: per
hour),

The lines of best fit for the two series of data points

were estimated by eye, The data shown were derived from

the mean values of choline influx presented in Fig, 8,
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ordinate (b: 0,001) indicating that the inhibition is most 1likely of
competitive type (Schuberth and Sundwall, 1967),
Due to the wide range of Ch concentrations used (10-5 to

10-3 M) the y-intercept obtained in this Figure is close to zero, A

negative Ki value was derived (for explanation see DISCUSSION).

2, Anaerobic incubation

The uptake of choline by sciatic nerves incubated anaerobic-
ally was compared with that in‘aerobic conditions in a medium containing
10'.4 M of choline, As shown in Table 1, the uptake of -choline during
anaerobic 1ncubation (incubation in an atmosphere of 95% nitrogen and

5% carbon dioxide) was consistently decreased,

TABLE 1

EFFECT OF ANAEROBIC CONDITISN ON CHOLINE UPTAKE IN SCIATIC NERVES,

INCUBATION WITH 10 ~ M Ch, 60 MIN, RESTING CONDITION,
AT ROOM TEMP, (20°C)

Sciatic Nerve Aerobic Anaerobic
Cp:ircNo condition condition
(95% 0, - 5% co,) (95% N 2" 5% C0,)
% Penetration

1 o 128.2 03.3

2 159.0 143.4

3 73.5 51.5

4 : 134.4 76.3

5 ' 129.6 99,4

6 | 80.5 78.0

Mean t S,E, M. ' 117.5 % 13,6 90,3 * 12,6
Difference in % Penetration: 27.2 ‘

*k
t : 3.5186 (P(0.0l)
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3. Influence of nerve stimulation on choline uptake

The values of the differences in per cent penetration of
choline into stimulated and unstimulated sciatic nerves are shown in

Fig. 10, These are results from experiments in which the control and

treated nerves were mounted on double-compartment nerve chambers (see
METHODS) for incubation. While the treated nerves were being stimulated,

the electrode wires of the control nerves were left uncbnnected. Nerve

stimulation with different frequencies (1, 5, 20 and 40 pulses/sec)

during 60 min;eadh, tested on 4 pairs of nerves, did not result in any

significant change in Ch uptake by the sciatic nerQes.. Analysis of
variance of the differences gave an F ratio of 0,470 which is non-
significant (S;E.‘of the mean: 20.7%)., It should be noted however that
with frequencies of stimulation lower than 20 pulses/sec, there was a
progressive decrease (not significant) in the mean uptake. At higher
fréquencies (40 ber second) there was an increase in the mean Ch uptake
(also not significént).

B. MigratiOn of labelled choline along sciatic nerve axons

We found in a series of 5 experiments in which sciatic nerves

were incubated for 24 hours under constant stimulation of 2 pulses/séc

(METHODS) , that the radioactivity level in the distal well (with respect
to the stimulating point, which was bathed with 14C-choline) rose only up

to about 10 times the background activity, This suggests that no signi-

ficant migration of labelled Ch occurred through the axon, At least, it

is obvious that Ch flux through the axon can not be an important source

of Ch to sustain ACh synthesis during nerve activityQ.
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11, SCIATIC NERVE=~GASTROCNEMIUS MUSCLE

Preferential release experiments

Six ner&e-muscle preparations were loaded successively with
two radioactiVe tracers, first with 14C-choline and the-second time
with 3H—choline,:using the standard procedure for lbadihg described in
METHODS, Each of these loading periods was followed by:é washout pro-
cedure, As thé 3H tracer in this experimental procedure is the more
recently intrddqced tracer, it represents the newly synthesized trans-
mitter, Such dﬁuﬁly loaded nerve-muscle preparationslﬁéfe subjected to
two test periods and the radioactivity level of the muscle baths was
regularly monitdréd. It was found that thebsﬂ-tracer reieased during
the two testféeriods was consistently higher than thé p&iresponding
14. tracer (Fig. 11),

Furfhér'analysis of the data using analysis‘of variance plus
orthogonal comparisons (as will be described later) reveéled the-linéarity

of the increéSelih radioactivity levels for both trabérs during the whole

time course of_stimulation.

Statistiéal»ﬁnalysis of the double tracer‘release-data

An ah;iysis of variance with orthogonal coht?#éts‘for singlé
degree of freedbm comparisons (Steel and Torrie, 1966’vwas used to:deter-
mine the nature of the response curve of the two traééfs releasgdAby
stimulation., The values of release in per cent increaée'of radiocactivity
from baseline, §btained at six equally spaced intervals of timé (see
METHODS) , werg‘subjected to this analysis,

Tabié 2 is an example of this statistical aﬁ#lysis. it

illustrates the-analysis of the results from the 30-min period of stimu-




Fig.

