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SUMMARY



This thesis is divided into three main areas of research:
(A) an electrical study of meuromuscular transmission in the vas deferens
of the guinea-pig; (B) an examination of the electrical responses of the
rabbit recotocccygeus to extrinsic parasympathetic nerve stimulation;

(C) the effects of d-tubocurarine on skeletal neuromuscular transmission.

(A) Excitatory jﬁnction potentials were recorded intracellularly in

the guinea-pig vas deferens following stimulation of the hypogastric
nerves. The effects of a number of drugs which block the effects of
adrenergic nerve stimulation in other tissues were investigated. It is
shown that the excitatory junction potential in the guinea-pig vas deferens

is unlikely to be generated by noradrenaline acting on o or f-adrenoceptors.

Excitatory junction potential amplitude was increased by a-
adrenoceptor antagonists and decreased by a-adrenoceptor agonists and
these drugs interacted in a competitive manner. A prejunctional a-
adrenoceptor was therefore shown to influence transmitter release.

A model for the study of the effects of drugs on transmitter release to
single or short trains of stimuli was developed. The characteristics
of transmitter regulation by the prejunctional o-adrenoceptor during

short trains of stimuli were discussed.

During the course of the study, it was possible to study the
mechanism of release of transmitter from individual varicosities.
Differentiation of the rising phase of the excitatory junction potential
showed them to be made up of transient peaks in the rate of depolarisation,
the ‘'discrete event'. 1In any one cell discrete events occurred at one
or several latencies, intermittently, the frequency of occurrence varying
between 1 in 1.8 to 1 in.45 stimuli. Intermittence was not an artifact

due to the use of submaximal stimulation nor the result of a ganglionic



)

relay between the hypogastric and vas deferens nerve. Discrete events
occurring with a single latency had amplitudes that were multimodally
distributed. In some cells the preferred values of amplitude were

simple whole number multiples of the smallest preferred value. The

time course of discrete events varied from cell to cell and at different
latencies. The discrete event had a time to peak of 5.3 £ 1.9 msec,

n = 220 (Mean * S.D.) and a time to half decay of 8.3 * 3.6 msec, n = 220.
Discrete events in a cell could be matched for amplitude and time course
by spontaneous excitatory junction potentials in the same cell and

both probably represent the release of a single packet of transmitter.
The excitatory junction potential is made up of: (1) discrete events
which represent the release of transmitter from a single varicosity;

(2) a non intermittent slow component which represents the electronic
spread of activity from smooth muscle excited from distant release

sites. It is concluded that transmitter release from individual
varicosities is packeted and the number of packets liberated per stimulus

from a single varicosity is small, varying between zero and ten.

(B) The responses of the rabbit rectococcygeus muscle to stimulation

of the extrinsic pelvic nerves have been investigated using intracellular
micro-electrode recording techniques. Submaximal pelvic nerve stimul-
ation evoked a depolarisation (excitatory junction potential) which was
graded with stimulus strength and abolished by atropine (10-6g/m1) and
tetrodotoxin. Single supramaximal stimuli evoked action potentials
associated with muscle contraction. In the presence of atropine, to
abolish the excitatory junction potentials, supramaximal stimulation

of the pelvic nerves evoked hyperpolarisations (inhibitory junction
potentials) which were graded with stimulus strength and abolished by

tetrodotoxin. The transmitter responsible for the inhibitory junction



potentials is unknown. Phentolamine (10'5g/m1) and propranolol

(3 x lO-Sg/ml) in concentrations which block respectively o and B
adrenoceptors and the adrenergic neurone blocking agent guanethidine
(10-6g/m1) were ineffective in blocking the inhibitory response. It is
concluded that stimulation of the pelvic nerves to the rectococcygeus
releases two transmitters, acetylcholine, responsible for the excitatory
junction potential (and muscle contraction) and a non-adrenergic non-

cholinergic transmitter which is the basis for the mechanical relaxation.