11,

The time course of release of 14C-labelled ACh ( °o)
and 3H--labelled ACh ( o ) during two stimulation
periods (40/sec. 30 min) from the sciatic nerve-
gastroqnemius muscle preparation which had been loaded
with 14C-Ch and 3H-Ch successively during two standard
loading procedures followed by two washout b#oéedures.
Black dots represent the mean values of per'cént
increésé from baseline radioactivity for 14C¥tracef,
and Open‘squares for the 3H-tracer. Baseline value
for 14C was the mean value of 14C radioactifity level
during fpe first 15 minutes before the start of stimu-
lation, The mean value of 3H level during that same
perioé éf each panel was also taken as the baseline
radioéctivity level for 3H. The vertical iines rep-
resént the standard errors of the means (of 6 experi-

ments) derived from values in each individual interval.
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lation shown in the first panel of Fig. 11, The results obtained by

such analysis are displayed in Table 2,

TABLE 2

Analysis of variancé of release data

SOURCE OF

. Degrees Sum of Mean
VARIATION " of freedom Squares Square F Ratio
BLOCKS 5 176764 35353 20,808
TREATMENTS: 11 148852 13532 7.964
Comparisons:
*ok
1. T1 vs T2 1 68450 68450 40, 288
*k
2. Linear 1 65897 65897 38,785
3. Curvature -1 576 576 - 0.339 N.,S,
(quadratic
function)
4, Slopes 1 2853 2853 1.679 N.S,
Remainder 7 11076
ERROR 55 93442 1699
TOTAL 71 419059

*k
Highly significant

*
Significant

Not significant (N,S.)P >0.05

statistically

P <0.05

P <0,01

As indicated in this table, the source of variation for treat-

ments was partitioned into several components listed under "Comparisons".
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This included the following tests using coefficients for orthogonal
comparisons:

1., Differences between tracers (Tracer1 versus Tracerz).

2, Linear relationship with time.

3. Cufved relationship with time (quadratic or second

degree function),

4, Difference in linear relationship with timé (slopes),

More complex relationships grouped into Remainder were not
investigated,

Highlf éignificant F ratios (P<0.01) were obtained for com-
parisons 1 and 2, This means that the amount of tracer 1 is significantly
different (P<0,05) from the amount of tracer 2 (in this case, the in-
crease in 3H was greater than the increase in 14C, as sbdwn in the first
panel of Fig. 15),énd that the response curves of the #wo tracers are
linear. A non-significant F ratio (P> 0.05)for quadrétic response.
means that a pa?abola would not fit the data better,.which is in effect
a confirmation‘of the significant finding for linearity. In other words
the increase for each additional increment of both ttacers during the
time course of'stimulation is constant. The non-significant finding for
the fourth compariéon, testing for difference 1n-slopes,‘means (in addi-~-
tion to the findings in the other three comparisons) that the two response
curves (per cent 1n6rease of radioactivity vs, time) fdr the two tracers
are parallel, A similar statistical analysis of the data from panel 2 of
Fig. 11 revealed the same significant values of F ratios for the first
two comparisons and a non-significance for quadratic funﬁtion. The

fourth comparison, however, resulted in a significant F ratio implying
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the existence 01 a difference in slope between the two response curves

in that panel., Based on the results obtained by this statistical analy-
sis with the four types of comparisons, it is possible to represent the
release data of ihe double tracer experiments by simple graphs., The two
response curves of.the first panel of Fig. 11 for example, can essentially
be represented by two parallel lines, The one above ﬁould represent 3H
tracer which waé released in greater quantity. In the second panel the
two lines have different slopes, as indicated by a stafistically signifi-
cant F ratio for the fourth comparison, The summary of>these release
data will be presented léter (in Fig. 16).

2 M) to the muscle bath during the second

Addition of HC-3 (10
loading period‘(with 3H-Ch) resulted in a decreased response curve for
3H tracer (Fig; 12 C and D and Fig. 16, second row panels C and D). This
overlapping of the two curves implies that the increase in the release
of both 14C and‘sﬂ tracers during stimulation is proportionately the
same, Thus the ratio of 3H over 14C during stimulation remains the same
as the baseliné'rétio. In panel A, row I, of that samé iigure, however,
although the ratio of 3H over 140 during the last 25 min of stimulation
remains constant;_(the two response curves remain parallél), this rétio
is different froﬁ ihe baseline ratio, This means that BH release in-

creased proportionately more than 140 release under stimulation.

Surplus pPool Experiments

Either neostigmine or eserine (2 x 10'-5 M) was used as the
acetylcholinestérase (AChE) inhibitors in this series of experiments.
In these experiments, during the second loading procedure (with 3H cho-

line) the nerve was not stimulated to provide optimal cénditions for the




Fig.

12,

PREFERENTIAL RELEASE EXPERIMENTS

14C (¢ ) and 3H (o) release by electrical stimulation
(40/sec, 30 min), Results shown in panelst'and B
corfespond to the results in Fig., 11 (6 experiments),
Standard érror values were obtained froﬁ the error

terms of the analysis of variance, C and D show the
release data obtained when loading of the second tracer
(3H) was in the presence of HC-3 (10-2 M) (4 experiments).
The figures correspond to the numbers of comparison
indicated in the analysis of variance table, 'The
significant values for the tests involved afe indicated

by asterisks.
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formation of excess ACh (surplus pool), After completing the loading
procedures, each preparation was subjected to four successive test~
periods using gither electrical impulses (40/sec), exogenous ACh

(2 x 10”° M), carbachol (1 x 10”4 M), or KC1 (40 mM) to stimulate
release of the trécers. The results from experiments with neostigmine
are shown in Fig. 13, and from those with eserine in Fig, 14, The
effects of the ACh'releasers (electrical impulses 40/sec, exogenous ACh,
carbachol and KCl) on the patterns of release of both tracers were com=-
pared, It was-fbﬁnd that the patterns of release were the same with
either AChE inhibitor when electrical stimulation, ACh of carbachol were
used to stimulaie release (Fig. 13 and Fig, 14 panels A, B and C), For
comparisons see also Fig, 16 row 3 and 4, panels A, B and C,.