(C) The final section of this thesis comprises a study of the effects
of d-tubocurarine on skeletal neuromuscular transmission. The question
asked was whether d-tubocurarine exerts a prejunctional effect on

evoked transmitter release in addition to the classic view of post-
junctional receptor blockade. Subthreshold end-plate potentials were
recorded intracellularly from intact rat hemi-diaphragm preparations
exposed to d-tubocurarine. The transmission process in intact hemi-
diaphragms was compared with that in cut muscle preparations when
neuromuscular fransmission was studied in the absence of blocking agents,
End-plate potential amplitude was well maintained in cut muscle pre-
parations at all frequencies of stimulation (1 Hz - 50 Hz) in contrast
to intact hemi-diaphragms exposed to d-tubocurarine. Two possible
explanations of the results were discussed. First, that d-tubocurarine
exerts a prejunctional effect on transmitter release and second that the
'apparent' decline in end-plate potential amplitude has a post-junctional
origin, due to a shift to the right of the acetylcholine dose response

curve.

Similar experiments were performed on neuromuscular junctions of the

frog sartorius and differences in the transmission process were observed.



One explanation discussed is that there is a species difference in the
pharmacological response to d-tubocurarine of frog and rat skeletal

muscle. It is concluded that d-tubocurarine does not exert a prejunctional

effect on transmitter release in the frog.



INTRODUCTTION



The modern concept of the 'autonomic nervous system' is based to
a large extent on the anatomical and physiological studies of Gaskell
and Langley. Gaskell (1886) was the first to give a clear account of
the origin of the cranial, thoracolumbar and sacral outflows from the
spinal cord. 1In 1916, Gaskell grouped these outflows together with
the sympathetic trunks and tﬁe prevertebral and other ganglia as the

'involuntary nervous system'. This term, as the name implies, described

"a system of motor nerve cells to involuntary structures'. Gaskell

designated the terms 'sympathetic' and 'enteral' nervous system to these
nerves after he had shown that stimulation of the vagus and sympathetic,

for example, produced inhibitory and excitatory functions respectively.

A new impetus to the study was provided when Langley & Dickinson
(1890) discovered the paralysing action of nicotine on cells in sympa-
thetic ganglia. By the selective use of nicotine it became possible to
determine the position of 'cell stations' or synapses, and the distribution
of 'preganglionic' and 'post ganglionic' fibres, terms first used by

Langley in 1893.

In 1893, Langley suggested that the term autonomic nervous system
should describe the cranial, thoracolumbar and sacral outflows. About
this time Oliver & Schafer (1895) discovered epinephrine and experiments
by Langley (1901) established its sympathomimetic effect. It was known
following the work of Gaskell, Langley and others that, in general, stimul-
ation of fibres in the craniosacral and thoracolumbar outflows produced
opposite effects. These facts and the parallel discovery that pilocarpine
produced effects like those resulting from stimulation of the fibres in
the craniosacral outflow, led Langley in 1905 to suggest that the latter
fibres should be grouped as 'parasympathetic' and the older term

'sympathetic' should be reserved for fibres in the thoracolumbar outflow.



Langley's classification was widely adopted and autonomic nerves
are regarded as the motor nerves of the parasympathetic and sympathetic

systems.
THE INNERVATION OF THE GUINEA-FIG VAS DEFERENS

According to the classical concept of the anatomical organisation
of the autonomic nervous system, postganglionic sympathetic fibres
emerge from cell bodies located some distance from the effector organ
in the paravertebral ganglia or in the ganglia of the abdominal plexa.
In contrast, the cell bodies of parasympathetic fibres lie in peripheral
ganglia close to or within the effector organ. It is now known that
some sympathetic ganglia, particularly in the pelvic viscera, lie close
to the effector organ. The term 'short' adrenergic neuron was introduced
by Owman & Sjostrand (1965) to describe this special kind of post-

ganglionic sympathetic neuron.

A major part of this thesi; is concerned with a study of the
mechanism of release of neurotransmitter from the short intact sympathetic
nerves innervating the vas deferens of the guinea-pig. For this reason,
it will be useful at this point to describe in some detail the anatomy

and innervation of this organ.

The left and right hypogastric nerves originate from the inferior
mesenteric ganglion. The hypogastric nerves may occasionally diverge
during their course inté secondary branches before ending in the pelvic
plexus (see Sjostrand, 1965). This plexus is situated in connective
tissue close to the internal genital organs, the bladder and rectum, and
supplies these organs. The vas deferens nerves originate from the
pelvic plexus and divide into numerous fine branches as they enter the

vas deferens with blood vessels at its prostatic end. The vas deferens



nerves consist predominantly of non-myelinated fibres (0.2-1.75 u
diameter) embedded in Schwann cells (Merrillees, Burnstock & Holman,

1963; Merrillees, 1968). When the nerve branches pass into the muscle
coats, they split up into smaller bundles of 2 to 8 axons. The varicose
regions (about 0.5 to 1 U diameter) of these axons are packed with
vesicles and mitochondria and in these regions the Schwann sheath is

often incomplete leaving them naked (see Burnstock, 1970). Single vari-
cose nerve fibres leave the bundles, run separately, lose their Schwann
sheath and may end in shallow depressions in muscle cells. Sometimes

they form several 'en passage' close contacts with the same or different
muscle cells before they end (Merrillees et al., 1963; Merrillees, 1968).
The separation of nerve and muscle membranes at close neuromuscular
junctions in the guinea-pig vas deferens is about 20 nm (Merrillees et al.,
1963). There is little evidence of consistent post-junctional special-
ization of muscle membranes at all close neuromuscular junctions (close
contact varicosities). Three main kinds of post-junctional structures
have been described, namely, aggregations of caveolae intracellulares in
the smooth muscle cell membrane opposed to nerve varicosities, areas of
increased electron density of the post-junctional membrane, and subsurface
cisternae in the smooth muscle where it is closely (20 nm) apposed to

nerve terminals in the vas deferens (see Burnstock & Costa, 1975).

Quantitative measurements of the number of close (20 nm) neuro-
muscular contacts relative to muscle cell profiles seen in one plane of
section in the vas deferens suggests the occurrence of individual innerv-
ation of all the smooth muscle cells in the vas deferens of the adult rat
(Richardson, 1962) and mouse (Lane & Rhodin, 1964; Yamauchi & Burnstock,
1969) but not of the guinea-pig (Merrillees et al., 1963). About 20% of
the smooth muscle cells of the guinea-pig vas deferens receive a direct

innervation (Merrillees, 1968).



There is evidence also of a separate cholinergic nerve supply to the
vas deferens of the guinea-pig (Bell, 1967a; Burnstock & Robinson, 1967;

Robinson, 1969),

THE EXCITATORY TRANSMITTER OF THE GUINEA-PIG VAS DEFERENS

The bulk of the morphological and pharmacological evidence indicates
that the main motor transmitter of the guinea-pig vas deferens is nor-
adrenaline (Sjostrand, 1965; Swedin, 1971). The vas deferens has the
highest noradrenaline content of any tissue, varying between 5 and 20 ug/g
in several different species (Sjostrand, 1965; Blakeley, Dearnaley &
Harrison, 1970). A dense adrenergic innervation has been demonstrated
by the use of histochemistry (Falck, Owman & Sjostrand, 1965). It has, however,
been known for some time that the motor response to nerve stimulation is

resistant to a-adrenoceptor antagonists (Boyd, Chang & Rand, 1960).

Ambache & Zar (1971) made a systematic pharmacological study of
motor transmission in the guinea-pig vas deferens and considered several
lines of evidence which they felt negated the conventional view that
motor transmission in the vas is adrenergic (Hukovié, 1961; Burnstock
& Holman, 1961; Birmingham & Wilson, 1963; Sjostrand, 1965). Ambache &
Zar (1971) demonstrated the presence of two tetrodotoxin susceptible
components in the motor response of the field stimulated desheathed vas
deferens exposed to a ganglion blocker. The two components were
differentiated by altering the pulse width of the stimulus, one responding
maximally to pulses of 0.1 to 0.4 msec duration, the other to pulses of
2 msec. These differences were attributed to possible differences in
the fibre diameter of the two postulated groups of nerve fibres. Cooling
selectively potentiated the more excitable component, but no pharmacol-

ogical distinction could be made between the two components.