In thésé three pairs of panels, the increase in 3H tracer was
consistently greater than the increase in 14C during the 30 min time
course of stimﬁlétion (highly significant, comparison No. 1), The res-
ponse curves were linear (comparison No, 2, also highly significant),
The comparisoﬁs for curvature (No. 3) were non-significaht, except in
the eserine serieé when carbachol was used (Fig, 14 Cj. Vﬁere comparison
No., 3 was found té be significant (P <0,05). However, the more predomin-
ant pattern in this panel is a linear pattern (highly significant, for
comparison No, 2). There was no slope difference in the response curves
due to 40/sec and-ACh stimulation (comparison No, 4:'not significant),
However, in the carbachol experiments the slopes of both fesponse curves
were different in both series, The 3H slopes were consistently greater
than the 14C slopeé.

The results obtained with KCl stimulation (40 mM, 30 min)




Fig, 13,

SURPLUS POOL EXPERIMENTS =~ Neostigmine as anti~
cholinesterase agent (8 experiments). |

The effects of nerve stimulation (30 min at 40/sec)
and applications of ACh, (2 x 10-5 M); carﬁachol,
(1 x 10'"4 M); and KC1, (40 mM), on the release of
3H gnd 14C are shown in panels A to D respecfively,
corresponding to the sequence of the test peri@ds
in thé>exper1ments. The figures in the upper right
hand corners of the panels refer té the compérison
numberé in the analysis of variance table. The
signs after the figures indicate the statistical
significance of the comparisons employed, |
Black dots represent the mean values for 14Cv‘(,'old'
transmitter) and open squares for 3H ( 'new! tfans-

mitter), Standard errors are derived from the

errorxr terms of the analysis of variance,
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Fig. 14. SURPLUS POOL EXPERIMENTS ~ Eserine as anticholinesterase
agent (6 experiments).

° 14C tracer ('old"); o 3H tracer ( 'new')

The same legend given in Fig, 13 applies to this figure,
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(Fig. 13D and Fig. 14D) show a greater amount of 3H release in the neo~-
stigmine series, but the reverse is true for the eserine series, The

four statistical comparisons employed on the data resulted in identical
findings, i.e, a highly significant difference for the first two compar-
isons and non~significant for the third and fourth comparisons, Taken
together, this indicates that both response curves are linear and parallel
to each other,

In the third series of surplus pool experiments, the composition
of the bathing fluid was changed to confarm with the method described by
Collier and Kafz (1970). The first loading procedure was performed in
the absence of. an anticholinesterase in the bathing fluid. Eserine-Ringer
solution was used only after the first half of the first washout period,
The purpose of introducing eserine about 20 minutes befqre the second
loading period’wés to assure that the tissue was well eserinized by tbe
time the second tracer was loaded to label the surplus pool., After this
loading under résting conditions, the bathing fluid used for the rest of
the experiment contained unlabelled Ch (10-5 M), Similar test stimula~-
tions were useq in this series of experiments, Results are shown in
Fig. 15.

The release data for the two radioactive traéers shown in the
four panels of Fig, 13, 14 and 15 were obtained during four consecutive
test-periods, 1In contrast to the results shown in the first three panels
from Fig, 13 and 14 (surplus pool experiments, Neostigmiﬁe and Eserine-A)
no difference could be detected in this third series of surplus pool
experiments (Eserine-B) between the amounts of tracers released by 40/sec

electrical impulses, ACh or Carbachol (panels A, B and C of Fig. 15),.
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For comparisons see also Flg, 16, last three rows., The response curves
(based on the findings of the orthogonal comparisons) are linear,(i.e.
highly significant for linearity and not significant for curvature).
This means that.in this series of experiments (Eserine-~B) the three
stimulation proéedﬁres (40/sec, ACh, and Carbachol) resulted in linear
response curvés of the two tracers which are superimposéd.

The effect of KCl on the release of the two tfacers is shown
in panels D of Fig. 16 for the three series of "surplus hool" experiments.,
In the experiments in which neostigmine was used as anticholinesterase,
the response curves produced by KC1 (40 mM) and electrical stimulation
(40/sec) were similar. However, when eserine was uséd'as anticholin=-
esterase the pattern was reversed, 14C rather than 3vaas released in
preference. Incfeasing three times the concentration of KCl1 (120 mM), a
divergence of the two response curves was observed inlthe Eserine~B
series, The 14C-slope became much steeper than the slope of the 3H tracer
(Fig. 15, D and Fig. 16, row V, D).