The contractions evoked by pulses of 0.1 or 1.0 msec duration were
not affected by the o-adrenoceptor antagonist phentolamine or the B-
adrenoceptor antagonist propranolol or a combination of these drugs in
doses that produced a thousandfold reduction in the sensitivity of the
muscle cells to exogenous noradrenaline. Tyramine, amphetamine, tranyl-

cypramine and prostaglandin E_ inhibited the twitches elicited by nerve

2
stimulation but potentiated the contractile effect of exogenous nor-
adrenaline. In preparations from animals pretreated with reserpine, the
motor response to field stimulation was unaffected and exogenous nor-
adrenaline inhibited the twitch responses of the field stimulated vas
deferens. The adrenergic neurone blocking agents, bretylium and guaneth-
idine, however, reduced or abolished the motor respomse to field stimul-
ation. Ambache & Zar (1971) concluded that motor transmission was 'non
adrenergic'. This view has also been taken by von Euler & Hedqvist
(1975). Ambache, Dunk, Verney & Zar (1972) postulated that the nor-
adrenaline liberated by the known adrenergic nerves in the guinea-pig

vas deferens might act prejunctionally on the 'non adrenergic' nerves

to inhibit the release of the unknown transmitter.

Swedin (1971) demonstrated that in rat and guinea-pig vasa the
motor response to field stimulation is complex, consisting of two phases,
first, an initial rapid 'twitch' response which declines to be replaced
by a slower, better maintained 'secondary' response. Swedin (1971)
proposed that the neurotransmitter is noradrenaline and the 'twitch'
response is due to receptors within the junctional cleft while the
secondary response is due to extrajunctional receptors. Stjarne (1976)
proposed that there were two transmitters at one junction. McGrath
(1978) has shown that the response of the rat vas deferens to a single

stimulus is biphasic. By bissecting the vas and recording responses to



single stimuli, the two components were clearly separated. The prostatic
portion exhibits predominantly a non-adrenergic twitch component and the
epididymal portion predominantly a slower second compoment. The second
component is blocked by o-adrenoceptor antagonists and potentiated by
drugs which inhibit neuronal uptake suggesting that the transmitter
responsible for the second component is noradrenaline. The initial
twitch component is resistant to blockade by drugs known to block the
effects of adrenergic nerve stimulation in other preparations. The first
component of the twitch survives the chemical destruction of the nerve
terminals by 6-hydroxydopamine and reserpine but the second component is
lost (Booth, Connell, Docherty & McGrath, 1978). Two components have
been observed in the response of vasa to single pulses in several

species (Anton, Duncan & McGrath, 1977; Anton & McGrath, 1977) including
that of the guinea-pig (Hotta, 1969). In this thesis a detailed examin-
ation of the membrane response of the guinea-pig vas deferens to hypo-
gastric nerve stimulation in the presence and absence of some drugs was

carried out.

MECHANISM OF RELEASE OF TRANSMITTER

Sir Bernard Katz (1977) in an introduction to a symposium on the
synapse commented 'that transmitter substances are discharged from many,
and possibly from most, chemical nerve terminals in the form of discrete
multi-molecular packets', a view which Katz felt was no longer questioned.
The aim of this section of the introduction is to review the evidence
which has led to the belief that transmitter release from sympathetic

nerve terminals occurs in multimolecular packets.

Much information about the mechanism of release of neurotransmitters

has come from electrophysiological studies using amphibian nerve muscle



preparations. When muscle fibres are penetrated with micro-electrodes
at the end-plate region, small random spontaneous depolarisations are
recorded. These spontaneous potentials were first discovered by Fatt &
Katz (1952) who named them miniature end-plate potentials. Miniature
end-plate potentials arise from the random impact of multimolecular
packets of acetylcholiné upon the nicotinic receptors on the surface of

the muscle fibre at the end-plate.

The exact relationship of the spontaneously released miniature
end-plate potential to the nerve evoked end-plate potential was first
demonstrated by del Castillo & Katz (1954a). Experiments were carried
out on the neuromuscular junctions of the fourth toe of the frog. It
was found that the number of components contributing to an end-plate
potential at the neuromuscular junction could be varied by altering the
concentrations of magnesium and calcium in the Ringer bathing the
preparations. The amplitude of the end-plate potential was gradually
decreased but in steps. When the probability of release was further
reduced, the number of units in a given end-plate potential was small.
End-plate potentials evoked by successive impulses showed a marked random
fluctuation in amplitude. A proportion of the nerve impulses released
no transmitter. These fluctuations in end-plate potential amplitude
were not associated with any corresponding variation in the nerve terminal
action potential (Katz & Miledi, 1965a). A large number of miniature
end-plate potentials were recorded from the same junction to allow an

accurate determination of their mean amplitude and standard deviation.