The 1oading conditions of the double tracer experiments and

' 3
the release patterns of both tracers (14C and H) in response to stimula-

tion are summarized in Table 3 and its accompanying Fig. 16,
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B TABLE 3
LOADING CONDITIONS OF THE DOUBLE~TRACER EXPERIMENTS
EXPERIMENTSk ‘N LOADING 1 WASHOUT LOADING 2 WASHOUT
PREFERENTIAL | 6 | '%c-cn,60 min | 8 x 5 min | 3H-Ch,60 min| 8 x 5 min
RELEASE
+ E,S,20/sec
Neostigmine® + E.S,20/sec
+ HC-3 during| 4 " " " "
second ' -2
loading Neostigmine® +(HC=3,10 “M)
SURPLUS 8 | + E.S, " Resting "
POOL '
~Neostigmine Neostigmine®
-Eserine A 6 | + E.S. " Resting "
" Eserine®
~Eserine B 4 | + E,S. " Resting "
No anti-ChE + Eserine® + unlabelled
Ch, °
.S, electrical stimﬁlation

number of experiments
indicates continuous presence for the rest of the experiment.
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DISCUSSION

Choline uptake in the motor nerve~skeletal muscle preparation
reflects the total of the uptakes by the nervous- and muscular structures,
Since the motor nerve terminals represent only a minute fractional vol~
ume of the muécle bulk, choline uptake by the muscles can be expected to
oObscure its uptake by nerves. It became necessary, therefore, to study
choline uptake in the sciatic nerve-part of the nerve-muscle preparation,

A, Uptake of Choline by the Sciatic Nerves

When single sciatic nerves of the frog were incubated in a
medium containipg choline, it penetrated into the nerves and the degree
of this penetration was dependent on the concentration‘of choline in the
medium (Fig, 7). -With low concentration of choline (ib-s M), 60 min in-
cubation at room temperature (20°C) resulted in an accumulation of choline

in the tissue, ‘The value obtained for per cent penetration into the

intracellular water was 121 % 14% (mean * standard error for 5 experiments),

i.e. the intréceilular water accumulated choline on the average in concen-
trations 1.2 times higher than the choline concentratioh in the surround-
ing medium, This observation of uptake against a concentration gradient
suggests an active‘transport system for choline, The accumulation of
choline is probably an energy requiring process, as suggested by the find-
ing that choline uptake is inhibited under anaerobic condition (Table 1),
The values of pér cent penetrations obtained, decrease. progressively as
the concentration of choline in the incubation medium increases (Fig. 7).
In terms of the absolute amounts of choline crossing the cell membranes,
however, the influx of choline increased progressively with increasing

concentrations of choline in the external medium, as shown in Fig, 8.
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Addition of hemicholinium-3 (5 x 10-'4 M) to the incubation
media resulted in strong inhibition of choline uptake éspecially apparent
in the decrease of the per cent penetration when the concentration of
.choline present in the medium was low (Fig. 7 and Fig. 8), The decrease
of the per cent penetration values of choline by 5 x 10-'4 M HC~-3 became
progressively smaller with increasing concentrations:of choline present
in the medium, until finally at external choline concentration of 10”2 M
and 10'_1 M, no deérease in per cent penetration values could be detected
(Fig. 7). It is shown in Fig, 8 that the influx of the different
concentrations of choline was reduced by the presence 6f HC-3 (5 x 10-4 M)
to values which increased linearly with increasing concentrations of
choline in the medium, This linear component of choline entry indicates
passive diffusion to be one pathway for choline uptake, The reduction
of choline influvay HC-3 to values associated with the linear component
probably representé the part of uptake mediated through a postulated
'carrier’ mechaﬁism. These findings are consistent with the existence of
a two component upfake mechanism for choline, in the peripheral nerve,
similar to that brbposed by Hodgkin and Martin (1965) for the giant axons
of loligo, Doﬁble reciprocal plots of the rate of uptaké versus Ch con-~
centration in the incubation medium in the absence and presence of HC-3
(Fig. 9) showed the same value of y-intercept., This is compatible with
a competitive fype of inhibitory action of HC-3 on the uptake of choline
as postulated by Schuberth and Sundwall (1967). The apparent Km value
for uptake obtainéd from the sciatic nerves was 6.2 x 10"'4 M as compared
to 1 x 10-4 M obtained for choline uptake by squid axons (Hodgkin and

Martin, 1965), The negative value of Ki, however, needs some clarification.
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This parameter was computed on the basis of data obtained from a very
wide range of external choline concentrations (10“'5 to 10"'3 M). The two
component mechanism of uptake for choline has been mentioned earlier to

consist of 1, a carrier mediated transport and 2, a passive diffusion,

As can be seen in Fig, 8, as one increases the concentration of choline
in the medium, one reaches a point where carrier trangport of choline
becomes insignificant in comparison with the transport due to passive
diffusion. Because of the higher passive diffusion at high concentra-

tions of choline the total velocity of entry could then be expected to

be in excess‘of the limiting velocity (Vmax) attainaﬁle by saturation
of the carrier mediated transport. This would account for the negative
Ki value obtained using derivations of the equations that apply to double
reciprocal plots of competitive inhibition (Webb, 1963).