A statistical analysis of the data showed that the distribution of
amplitudes of the end-plate potentials is fitted accurately by a

'Poisson series', whose 'unit class' is identical with the spontaneously



occurring miniature end-plate potentials. The statistical analysis was
based on the hypothesis that there was a fixed population of #» units
each capable, on the arrival of a nerve action poténtial, of releasing
a single packet of transmitter of the same kind as that secreted spon-
taneously. For a given junction the average probability (p) of a single
unit releasing a packet of transmitter remained constant from stimulus
to stimulus. The expected value for the mean number (m) of quanta
released per stimulus is equal to nE. If p is less than about 0.1 the
expected proportions of stimuli which release O (i.e. the proportion

of failures) 1, 2, 3 .... packets of transmitter are the successive
terms of the Poisson distribution (del Castillo & Katz, 1954a). The
value of m is given by the ratio of the mean evoked end-plate potential
amplitude (including failures which are regarded as zeros) to the mean
amplitude of the miniature end-plate potentials. Having been calculated
thus, the value m was used to test for a Poisson distribution by
comparing the theoretically expected number of zeros with the actual
proportion of failures observed. In ten series of nerve stimuli at

six different junctions, 939 failures were predicted and 948 observed
(del Castillo & Katz, 1954a). The observed distribution of amplitudes
of the end-plate potentials was compared with that predicted on the
basis of the Poisson terms (supra vide) and excellent agreement was

observed.

A further test of the quantal hypothesis involved direct counts of the
number of quanta released per stimulus., Nerve muscle preparations were
bathed in a calcium free Ringer at low temperature. A focal external
electrode containing calcium chloride was placed close to an active spot
on the motor nerve terminal. The rate of release of calcium from the
focal electrode was just sufficient to ensure that only a small fraction

of the nerve terminal in the vicinity of the electrode released quanta in



response to nerve stimuli. Since the experiments were carried out at

low temperature the release of quanta was highly asynchronous and they
were counted individually. A close agreement was found between the
observed and expected distribution (Katz & Miledi, 1965b). Various other
statistical tests have confirmed that the transmission process is quantal,
e.g. variance analysis of a series of end-plate potentials. Details

of such tests can be found in a recent review of the statistics of

transmitter release (McLachlan, 1978).

It thus became a widely held view that the spontaneous miniature
end-plate potential and the underlying membrane conductance change is
the basic unit of transmitter action and that the end-plate potential is
made up of an integral multiple of such unit components (Katz, 1969).
The idea that evoked transmitter release occurs in standard 'packets'
of large multimolecular size which are identical with the spontaneously
occurring units and whose size is independent of the event which causes
the release became known as the Quantal Hypothesis (del Castillo & Katz,
1954a). Katz was criticised for using the term 'quantum', which is
not applicable to something of variable size. Katz (1969), however,
felt that this criticism was based on a misconceived analogy to the
physical energy quantum since it is not the energy quantum Av, but
its coefficient % which is a universal constant. Nevertheless, the

quantal hypothesis was widely accepted.

Much of the present knowledge of the mechanism of storage and
release of the sympathetic transmitter is based on biochemical experi-
ments and morphological observations. The majority of noradrenaline in
sympathetic neurons is located in the varicosities of the terminal

axon (Geffen & Livett, 1971) although noradrenaline may be synthesised



throughout the cell body and axon (Iversen, 1967). The majority of the
total noradrenaline in the axon is stored in a heterogeneous vesicle
store comprised of both small (25-60 nm) and large (70-160 nm) dense
cored granular vesicles. There is convincing evidence that nerve
impulses release only noradrenaline which is bound or stored in vesicles
and not extravesicular transmitter. Reserpine depletes adrenergic
nerves of their noradrenaline content by blocking the uptake or binding
of the amine by the storage granule. In the presence of drugs which
inhibit monoamine oxidase, the enzyme responsible for the intraneuronal
degradation of noradrenaline, reserpinised tissues can take up and
retain noradrenaline. Most of the evidence suggests that the noradrenaline
taken up in these circumstances is not bound or taken up by vesicles

but is free in the cytosol. The noradrenaline is taken up into the
nerve terminals where it remains 'free' in the cytosol, prevented from
entering the vesicles by reserpine and prevented from oxidation by
inhibition of monoamine oxidase. Potter (1967) concluded that radio-
active noradrenaline taken up by the adrenergic nerves of the reserpinised
rat vas deferens treated with a monoamine oxidase inhibitor cannot be
released by nerve stimulation. Haggendal & Malmfors (1969) also
demonstrated, using the adrenergically innervated rat iris, that
noradrenaline confined to the cytosol, cannot be released by nerve

stimulation.