Repetitive electrical stimulation using different frequencies
(1, 5, 20 and 40‘pulses/sec during 60 min incubation).has no obvious
effect on the uptake of choline, (Fig. 10). Although_tbe analysis of
variance on the differences in per cent penetration of choline (stimulated -
unstimulated) doés not reveal any significant difference from zero, the

tendency under electrical stimulation using frequencies of 1, 5, and 20/

sec is to decrease uptake, while 40/sec seems to increase it, Further
work should be done to improve the incubation method under electrical
stimulation so és to decrease the variability of the results, and to

detect any differences in choline uptake due to stimulation., However,

the present findings agree with the observations made in a non-cholinergic
nerve, in the squid axon, by Hodgkin and Martin (1965). These authors

also failed to show any effect of stimulation on the uptake of choline,
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The'pfésence of specific transport systems facilitating the
entry of choline into the cells has been reported in various tissues
studied, e.g. in frog skeletal muscle (Renkin, 1961), in ganglia
(MacIntosh, 1963), in cortex slices of the kidney (Sung and Johnston,
1965), in squid axons (Hodgkin and Martin, 1965), in erythrocytes (Mar-
tin, 1967), in brain slices (Schuberth et al., 1966); This indicates
that the specialized choline uptake mechanism is not a specific feature
confined to fhe cholinergic nerves requiring exogenous choline for the
optimal synthesis of acetylcholine,

B, Migration of Labelled Choline along the Axons of the Sciatic Nerves

Both a fast and a slow rate of axoplasmic transport system of
materials have been found in cat motoneuron axons (Ochs and Johnson,

1968). A rate of approximately 930 mm/day was reported by these authors

as the fast component for the transport of 3H-leucine after uptake and

incorporation into polypeptides, protein, and particulates,

After establishing the relative ease of choline penetration
into the sciatic nerves, it was thought probable that by supplying the
labelled precursor through the axons, axoplasmic transport of labelled
choline in the direction of the axon terminals could proéide a means to
study transmittér turnover in the motor nerve endings, An advantage of
this approach would be the selective labelling of the neural elements of
the nerve-muscle preparation, However, exploratory studies in this
direction did not provide encouraging results. Migration of labelled
choline along the sciatic nerve axons does not seem to be fast enough to
be important for the supply of choline in the axon terminals, A 24 hour

incubation of the proximal segment of the sciatic under continuous elec-
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trical stimulation did not cause a significant increase in radioactivity
level of the distal segment some 3 to 4 cm away from the part which was
incubated in labelled choline,

C. Double-Tracer Experiments

Ia, Preferential Release of Newly Synthesized Transmitter

Early experiments by Brown and Feldberg (1936), Kahlson and
MacIntosh (1939) and Perry (1953) had shown that the cat's superior
cervical ganglion, when stimulated continuously in the piesence of an
anticholinesterase, released ACh for loné periods of time, but when no
circulating Ch was present, re-~synthesis of released ACh was slow and
the ACh release declined to a low level, When exogenoﬁs Ch was supplied,
the ACh output‘fell in the first few minutes to a steady level, but the
release and ganglionic stores were maintained (Birks and MacIntosh, 1961).
Based on these observations, the assumption was made that in the nerve
endings of the sympathetic ganglia there is a functional separation of
the transmitter stores, Birks and MacIntosh (1961) postulated that
transmitter avéilable for release can be divided into two components:

1., a small 'readily releasable' fraction and 2, another larger fraction
which serves as a reservoir from which the readily releaéable store can
be replenished.’ These earlier studies on the perfused ganglion prepara-
tion which relied 6n bioassay procedures to assess trqnémitter turnover
were supplemented with the use of radioactive choline to label the ACh
stores, Collier.and MaclIntosh (1969) found that up to 85% of the gang-
lionic ACh could be labelled by perfusion with labelled Ch accompanied
by continuous stimulation (20/sec) during 60 min., They used unlabelled

Ch-Locke solution during the 20 min washout perfusion following the
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loading procedure as well as during the rest of the experiment, After
this washout perfusion, a 10-min period of preganglionic stimulation
released, in the presence of eserine, labelled ACh into the effluent

and also about twice as much unlabelled Ach., Only 36% of the ACh re-

leased by the 10 min period of stimulation was radioactive, even though
85% of ganglionic ACh was labelled at the end of the loading perfusion,.
Most of the unlabelled ACh must have been formed dufing the perfusion
with unlabelled Ch-Locke solution after the loading procedure. When

synthesis of ACh during this perfusion with unlabelled Cli was prevented

by HC-3, almost all the released ACh was found to bevlabelled. This led
Collier and MacIntosh (1969) to suggest that newly synthesized ACh is
released before it equilibrates with preformed stores, as if the releas-
able transmitter were replaced partly by synthesis and partly by mobili-
zation of the ACh store. As a corollary, during continuous activity, the
ACh‘store does not turn over as a uniform pool but there is a preferential
release of newly synthesized transmitter. In the experiments of Collier
and Macintosh (1969) eserine was added to the perfusion fluid containing ér o
unlabelled Ch at the start of the test period, after the end of the load-

ing perfusion.‘ Birks and MacIntosh (1961) had shown earlier that eserin-

ization of a resting ganglion rapidly increases its total content of ACh
if a supply of Ch is available, This excess ACh was called 'surplus' ACh
(see INTRODUCTION), Thus the source of the unlabelled ACh in these ex-

periments may have been either 'surplus® ACh formed before the test

stimulation, or ACh synthesized during the test stimulation and released
before mixing with the preformed store. The possibility exists that the

labelled ACh loadéd into the transmitter depot in the absence of eserine
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may have subsequently become diluted by exchange with inabelled surplus
ACh formed in the presence of eserine during the period of rest preceding
the test stimulation, If this exchange were rapid, it could also account
for the release of unlabelled ACh in the experiments of Collier and Mac-
Intosh, The concept of preferential release of newly synthesized trang-
mitter was tested in the neuromuscular Junction of the frog in the
present experiments using a double tracer method, Two differently label-
led precursorsv(l4C-Ch and 3H--Ch) were sequentially used during two
periods of loadiﬁg(under continuous stimulation in neostigmine environ-
ment) to labelvthe ACh stores of the motor nerve endings. Each loading
period was followed by a washout procedure (see METHODS) to remove the
loosely bound radioactive materials, It seems fair to assume that the
remaining radiocactivity in the tissues after the washout procedure con~
sists predominantly of the radioactivity retained due to its incorpora-
tion into the céil. Due to the difference in time of loading for the two
radioactive tracers, the transmitter formed from the first labelled pre-
cursor (14C~Ch)-can be considered as being the 'old' transmitter, while
the transmitter formed during the second loading with-SH-Ch represents
the 'new' transmitter. It is realized that non-labelled.transmitter,-
which cannot be detected by radiometric assay used in the present exper~
iments, should aléo be present in the nerve-endings.b

In interpreting the present release data it is useful to bear
constantly in mind the concepts developed by Birks and Maclntosh for the
ganglion (1961), A summary of the hypothetical model is presented in
INTRODUCTION (Fig.'4 on page 32), Within this framework the present

results of the preferential release experiments (Fig. 11, panel A and
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Fig. 12, panel A) indicate the presence of two pools: 1., a small more
readily releasable pool, and 2. a large less readily releasable pool ,
which can be visualized as being the storage pool serving as a reservoir
for the more readily releasable pool, In this context, the output of
transmitter during the first five minutes interval of the 30-min stimula-
tion represents the virtual emptying of the readily releasable pool,

The present results of release during stimulation are expressed
as % increase from baseline radioactivity for both the 140- and 3H-tracers,
which are taken to be equal to 100% at the start of the stimulation period,
The jump in the radioactivity levels during the first five minutes of
stimulation reflects the initial increase in the rate of transmitter re-
lease. The finding of a higher jump for tritium (SH), which represents
the new transmitter in comparison to 14C (the old transmitter) (Fig., 11A
and Fig. 12A) iﬁdiéates a higher rate of release for tritiated transmitter.
After the first 5-min period of release, the continuous stimulation re-
leases both tracers at a constant rate for the remainiﬁg 25-min of stimu-
lation as shown in Fig. 16, A, The two linear and parallel response
curves in this panel indicate that there is a constanf increment of radio-
activity per S5-min interval for both tracers, and that they are released
at the same rate._ The rate determining step for the release during this
last 25-minutes of continuous stimulation is most probably the rate at
which transmitter from the storage pool is made available for release
from the readily releasable pool, The latter process is further referred
as 'mobilization®' of the transmitter, The data discussed above supports
the hypothesis of preferential release of newly synthesized transmitter.

It is as if the tritiated transmitter, formed during the second loading
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period from the supplied 3H—Ch, replaced most of the 14C-labelled trans-
mitter present in the readily releasable pool. The observation that the
two tracers have the same rate of release after the initial 5 min period
of stimulation indicates that the mobilization is from the same storage
pool, From the'preferential release of newly synthesized transmitter it
would follow that the readily releasable pool should be more closely re-
lated with the site of synthesis of the transmitter.

In fhese experiments neostigmine was used as anticholinesterase
throughout the whole time-~span of the experiment, starting from the first
loading period till the end of the experiment, No unlabelled=Ch wag
added to the iﬁcubation fluid, From the data in Fig. 11, A or Fig, 12, A,
it can be conqluded that there is a preferential release of newly synthe~
sized transmitter. Panels B of the same Figures shoﬁhthe response curves
during the second stimulation period, Comparing the results in the two
panels (A and B), it appears that the release of 3H continued at the same
rate, while the 14C response curve in the second panel (B) is almost flat.

Most probably this i1s due to depletion of 14C-labelled transmitter.