It is considered that all varicosities within the terminal arbor-
isation of adrenergic nerves are capable of discharging transmitter
following invasion by an action potential. Malmfors (1965) demonstrated
that the noradrenaline fluorescence of the varicosities of the rat iris
was greatly reduced following prolonged nerve stimulation when transmitter

synthesis was inhibited. Stimulation of the splenic nerve with 500



I

supramaximal stimuli releases about 20%Z of the total noradrenaline
content of the cat spleen (Brown, 1965; Haefely, Hurlimann & Thoenen,
1965). These results are consistent with the view that all varicosities
release transmitter. It is unlikely that such a large fraction of
transmitter could be liberated by a selected proportion of varicosities

along the terminal axons to produce such gross changes.

An important function of vesicles apart from storage of transmitter
is that they are directly involved in the biosynthesis of the transmitter
(see Smith, 1972; Smith & Winkler, 1972). At physiological frequencies,
sympathetic nerves maintain their output of transmitter by uptake and
re-use of what is liberated. When transmitter loss is brought about by
any means, transmitter release is maintained at a lower level by synthesis
(Brown, 1965). The vesicle is known to play a vital role in the storage, and
conservation of released noradrenaline recaptured from the neuroeffector
junction and is the site from which noradrenaline is released in response

to nerve stimulation.

It is likely that transmitter release from sympathetic nerves occurs
in multimolecular packets by the process of exocytosis. In the adrenal
glands, catecholamines are secreted from chromaffin cells together with
all the soluble components of the storage granule but not the cyto-
plasmic proteins such as lactate dehydrogenase or phenylethanolamine-N-
methyltransferase (Schneider, Smith & Winkler, 1967). Furthermore
adrenaline,adenosine triphosphate and its metabolites are found in the
perfusates from adrenal glands stimulated via the splanchnic nerves,
in a molar ratio identical to that found in the intact granule (Douglas,
1968); there are four moles of catecholamine for each mole of adenosine
triphosphate (Blaschko, Born, D'ILorio & Eade, 1956; Falck, Hillarp and

Hogberg, 1956) in the perfusate and in the intact storage granule.



These observations were primarily responsible for the proposal of an
exocytotic release mechanism for catecholamines from chromaffin cells

of the adrenal medulla.

The enzyme dopamine-PB-hydroxylase and the protein chromogranin A,
which are found only in vesicles in sympathetic nerve terminals, are
released together with noradrenaline following sympathetic nerve
stimulation (de Potter et al., 1969). This result strongly indicates
that the release mechanism involves an exocytotic process. The fact
that unique constituents of the vesicle are released during sympathetic
nerve stimulation demonstrates unequivocally that it is noradrenaline
sequestered within vesicles which is released By nerve action potentials
rather than noradrenaline 'free' within the cyt&sol. Electron micro-
scopical studies have shown illustrations of vesicles fusing with the
axoterminal membrane in varicose regions of adrenergic fibres providing
further evidgnce for an exocytotic mechanism (Fillenz, 1971). It is
interesting also that drugs capable of disrupting microtubules such as

colchicine, vinblastine and cytochalasin B prevent the release of

noradrenaline and dopamine- f-hydroxylase from nerves following stimulation

(Axelrod, 1972). These results may indicate that a contractile process
is involved in the exocytotic release mechanism, perhaps in vesicle

transport.

Thus, in sympathetic nerves, there is good evidence that trans-
mitter is stored in multimolecular éackets which are released by an
exocytotic mechanism. In somatic motor nerves, there is excellent
evidence that transmitter release occurs in multimolecular packets of
uniform size, i.e. quanta. The quantal theory of chemical transmission
was widely accepted in the early 1950s and about this time, subcellular

organelles termed vesicles were discovered in th