Ib. Effect of HC-3 addition during the Second Loading Period

1f during the second loading period (in the presence of about
10-‘5 M 3H-Ch) 10-2 M of HC-3 were added to the incubation medium, the two
test-periods did not display a preferential release Qf 3H---tracer (Fig,
12, C and D or Fig, 16, second row, C and D). Both response curves in
these panels are linear and superimposed, There is no difference in rate
during either the‘initial 5 min of stimulation or during the remaining
25 min of this test-stimulation. It appears that under ﬁC~3 no signifi-

cant incorporationAof 3H-tracer occurred, and that the 3H-tracer is
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randomly distributed in the stores. This would explain why 3H and 14C

have the same release patterns.

I1. Surplus Pool Experiments

The results of the so-called surplus pool experiments using
neostigmine or.eserine as anticholinesterase are esseﬁtially identical
in both series of experiments when continuous electrical impulses (40/sec)
or ACh (2 x 10~5 M) were used to stimulate release (Fig. 13, A and B,
Fig. 14, A and B,fFig. 16, third and fourth row, A and B). In these sur-
plus pool experiments the second loading period (using'?H-Ch as precursor)
was conducteduundér resting condition to provide optimal conditions for
the formation 6f excess ACh, or the surplus pool, No stimulation was
delivered during the second loading period, so that the old (140) trans-
mitter should_bevconserved. However, the pattern of release indicating
preferential reiease of 3H labelled transmitter means that during the
second loading period (under resting condition using 3H-Ch), the newly
synthesized transmitter had a significaﬁt turnover wifbithe readily re-
leasable pool and the storage pool, A rapid exchange-bethen these pools,
even under restingvconditions, explains this pattern of release similar
to the series bf experiments discussed earlier (preferential release
experiments), Whén ACh (2 x 10.'5 M) was used as stimulant during the
same length of time (30 min), the release curves for both tracers are
identical for the Neostigmine and Eserine-A series (Fig. 16, third and
fourth row, pqnelgia). These response curves are similar to the response
curves due to electrical stimulation (40/sec). Thus, ACh in the concen-
tration used seems to release both labelled transmitters as effectively

as electrical stimulation, If such is the case, this would support the




Page 95 omitted in page numbering.




-G G-

hypothesis suggested by Koelle (1961) for the ganglion that the presynap=~
tic terminals are also sensitive to ACh, and that, during normal trans-
mission, the ACh initially released by the preganglionic nerve impulse
might depolarize the terminals and further release ACh, so amplifying
the transmitter release process, The findings in panéls B of the third
and fourth rows in Figure 16 (for the Neostigmine and Eserine«~A series)
showing the same rate of release for both tracers aftex the initial 5 min
of stimulation, like in the preferential release experiments, suggest
that the two radioactive tracers moved out from one'éame pool, in this
case most probably from the storage pool, If a surplus pool was present,
which in the ganglion was found to be released by perfusion with ACh or
injection of carbachol, there should have been a greatér release of
3H than of 14C, and a consequent divergence of the twp response curves,
This divergence ig, however, absent in both series of experiments (using
neostigmine or eserine as anticholinesterase),

Using carbachol (a stable analogue of ACh) at a concentration
of 1 x 10'”4 M, as the releasing agent (panels C, row 3 and 4 of Fig, 16),
divergent respo@se curves were obtained in both cases (Neostigmine and
Eserine-A series); The discrepancy between the patterns of release in
response to ACh_ﬁnd‘to carbachol might be due to a greater releasing
ability of carbacﬁol from the "surplus pool"”, This additional release
from the surplus-§091 can explain thé increase in the rate of release for
the 3H. In order té form a more definite opinion about ihese observations
a dose response curve should be established using a wide range of concen=-
trations of ACh and carbachol, especially since in the present experiments

the concentrations of carbachol used were 5 times greater than the con-
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centration of ACh (10-4 M as compared to 2 x 10"'5 M of ACh),

There are various possible mechanisms by which carbachol might
release ACh from the nerve terminals, e.g, by activafion of presynaptic
ACh receptorsvthat Have been proposed (in the ganglion) to participate
in ganglionic trénsmission (Koelle, 1961, 1962), The principal evidence
originally advanced for the presence of specific, presynaptic cholino-
ceptive sites‘was that the effect of carbachol on ACh release was mark-
edly reduced by chronic preganglionic denervation (Volle and Koelle, 1961),
From this it was concluded that the stimulant action of carbachol on
normally innervated ganglia results principally fromUthe liberation of
ACh from the pregénglionic fibres, An alternative process proposed
(McInstry and Kbelle, 1967) is that carbachol can enter the axonal term-
inals, either by passive diffusion across the high concentration gradient
between the extracellular and intracellular fluid, of by a specialized
transport system (in the red blood cells it: has been shown to be differ-
ent from the choline transport system, Martin, 1969) and then to displace
ACh from binding sites.

The observed increase in rate of release of 3H.in response to
carbachol in tﬁo éeries of the experiments presented, using either neo-
stigmine or eserine, indicates an extra source of 3H being liberated;
probably this extra source is the surplus ACh formed during the second
loading period while in resting condition (under the influence of the
anticholinesterase), From these results it is apparent that the surplus
pool cannot be labélled selectively, This seems to be due to the exist-
ing rapid turnover, or exchange, between the newly synthesized transmitter

and the existing transmitter pools,
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>C0111er and Katz (1970) have attempted to label selectively
the transmitter pool or the surplus pool in the cat's shperior cervical
ganglion, In their procedure no anticholinesterase.was.used when the
ganglion's transmitter store was to be labelled, while when the surplus
store was to bé labelled eserine was used, Unlabelled Ch containing
eserine was used during the rest of the experiment. One series of the
present studies were performed adapted to the procedure described by
Collier and Katz (1970) using unlabelled choline in the bathing fluid
after finishiﬁg the second loading procedure, The release patterns for
both labels in response to electrical stimulation, ACh and carbachol in
this series of experiments. are identical (Fig. 15, A, B, and C and Fig.
16, row Eserine=B, panels A, B and C). Both response curves in these
three panels overlap each other, 3H choline release foliows exactly the
same release pattérn as 14C choline, Most probably this is due to a
rapid turnover Qf‘the labelled transmitters, and dilution of the stores
by uptake of the non-labelled choline used in the bafhing fluid after
the loading procedure,

Stimulation using potassium ions gave the results depicted in
Fig. 16, third, fourth and fifth row, panels D, for tﬁe three series of
surplus pool eiperiments. Using neostigmine as anticholinesterase, the
pattern of response curves for both tracers is similar to that obtained
with electrical stimulation (40/sec); 3H-labelled choline was released
preferentially, Using eserine as anticholinesterase, however, (panel D
of Eserine-A row in the same Figure), 14C-labelled transmitter was re-
leased preferentially, The linearity of the responses and the rates of

release were similar in both series, In the last series of experiments
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(Eserine-B, panel D of the same Figure), using unlabelled Ch after the
loading period, 14C—1nbelled transmitter is also being preferentially
released (like in the Eserine-A series). The only difference observed

is that in the Eserine-B series, the rate of release. of 14C is higher,
It is to be expected that the release pattern of botﬁ tracers follows

the same patternAﬁith potassium stimulation (40 mM) as with electrical
stimulation (hanels A and D of the Neostigmine series), since it is known
that in both ééseg the nerve terminals are depolarized. Increasing the
external potassium ion concentration, the frequency of the miniature end-
plate potentials (m,e.p.p.s.) at the neuromuscular Jjunction is greatly
increased (del Castillo and Katz, 1954c; Liley, 1956¢c), The finding
that the release pattern, using eserine as anticholinesterase, is the
reverse to the one obtained with neostigmine (i.e., the old transmitter

is now being reléased in preference to the new transmitter, as shown in
panels D of last ﬁwo rows of Fig, 16) indicates that under eserine, mo~
bilization of £hé old transmitter is preferred. Using a more intense
potassium stimulation (120 mM), the rate of release of.the old trans=~
mitter is alsofincreased, as indicated by a steeper slope of the 14C
response curve (shown in panel D, Eserine~B series of Fig., 16), It is

as if another-pool of old transmitter outside the storage pool is utilized
to account for the divergence of both curves, With the use of this non-
specific stimulant in high concentration (120 mM), it might well be that
even the old transmitter in the "Stationary" pool was released (see model
of Birks and Maclntosh, Fig. 4). Another possibility is that potassium
ions in that high concentratioq play an important role in a cationic

exchange mechanism, 1In short, no satisfactory explanation can be offered
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without further work for full interpretation of these results.
In most of the literature there is an implicit acceptance of
the ganglion model for the dynamics of transmitter release at the neuro-

muscular junction (Eccles, 1964; Desmedt, 1966). The present work

provides some experimental evidence indicating that the superior cervical
ganglion (Birks and MacIntosh, 1961) is a suitable model for the trans-~

mitter dynamics at the neuromuscular Junction,

The experimental results of the present studies in the neuro-

muscular junction of the frogs discussed above are compatible with the

overall model knowp for the ganglion (Birks and MacInfosh, 1961), This
conclusion was arrived at on the basis of the release déta presented

using the double-=tracer technique, a method which has not been used pre-
viously for the study of transmitter dynamics. The existence of a readily
releasable pool and a storage pool are apparent from the release data ob~-
tained, A surplus pool seems also to be formed under‘thé influence of
either neostigmine or eserine, The release of this pool seems to be more
effective with carbachol than with ACh. Selective lﬁbelling of the sur-
plus pool with.a,second tracer does not seem to be suééessful. There

seems to be a rapid turnover (exchange) between the newly synthesized

transmitter and the old transmitter, even under resting conditions, The
linear patterns of all these release data are also consistent with the
quantal nature of transmitter release, i.e, release in packages of uniform

size,

Full interpretation of the results discussed depends to some
extent on the knowledge of the ACh content in the tissue, as well as in
the medium, at the different stages of the experiments,. ACh identification

procedures should be used for further studies at the neuromuscular Jjunction
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to quantitate the actual amount of ACh present in the tissue, or released
in the medium, and also to obtain information as to what part of the
released radioactivity is due to labelled ACh, In view of the fact that
the amount of ACh coming from the nerve terminals of the nerve-muscle

preparation would be small, a very sensitive assay of ACh would be

necessary.
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